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Foreword

In 2025, Iceland will mark the 30th anniversary of the devastating avalanches that struck the communities of Sudavik
and Flateyri, resulting in tragic loss of life, widespread community disruption, and severe infrastructure damage. The
Association of Chartered Engineers in Iceland (VFI) believes it is important to honor these events and their lasting
impact by holding the next SNOW conference in the Westfjords in 2025.

For many decades, and even centuries, various locations around the world have implemented mitigation measures to
counter snow avalanches and other rapid mass movements in steep terrain. Advancements in knowledge and equip-
ment have enabled the construction of significantly larger and more complex structures than before. These measures
are primarily intended to protect human lives and infrastructure, like roads and communication networks, but they also
influence people in various other ways. Large structures typically have a notable impact on the environment, either in
the avalanche starting zones or in the run-out zones. Often, run-out zone structures must be erected near densely popu-

lated areas; they can be imposing and may even alter the local climate and snow accumulation near them.

Relocating communities involves making difficult choices, as individuals must leave their established homes for

new locations. A key question arises: why demolish an existing developed area instead of protecting it? The value of
vulnerable buildings often comes into question. How do mitigation measures impact people’s daily lives? Do residents
trust these measures and feel secure living nearby? How do these mitigation measures influence the value of protected
buildings and the area’s future development?

Does a poor avalanche reputation affect the community and its future growth? In recent years, travel has surged, mak-
ing the demand for safe transportation a global priority. Avalanches pose a significant threat to roads and railways in
mountainous regions, resulting in numerous fatalities each year. Traffic disruptions and rerouting also lead to substan-

tial financial losses annually.

The symposium covers four distinct themes: Risk Management, Society and Environment, Planning, Design, Con-
struction, and Management of Protective Measures, and Observations and Simulations of Avalanches. The aim is to
present the current state of knowledge, provide insights into future developments, and broaden the perspectives of par-
ticipants from each group. The symposium encourages the exchange of experiences and ideas, fostering collaboration

to enhance life in regions at risk of avalanches.

The organizing committee welcomes you all to fsafjordur in September 2025.

Arni Jonsson, chairman of the organizing committee
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Programme

Monday September 29

18:30 — 20:00 The welcome reception will be held at The Westfjords Heritage Museum. Invitation by

Isafjardarbaer

The Westfjords Heritage Museum is located in Nedstakaupstadur in fsafjordur, and its exhibitions are in the
Turnhusid, which was built in 1784-1785. The museum’s main is about fishing and its development in the
Westfjords, as well as what the growing fishing industry meant for the people living there. In Nedstakaupstadur
stands the oldest cluster of houses in the country, consisting of four houses that all belonged to Danish mer

chants in the area.

Light refreshments will be served at the museum.

Tuesday September 30

Time

08:00 Registration

08:30 Opening

09:00 Keynote 1 — Environment and Society

09:30 - 10:00
09:30

09:45

10:00
10:15
10:30

11:00 - 12:00
11:00

Designing for Safety and Liveability: Collaborative Approaches to Avalanche Defences in Iceland.
PORHILDUR PORHALLSDOTTIR, LANDMOTUN
Oral Sessions 1
O1.1 History of snow avalanches and settlements in hazard areas in Iceland.
HARPA GRIMSDOTTIR, ICELANDIC METEOROLOGICAL OFFICE
01.2 Seven years of research on snow-avalanche in Nunavik, northern Quebec, Canada:
hazards and vulnerabilities.
ARMELLE DECAULNE, CNRS LETG
QA
Break
Keynote 2 — Risk management
Managing natural hazards risk: Perspectives from far-flung.
ANDREA TAURISANO, NVE
Oral Sessions 2
02.1 Development of a guidance for site-specific avalanche warning — needs, method, and content.

ANNA KARIN BERGBJORN / PRISKA HELENE HILLER, NVE



11:15 02.2 Towards an operational avalanche forecasting tool using RAMMS::Extended.
CAM P. CAMPBELL, ALPINE SOLUTIONS

11:30 02.3 Systems-Thinking Analysis of the Seydisfjordur Landslide Programme: Understanding Feedback
Control Mechanisms.

SOLVEIG THORVALDSDOTTIR, UNIVERSITY OF ICELAND

11:45 02.4 Temporary risk reduction methods in protected areas.
OLIVER HILMARSSON, ICELANDIC METEOROLOGICAL OFFICE
12:00 QA
12:15 Lunch
13:15 Keynote 3 — Planning, design, construction

Avalanche and landslide protection measures in Iceland: 30 years of design innovations protecting ten
Icelandic communities.
KRISTIN MARTHA HAKONARDOTTIR, THE MINISTRY OF THE ENVIRONMENT, ENERGY AND CLIMATE
13:45 - 15:00 Oral Sessions 3
13:45 03.1 Guidelines and digital toolboxes for mitigation measure planning and assessment from an Austrian
Perspective.
FELIX OESTERLE, AUSTRIAN RESEARCH CENTRE FOR FORESTS
14:00 03.2 Numerical analysis of reinforced soil barriers subjected to avalanche dynamic loads.

OLTION KORINI, GEOQUEST

14:15 03.3 Monitoring Umbrella Nets — A Full-Scale Test Site in Tirol.
ENGELBERT GLEIRSCHER, BFW
14:30 03.4 HELIOPLANT® — PV structure in avalanche protection.

THOMAS SONSER / ALEXANDER PLONER, LN.N.
14:45 03.5 Preventive Avalanche Control on Arngya — Securing Critical Infrastructure.
THOMAS BERGER / SIIRI WICKSTROM/ SINDRE LINSTAD, MND FRANCE
15:00 QA
15:15 - 15:45 Break + Postersession 1
P1.1  Avalanche control systems and traditional mitigation structures.
INES WALTL, INAUEN SCHATTI AG
P1.2  Avalanche Monitoring in Flateyri using Doppler Radar
LARS KRANGNES, CAUTUS GEO AS
P1.3  Samuelsberg catching dam partial failure and rebuild — A case study
ARNI JONSSON, ORTON CONSULTING SLF
P1.4  Adapting and using active rigid modules in a passive way against avalanches
PHILIPPE BERTHET-RAMBAUD, ENGINEERISK
P1.5 Detection of liquid water accumulations during snow block sliding experiments
JAMES GLOVER, UNIVERSITY OF APPLIED SCIENCES GRISONS
P1.6 Roof avalanche mitigation through photovoltaic panel heating to induce controlled snow removal

JAMES GLOVER, UNIVERSITY OF APPLIED SCIENCES GRISONS

15:45 WS1 The avalanche incidents 1995 documented through the camera

RAGNAR AXELSSON, RAX
16:15 WS2  Officers on duty during the avalanche incidents 1995.

ROGNVALDUR OLAFSSON/HLYNUR SNORRASON, THE NATIONAL POLICE COMMISSIONERS OFFICE
16:45 WS3 A Historical Perspective: Events Leading Up to, During, and Following the 1995 Avalanches.

ARNI JONSSON, ORION CONSULTING SLF

17:15 End of Tuesday program



Programme (Continue)

Wednesday October 1

09:00 — 17:30 — Field excursion / symposium tour

At 9:00 the buses will depart from the conference hall, heading first to Sudavik for a brief stop at the memorial
site. From there, the tour continues to Flateyri, where we will observe the existing mitigation measures

and ongoing construction projects.

A lunch break is planned at Café Gunna.

Afterward, we will travel to Bolungarvik to visit Iceland’s highest catching dam. The final three stops of the day
will be in {safjordur, where we will examine catching and deflecting dams. The tour is scheduled to conclude no
later than 18:00.

Thursday October 2
Time
08:00 Venue opens

8:30-9:30
08:30

08:45

09:00

09:15

09:30

09:45

10:00 - 11:30
10:00

10:15

10:30

10:45

11:00

11:15

Oral Sessions 4

04.1 Are avalanche pressure requirements still necessary for the design of modern ropeways ?
PHILIPPE BERTHET-RAMBAUD, ENGINEERISK

04.2 Mitigating the natural hazard risk in Longyearbyen, Svalbard
ARNI JONSSON, ORION CONSULTING SLF

04.3 Swiss experience with direct avalanche protection measures on buildings
STEFAN MARGRETH, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

04.4 Planning & structural limitations of RACS — making structures survive in avalanche release areas
MARTIN VENAS, WYSSEN NORWAY

QA

Break

Oral Sessions 5

05.1 Keeping the power on: Quantitative avalanche risk assessment and operational decision making for a
transmission in British Columbia, Canada
ALAN JONES, DYNAMIC AVALANCHE CONSULTING LTD

05.2 Comparing benefit-cost-analyses of snow avalanche mitigation measures obtained by two hazard and
risk analysis approaches
MICHAEL BRUNDL, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

05.3 Integral snow avalanche risk management for national roads in Norway
MARKUS ECKERSTORFER, NORWEGIAN PUBLIC ROADS ADMINISTRATION

05.4 The Polifjellet powder snow avalanche: Building model scenarios for a mass dependent model and
mitigation Case study
HALLVARD SKAARE NORDBRODEN, SKRED AS

05.5 Risk management from natural hazards for the new European Road E10, Halogalandsveien
CHRISTIAN JAEDICKE, NORWEGIAN GEOTECHNICAL INSTITUTE

05.6 Land use and planning of settlements in hazard zones and under defense structures

MAGNI HREINN JONSSON, ICELANDIC MET OFFICE



11:30
11:45
12:45

13:15 - 14:15
13:15

13:30

13:45

14:00

14:15

14:30

14:45

15:00 - 15:45

15:00

15:15

15:30

15:45
16:00

16:30
19:00

QA

Lunch

Keynote 4 — Mitigation measures; simulations, experiments, experiences

From granular mechanics to 3D modeling: Advancing avalanche hazard assessment and mitigation

MICHAEL LUKAS KYBURZ, CHAIR OF ALPINE MASS MOVEMENTS, ETH ZURICH

Oral Sessions 6

06.1

06.2

06.3

06.4

QA

Break

Three-dimensional simulations of snow-avalanche flow for assessing the effectiveness of protections
measures in the run-out zone

TOMAS JOHANNESSON, ICELANDIC METEOROLOGICAL OFFICE

Turbulence-Based Modeling of Powder-Snow Avalanches and Air-Blast Pressures Using
RAMMS::Extended

PERRY ANDERS BARTELT, RAMMS AG

Large scale avalanche hazard indication modelling adapted for Iceland

YVES BUHLER, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

Bridging the Gap: Scenario-Based Avalanche Modeling vs. Back-Calculation of Events

LUKAS STOFFEL, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

Sponsor session

Oral Sessions 7

07.1

07.2

07.3

QA

Towards a Physics-Based Quantification of Run-Up and Impact Pressure Using Numerical and
Physical Experiments

MICHAEL JOSEF KOHLER, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

Use of OpenFOAM and p(I) rheology in design of protective structures for avalanches for Flateyri.
REYNIR LEVi GUDMUNDSSON, VERKIS

Numerical simulation of slushflow and assessment of proposed protective measures in Patreksfjordur,
Iceland.

RAGNAR LARUSSON, VERKIS

Break + Postersession 2

P2.1

P2.2

P2.3

P24

P2.5

P2.6

Engineering Approaches to Avalanche Mitigation in Japan: Current Status, Challenges, and Future
Perspectives.

YUSUKE HARADA, CIVIL ENGINEERING RESEARCH INSTITUTE FOR COLD REGION

Snow net instrumentation at Snoqualmie Pass, Washington, USA.

CHRIS WILBUR, WILBUR ENGINEERING, INC.

New experiments and measurments to improve operational practices for preventive avalanche
triggering.

PHILIPPE BERTHET-RAMBAUD, ENGINEERISK

Monitoring site Ranalt — Flexible barrier designed for catching avalanches exposed to an unexpected
debris flow event.

GERNOT STELZER, TRUMER SCHUTZBAUTEN GMBH

Snow fences on Eyrarfjall above Flateyri: A pilot study on avalanche risk reduction.

GISLI STEINN PETURSSON, VERKIS

Development of a calculation method for flexible rockfall barriers under static and dynamic snow loads.

DENNIS GASTEIGER, GEOBRUGG AG

End of Thursday program

Dinner at Hotel fsafjorour



Friday October 3

Time
08:00
08:30 - 09:30
08:30

08:45

09:00
09:15
09:30

09:45 - 11:00
09:45

10:00

10:15
10:30
10:45
11:00
11:15-12:30
11:15

11:30

11:45

12:00

12:15
12:30

Venue opens
Oral Sessions 8

08.1

08.2

08.3

QA

Break

Artificial intelligence supported extra long-range Doppler radar: avalanche activity measurement and
RACS blasting verification in Evoléne

MAXENCE CARREL, GEOPREVENT

Detailed, high temporal resolution snow surface monitoring for avalanche hazard management: A case
study from a controlled avalanche release

PIA RUTTNER, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

Low-Cost Lidar Monitoring to Inform Planning and Implementation of Avalanche Mitigation

THOMAS GOELLES, UNIVERSITY OF GRAZ

Oral Sessions 9

09.1

09.2

09.3

09.4

QA

Break

Impact of Snow Depth Initialization on Avalanche Modeling: Comparing Station Data with
High-Resolution Measurements

JULIA GLAUS, WSL INSTITUTE FOR SNOW AND AVALANCHE RESEARCH SLF

Comparing simulated pressure profiles with measurements from a power line assembly at the Ryggfonn
test site.

PETER GAUER, NORWEGIAN GEOTECHNICAL INSTITUTE

Next-Generation Modular Avalanche Radar with Multi-Hazard Capabilities

SUSANNE WAHLEN, GRAVIMON LTD.

Development of snowsensors in fsafjorour

ORN INGOLFSSON / HARPA GRIMSDOTTIR, ICELANDIC METEOROLOGICAL OFFICE

Oral Sessions 10

010.1 Experiences in designing mitigation measures against slush flows

ELISE MORKEN, NORWEGIAN GEOTECHNICAL INSTITUTE

010.2 Slush Flows — A review of a poorly explored phenomenon and its protection measures

NADINE FEIGER, MOUNTAIN HAZARD ENGINEERING GMBH

010.3 Advancing Snowdrift Forecasting with Physically-Based Snow Models and High-Resolution

Weather Data

SVEINN GAUTI EINARSSON, VEDURVAKTIN

010.4 Can wind simulation help optimize function of snow avalanche mitigation measures?

QA

ARNI JONSSON, ORION CONSULTING SLF

Conference Closing



Saturday October 4
Seljalandsdalur to Hnifsdalur Valley Hike

09:00 — 14:00 — Mountain hiking tour — Optional

Join us on a scenic hike from the Seljalandsdalur ski area in {safjordur to the village of Hnifsdalur, taking in the stunning land-
scapes of the Westfjords. The route takes you through the Seljalandsdalur and Hnifsdalur valleys, offering views of surrounding

mountains, mountain lakes, and clear streams.

The area is also marked by history—particularly the tragic avalanche that fell in Seljalandsdalur in 1994. As we make our way
through the valley, we’ll reflect on this event, which shaped both the landscape and the community. Your guides will provide con-

text and ensure a safe and enjoyable experience.

Included:

*  Professional guide

+  Transport to and from safjérdur
e Light lunch

*  Optional: Hiking poles

Itinerary:
09:00 — 09:30: Meet at the harbor in [safjérdur and head for a brief 5-minute drive to the Seljalandsdalur ski area. After a quick
safety briefing, we start the hike, following gentle slopes as we approach the base of the bjofatindar peaks.

09:30 — 10:30: After an hour of hiking, we reach the base of the mountains. From here, we begin a steady ascent towards the pass
between the peaks. This portion provides scenic views of the surrounding area, giving you a sense of the raw power of the glaciers

that shaped this region.

10:30 — 11:00: After reaching the pass, we’ll stop for a break and enjoy the sweeping views of the mountains and fjords in the

distance. This is the perfect spot for a photo or just to take in the scenery.

11:00 — 11:45: Continuing our hike, we begin the descent into the valley on the opposite side of the pass, heading towards the

village of Hnifsdalur. There is a short, steeper section of the trail, but your guides will be with you to assist as needed.

11:45 — 12:00: Arriving in Hnifsdalur, we’ll take some time to enjoy the peaceful atmosphere of this small village by the fjord.

The hike ends with a short ride back to fsafjordur, where we’ll arrive around 13:30.

Important Notes:
The descent includes a short steep section, but it is manageable with guidance from our experienced team.
Remember to wear sturdy hiking boots, bring clothing suitable for changing weather conditions, and stay hydrated.

Duration: 4,5 hours approximately.

This hike provides an excellent opportunity to appreciate the beauty of the Westfjords while learning about the region’s history,

perfect for those attending the avalanche research conference.
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Designing for Safety and Liveability: Collaborative Approaches to
Avalanche Defences in Iceland

borhildur Porhallsdéttir!

' Landmoétun Iceland

ABSTRACT

Following the catastrophic avalanches that struck the Westfjords of Iceland in 1995, the country
undertook a comprehensive reorganization of its avalanche defence systems. Landscape
architects have been involved from the outset, and their role has expanded considerably over
time. Initially focused on mitigating environmental disturbance, it soon became evident that
their input was essential to fully integrate defence structures into the built and natural
environment.

Many of these defences have evolved into multifunctional spaces, providing not only protection
but also recreational opportunities for local residents. Early integration of landscape design into
technical planning has proven crucial in ensuring the long-term success and public acceptance
of these structures.

In practice, constructing effective defences has often required substantial landscape
modifications—reshaping hillsides, removing forests and berry fields, and, in some cases,
extending works into private gardens, roads, and paths. To manage these impacts, close
collaboration with municipalities is essential. This includes early engagement with municipal
officials, technical staff, and residents through formal presentations and informal consultations.
Design proposals are communicated clearly, and community feedback is actively considered.

Though construction phases often involve unexpected adjustments, the core objectives remain
consistent: to safeguard communities while improving local environments, supporting outdoor
activity, and enhancing public health. Many defence sites now feature various rest areas and
educational signage, reinforcing their role as valued public spaces.

This presentation outlines lessons learned from Iceland’s interdisciplinary approach,
emphasizing the importance of early collaboration between engineers, landscape architects, and
municipalities in designing effective and socially integrated avalanche defences.
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Managing natural hazards risk: Perspectives from far-flung
Andrea Taurisano*
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*Corresponding author, e-mail: anta (at) nve.no

ABSTRACT

Risk management encompasses policies, strategies, measures, and methods that aim to reduce
risk to a tolerable level. Managing the risk from natural hazards, in particular, is a daunting task
that involves legislators, local administrations and communities, scientists, practitioners and
product developers. How do we find our place in it and contribute to effective risk management?
And what should we focus on? The keynote shares perspectives gained during a recent revision
of the Norwegian technical regulations for new buildings, as well as 15 years of hazard mapping
in Norway and work with disaster risk reduction in Afghanistan. However, the experiences and
perspectives the keynote lecture offers are likely to have an even more international relevance.
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ABSTRACT

The Icelandic Avalanche and Landslide Fund was established in 1996 following catastrophic
avalanches in Flateyri and Sudavik in 1995. The fund is operated by the Ministry of the
Environment, Energy and Climate under the 1997 Act on Protection Against Avalanches and
Landslides (No. 49). Its primary role is to finance mitigation measures, risk assessments, and
hazard monitoring. Since 1996, defence structures have been built in ten municipalities across
Iceland, with approximately 70% of planned projects completed. These include 27 catching
dams, 23 deflecting dams, 83 braking mounds, four splitters and 13.5 km of supporting
structures.

To date, 58 avalanches have interacted with these defence structures (Johannesson et al., 2019).
Notably, the deflecting dams above Flateyri, constructed in 1997, have been struck by multiple
avalanches, including four large avalanches, two with developed fluidized heads (in 2020). The
Boli-dams above Siglufjordur, built in 1998-1999, have deflected small to medium-sized
avalanches. In 2023, large fluidized to dense snow avalanches interacted with supporting
structures, steep mounds and dams in Neskaupstadur (Johannesson et al., 2024), built in two
phases (1999-2002 and 2012-2015).

These events, combined with advances in numerical modelling and small-scale experiments,
have improved understanding of avalanche—dam interaction. They underscore the need for
reexamining the design of existing defence layouts at nine locations in Iceland to assess the
need to improve their effectiveness. The presentation will focus on these design innovations.

1. INTRODUCTION

The Icelandic Avalanche and Landslide Fund was established in 1996 following catastrophic
avalanches in Flateyri and Sudavik in 1995. The fund is operated by the Ministry of the
Environment, Energy and Climate under the 1997 Act on Protection Against Avalanches and
Landslides (No. 49). Its primary role is to finance mitigation measures, risk assessments, and
hazard monitoring. Since 1996, defence structures have been built in ten communities across
Iceland. Approximately 70% of planned projects are completed. These include 27 catching
dams, 23 deflecting dams, 83 braking mounds, four splitters and 13.5 km of supporting
structures. These have cost approximately 43 billion ISK or 350 million USD, at the price level
of 2024. The projects are located in avalanche prone areas of Iceland, mainly in the Westfjords,
the Troll peninsula in the North and in the East fjords of Iceland, see Figure 1. The following
villages and farms have been protected fully or partially, grouped by municipalities, clockwise
starting at the Sneefellsnes peninsula in West Iceland:
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Snzefellsbzer: In Olafsvik, guiding walls for slushflows along the Bzjarleekur channel have
been constructed and supporting structures installed in the starting zone at Tvisteinahlid, pro-
tecting a nursing home.

Vesturbyggo: In Patreksfjordur, a catching dam has been built above the hospital and school,
and deflecting- and catching dams above the harbor at Urdir, Hoélar, and Myrar, near the lower
part of Litladalsé river, and supporting structures in the starting zone of Stekkagil gully. The
testing of snow fences is ongoing at the Brellur mountain plateau. In Bildudalur, protection
dams have been built below Budargil, and in Talknafjérdur, houses have been purchased below
Geitarhorn.

Isafjardarbzer: In Flateyri, two deflecting dams have been built below the Innra-Baejargil and
Skollahvilft starting zones. In fsafjordur, a deflecting dam and braking mounds were
constructed below Seljalandshlid, catching dams were built below Kubbi and Gleidarhjalli, and
supporting structures constructed in the starting zones of avalanches in Kubbi mountain. An
avalanche splitter was constructed above the Funi waste incinerator in Engidalur. In Hnifsdalur,
the settlement below Budarhyrna has been purchased.

Bolungarvik: Protection dams and braking mounds have been built below Tradarhyrna.
Sudavik: The settlement below Stdavikurhlid was relocated.

Fjallabyggd: In Siglufjordur, supporting structures have been constructed in the starting zones
of Hafnarhyrna and Gréuskardshnjukur, and catching dams below Hafnarhyrna and deflecting
dams below Strengsgil, and Jrundarskal. In Olafsfjordur, a deflecting dam has been built above
the Hornbrekka nursing home.

Eyjafjaroarsveit: A splitter for debris flows was constructed above the farm Granahlid.

Mulaping: In Seydisfjordur, protection dams have been built at the Bjolfsbrin plateau and a
deflecting dam was constructed above the farm Toéarsel in Nordurdalur.

Fjaroabyggo: In Eskifjordur, guiding dams for slushflows have been built along Lambeyrara,
Ljosa, Hlidarendad, and Bleiksa rivers. In Faskrudsfjordur, protection dams have been built
above the settlement by Nyjabaejarlekur. In Neskaupstadur, protection measures have been
built below Drangagil, Trollagil, Midstrandarskard, Urdarbotnar, and Snidgil, combining
braking mounds, catching dams and deflecting dams. Supporting structures have been installed
in the starting zones of Trdllagil and Drangagil.

Reykjavik: A deflecting dam for landslides was constructed above the farm Vellir in
Kollafjordur, Kjalarnes.

Avalanche protection measures are under construction in the following communities:
Snaefellsbeer: Improvements to the Bajargil channel and guiding walls.

Vesturbyggo: In Patreksfjordur, the final finishing work on the Stekkagil preliminary slush
flow defences and the avalanche protective dams above the harbor. In Bildudalur, construction
of catching dams and braking mounds is scheduled to begin in 2025.

Isafjardarbzer: In Flateyri, improvements to the already constructed deflecting dams is under
construction and steep braking mounds upstream of the dams are under construction and testing
of snow fences is ongoing at the Eyrarfjall mountain plateau (Figure 6).
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Milaping: In Seydisfjordur, a deflecting dam, a catching dams and five steep mounds have
been constructed and the final deflecting dam is under construction below mountain Bjolfur
(Figure 6). Preliminary dams against landslides have been constructed in the Botnar area.

Fjaroabyggo: In Neskaupstadur, braking mounds and a catching dam are being built below
Nesgil and Bakkagil (Figure 7). Upgrades to the supporting structures (nets) in the Drangagil
release area started in 2025.

Troll peninsula

(A8 8 4 4 20,0,0.0,0,0,0,0,0,0,0,0.0.0,0.0.0 OC
1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025

1995 2000 2005 2010 2015 2020 2025 1995 2000 2005 2010 2015 2020 2025

Figure 1 = Maps of Iceland showing locations were protection measures have been built since
1995. The maps are arranged chronologically: 2000 (upper left), 2012 (upper right),
2020 (lower left) and 2025 (lower right). The relatively small dams above farm-
houses in Nordurdalur and Kollafjordur are not shown.

The investment in avalanche defence measures has not been at a constant rate. During a ten
years period from 1996 to 2008 approximately 500 to 1000 million ISK were spent yearly on
the investment (in current prices for each year). During 2009 to 2020 approximately 1200
million ISK were used, but since 2020, the amount was increased and is currently approximately
4500 million ISK per year (36 million USD). The increase came as a response to avalanches
overflowing the deflecting dams at Flateyri in January 2020 (Hilmarsson et al., 2020) a large
landslide in Seydisfjordur in December 2020 and avalanches in Neskaupstadur in March 2023.
At present, the goal is to finish the construction of protection measures for villages in Iceland
within the coming ten years. The additional cost of the planned future projects is estimated
approximately 30 billion ISK or 243 million USD and further 10 billion ISK to enhance the
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efficiency of already built structures, such as at Flateyri, West Iceland. The reason for the
relatively high cost of the remaining constructions is partly that problematic areas remain to be
protected. They call for complicated and expensive solutions, e.g. the landslide defence
measures at Seydisfjordur and guiding dams in Eskifjérdur.
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Figure 2 Annual investments by the Icelandic Avalanche and Landslide fund for construc-
tion of avalanche and landslide protection measures since 1996, in current prices
for each year.

2. THE DESIGN OF PROTECTION MEASURES IN ICELAND

The Icelandic Avalanche and Landslide Fund has funded research on the interaction of
avalanches and dams which has led to new design guidelines of protection dams (Johannesson
et al., 2009; Rudolf-Miklau et al., 2015) based on the formation of shocks in the interaction
between rapid granular flows and dams (Hékonardottir and Hogg, 2005) and ballistic
trajectories launched over relatively small braking mounds (Hékonardéttir et al., 2003a), see
Figure 3. Further small-scale experiments on loading on mast-like obstacles from supercritical
granular flow were carried out in 2007 (Hauksson et al., 2007).

Small scale laboratory experiments on the efficiency of slushflow barriers and the possibility
of stopping slushflows were conducted as a part of the design of slushflow barriers above the
village of Patrekstjorour in West Iceland (Hékonardoéttir and Andrésdottir, 2019; Hakonardottir
et al., 2024a). In the experiments, a violent initial splash was identified in the interaction of
supercritical water flows with steep dams, and the experiments showed the effectiveness of
utilizing relatively low mounds upstream of a catching dam to stop such flows, see Figure 4.
This behavior was recreated with full scale 2D simulations as shown in Figure 5 (Hakonardottir
et al., 2024a).
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Figure 3

Figure 4

Left and middle: Small scale laboratory experiments showing photographs of
oblique shocks in a granular flow at Froude number 5, looking downstream onto
the deflector, and in water flow at Froude number 4.5, looking upstream into the
flow along the deflector (Hakonardottir and Hogg, 2003). Right: A photograph of
snow experiments at Weissfluhjoch in Davos. An avalanche launched over two
0.6 m high mounds. The snow is deflected both over and around the mounds and
an interaction between jets launched from adjacent mounds takes place
(Hakonardottir et al., 2003c).

Stills from slushflow experiments at a dimensional scale of 1/10. Supercritical
water flow at a Froude number of approximately 5 hits a 1 m high catching dam.
The pictures show the different flow stages of the interaction. Left: The initial
violent splash. Middle: The semi-steady fountaining, approximately 1.25 s after
initial impact. Right: Hydraulic jump, approximately 2 s after initial impact
(Hakonardottir and Andrésdottir, 2019; Hakonardoéttir et al., 2024a).

Figure 5

Stills from 2D and 2 phase simulations of water (red) and air (blue) in Open FOAM.
The simulations reproduce the experiments shown in Figure 5 where flow of water
interacts with a 1 m high catching dam (Hakonardottir et al., 2024a).
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These experimental results highlight the importance of using barriers with steep upstream faces
for the effective dissipation of energy in the initial impact between the structures and the current
(dry avalanche, wet avalanche, slushflow). Such effective dissipation of energy leads to an
abrupt transition in flow state to a hydraulic jump at the face of high dams. Steep structures are,
however, more expensive than structures constructed of soil with gentler sloping sides, see
Figure 6 and Figure 7.

Figure 6  Left: The construction of two steep, 10 m high braking mounds upstream of the
Flateyri, Innra-Bejargil deflecting dam. Right: The recently finished, 9 m high
braking mounds and the 18 m high deflecting dam below Kalfabotnar in Seydis-
fjordur. Photos: Kristin Martha Hakonardéttir, July and August 2025.

Figure 7  Protection measures above Neskaupstadur, East Iceland. From left to right: Con-
struction site below Nesgil and Bakkagil. Ten 10 m high mounds below Nesgil have
been constructed and foundation work laid for a 800 m long and 23 m high catching
dam. To the right are 13 mounds below Drangagil, located upstream of the 17 m
high catching dam. These protection measures were built in 1999 and interacted
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with fluidized to wet avalanches in the avalanche cycle in 2023 (Johannesson et al.,
2024). To the right is the eastern end of a catching dam and braking mounds below
Urdarbotnar.

Full-scale tests of the efficiency of snow fences in the windy climate in Iceland are ongoing at
two locations: The Brellur mountain plateau above Patreksfjordur; and at Eyrarfjall plateau
above Flateyri, with promising results for Flateyri (Pétursson et al., 2025; see Figure 8).

Figure 8 Testing of two rows of 5 m high and 150 m long snow fences started in winter 2022.
Photo: Vedurstofa Islands, January 15" 2023.

The Icelandic Avalanche and Landslide Fund has also funded the development of numerical
models to capture these phenomena numerically (Xinjun et al., 2007; Jarosch et al., 2022) and
aid with the design of more complicated structures, such as at Flateyri northwestern Iceland,
see Figure 9. The models have also been used to evaluate the design of existing dams in Iceland
against the dense core of avalanches. The results underscore the need to re-examine the design
of existing defence layouts at nine locations in Iceland to assess the need to improve their
effectiveness.

The interaction of fluidized avalanches with dams and mounds in Iceland in 2020 and in 2023
has furthermore highlighted the importance of designing steep barriers (Hakonardéttir et al.,
2024b; Johannesson et al., 2024). It is also worth noting that 1) the earthfill structures withstood
the loading from these events without major damage, and 2) even suttle directional change in
the deflecting angle of deflecting dams leads to increased run-up on the dams and potential
overtopping, e.g. at the end of both dams at Flateyri.
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Figure 9  Stills from a 3D avalanche simulation in OpenFOAM. A design avalanche with an
estimated frequency of 1000 years and a volume of 675 thousand m? is released
from the Skollahvilft gully, above Flateyri and hits the (left) existing 14 to 19 m
high deflecting dam and (right) the proposed braking mounds upstream of the dam
and higher and steeper catching dam. An oblique hydraulic jump is formed at the
deflecting dam during the interaction and the direction of the flow becomes parallel
to the dam. The picture on the right shows that the flow launches ballistically over
the mounds and the mounds break the flow and the speed of the hydraulic jump at
the deflecting dam is reduced (Gudmundsson et al., 2025).
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ABSTRACT

Accurately assessing and mitigating avalanche hazards remains a central challenge in
mountainous and snow-prone regions, where complex terrain and material behavior limit the
predictive power of traditional numerical models. Fully three-dimensional (3D) numerical
modelling has long been prohibitive due to the computational cost involved. Here, we present
an advanced numerical framework that integrates granular mechanics with cutting-edge three-
dimensional modeling to improve our understanding and simulation of snow, rock, and debris
avalanches. At the core of this approach is the SLAB3D solver, a computationally efficient 3D
implementation of the Material Point Method (MPM) coupled with physics-based rheologies,
in particular the p(I)- rheology. In contrast to the widely used Voellmy model, the u(I) rheology
accounts for pressure-dependent friction and velocity saturation effects—critical factors for
simulating dynamic flow behavior and interactions with natural and engineered structures.
SLAB3D enables high-resolution simulations over complex topography, capturing key
processes such as run-up, overflow, and structural loading, while considering obstacles like
forests and avalanche dams. We showcase practical applications of this modeling approach
through detailed case studies, including the 2019 "Salezer" avalanche in Switzerland and an
avalanche dam performance analysis in Siglufjordur, Iceland. These examples illustrate how
the integration of granular flow physics with efficient 3D computation can support more reliable
hazard assessment and provide actionable insights for engineers and decision-makers involved
in risk management and infrastructure planning.

1. INTRODUCTION

Recent times are marked with a growing population, causing dwellings to expand into locations
of increased risk of natural hazards and an increase in frequentation of mountainous regions for
recreational purposes. Simultaneously, a warming climate leads to an increase in the frequency
and severity of catastrophic gravitational mass movements. Consequently, more people and
infrastructure are subjected to an increased exposure to natural hazards.

To date, geophysical mass flows, including snow avalanches, are commonly simulated using
depth-averaged numerical methods and empirical rheological models, which are calibrated by
matching simulations to observations from events in the past (e.g., Christen et al., 2010; Mergili
et al., 2012; Rauter et al., 2018; Vila, 1984; Zugliani and Rosatti, 2021). This implies that the
predictive capacity of these models is strongly limited, especially in the light of a changing
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climate, where unprecedented and severe events are expected to occur with increased frequency
(e.g., Castebrunet et al., 2014; Lazar and Williams, 2008; Naaim et al., 2016).

In research, a recent implementation of the Material Point Method has proven its ability to
simulate the dynamics of a range of hazardous geophysical mass movements. Compared to the
current methods used in practice, fully three-dimensional MPM simulations allow to explicitly
simulate avalanche-structure interaction, and can thus contribute to the development of more
cost-efficient design of protective structures or simulate impact forces on structures with
complex geometries. More physics-based and precise analyses of natural hazards can also help
to improve decision making e.g. for road closures, reducing the disruptions, and therefore also
minimizing the negative impact of these measures on the economy.

In this contribution, we present two different case studies using MPM at either end of the range
between research and practice: The 2019 Salez (Davos, Switzerland) avalanche event, and a
potential 1,000-year return period avalanche interacting with a deflection dam in Siglufjérdur,
Iceland.

2. METHODS

The Material Point Method (MPM) is a combined Eulerian and Lagrangian numerical technique
solving the momentum balance equation and naturally respecting mass conservation. This
method is notably effective for capturing free surface flows of materials with substantial
deformations, impacts, and fractures, which are challenging for mesh-based methods, on
complex topography in depth-resolved and real-scale simulations. In recent times, MPM has
drawn significant interest in the fields of snow and avalanche research (e.g. Cicoira et al., 2024,
Gaume et al., 2024). In our modeling framework, we apply a finite strain elasto-plasticity
approach featuring snow models that stems from critical state soil mechanics and granular
mechanics (Gaume et al., 2018; Blatny et al., 2024, Blatny and Gaume, 2025).

To efficiently analyze the simulation results, we recently developed a routine for post-
processing the complex 3D model outputs to derive key dynamic properties of the mass
movement, such as run-out, maximum velocity, slope-parallel and slope-normal velocity
components, vertical flow height, flow thickness, and deposition heights (Kyburz et al., 2024;
Vicari et al., 2025). This tool also offers a GIS interface, enabling users to visualize simulation
outcomes like the run-out in the context with topography maps and nearby infrastructure for
hazard assessment purposes.

3. RESULTS AND DISCUSSION
3.1 2019 Salez Avalanche Davos

This case study (Kyburz et al.,, 2025) investigates both the potential and challenges of
simulating large-scale snow avalanches using 3D MPM and model. Thereby, we focus on the
model’s ability to capture complex flow dynamic processes, and evaluate the model's
performance by comparing simulation results with data from the well-recorded Salezer snow
avalanche that occurred in Davos, Switzerland, in January 2019. A particular novelty of this
simulation is that, not only we simulate the avalanche in 3D and real scale, but also simulate
the snow cover on the day of the event distributed on the whole terrain to explicitly capture
erosion and deposition processes.
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The simulation results match well with real-world observations, particularly in terms of the
avalanche's approach velocity captured in an eyewitness video and the flow outline documented
in a drone survey. Additionally, the model effectively qualitatively replicates the main erosion
and deposition patterns of the actual event.

The detailed 3D simulation results allows us to examine intermittent flow structures at the flow
front in the gully, identifying numerous snow particle clusters that separate from the dense basal
layer and remain airborne for short periods, despite the model not simulating turbulent air-snow
interactions (Figure 1 b, ¢). We hypothesize that these structures arise from rapid topographic
changes in the gully where the avalanche flows at high kinetic energy (Figure 1 d).
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Figure 1: a) Distribution of the maximum avalanche velocity magnitude over all time frames,
b) Rendering of the avalanche front in the gully, ¢) Temporal evolution of flow
velocity as a function of the flow height near the location of the upper red arrow in
panel a). The inset shows a close-up of the same data at the flow front, d) Slope-
normal velocity and the terrain slope in a 500 m long transect between the two red
arrow tips in panel a) in the gully. The gray-dashed lines highlight the correlation of
exemplary peak values in both plots. Figure adapted from Kyburz et al. (2025). Map
source: Swiss Federal Office of Topography
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Considering the detailed insight and numerous dynamic processes naturally emerging from the
3D simulations, we believe MPM simulations hold great potential for conducting detailed
analyses, particularly in identifying critical impact pressure peaks due to transient flow features.
Furthermore, the model could serve as a valuable tool in research aimed at examining dynamic
flow attributes that are challenging to measure in the field.

3.2 Avalanche dam in Siglufjorour

In this case study, we focus on a more practical application of 3D MPM simulations and assess
the protective capacity of an avalanche deviation dam in Siglufjordur, Iceland. More
specifically, we back-calculate a design avalanche for the Strengsgil avalanche path.
Subsequently, we use the same calibrated parameters and initial conditions with a DEM that
includes the deflecting dam and additional non-erodible snow deposits upstream of the dam to
assess the potential hazard of an avalanche overflowing the dam and affecting the town. One
fully 3D simulation of the whole avalanche path with a spatial resolution of 1m lasted 2.4 hours.

MPM predicts peak particle velocities of 50m/s and depth-averaged velocities around 45m/s
(Figure 2 a), which aligns well with the design estimate of 45m/s. The maximum vertical flow
heights of approximately 20m are located in the upper part of the flow path (Figure 2 b).

\ J 4 A 13

Figure 2: For the simulation case with the dam and snow deposit a) shows the maximum
particle velocity and b) the maximum vertical flow height. ¢) Zoomed region of the
inhabited area showing the maximum vertical flow height in d) the dam case and e)
the dam and snow deposit case.

=~

Our 3D simulations reveal that the dam would experience only a minor overflow under the
design scenario, with overflow volumes amounting to 0.4 % of the avalanche volume without
snow deposits and 17.8 % when snow deposit is included. Importantly, the deposits of the
overflow are very thin in both cases and likely highly fluidized (Figure 2 d, e). Excluding
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regions where flow height exceeds 3 m due to steps in the topography (Figure 2 c—e), the
simulated flow and deposit thickness remains below 1 m for the dam-only scenario and reaches
about 1.5 m when previous snow deposits are present. These observations need careful
consideration for two reasons. Firstly, the flow thicknesses below common hazard-mapping
thresholds (typically 0.2—-0.4 m) are often considered negligible. Secondly, our measurements
carry an uncertainty tied to the simulation grid spacing, here £0.5 m.

By resolving impacts and interactions in full three dimensions, our simulations inherently
capture momentum losses that depth-averaged models cannot, underscoring the advantages of
3D approaches for complex flow phenomena. Overall, these results demonstrate the necessity
of advanced 3D modeling to accurately represent intricate overflow behavior and pressure-
dependent rheological effects, thereby providing a more reliable basis for assessing mitigation
structure reliability and guiding the development of safer dam designs.

4. CONCLUSIONS

In the two exemplary case studies presented here, as well as in numerous other cases involving
rock or rock-ice avalanches, MPM shows great potential for both research and practical
applications. Our computationally highly efficient 3D MPM simulations can e.g. help to design
avalanche dams that fully prevent overflow in complex topography or simulate the interaction
of avalanches with infrastructure with complex geometries, thereby ensuring robust safety
margins for practice.

In research, we currently develop more realistic constitutive models, for example to capture rate
dependency and pore pressure effects, which will be available for practice in the future. For
engineering applications, we continue to make the pre-processing and post-processing more
intuitive and easier to use, also allowing for integration with widely used engineering tools. The
GIS post-processing interface used to present the data in this contribution already enables
effective result interpretation and hazard assessment.

ACKNOWLEDGEMENT

We acknowledge the whole Alpine Mass Movements team for contributing to the development
of our MPM simulation framework. We thank Stefan Margreth for the insightful discussions.

REFERENCES

Blatny, L., Gray, J. M. N. T., and Gaume, J., 2024. A critical state p(I)-rheology model for
cohesive granular flows. Journal of Fluid Mechanics, 997, A67. 10.1017/jtm.2024.643

Blatny, L. and Gaume, J., 2025. Matter (v1): An open-source MPM solver for granular matter,
EGUsphere, 10.5194/egusphere-2025-1157

Castebrunet H, Eckert N, Giraud G, Durand Y and Morin S, 2014. Projected changes of snow
conditions and avalanche activity in a warming climate: the French Alps over the 2020-2050
and 2070-2100 periods. The Cryosphere, 8(5), 1673—-1697, 10.5194/tc-8-1673-2014

M. L. Kyburz, L.Blatny and J. Gaume K4 - Page 29



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur, Iceland, September 30 — October 3, 2025

Christen M, Kowalski J and Bartelt P, 2010. RAMMS: Numerical simulation of dense snow
avalanches in three-dimensional terrain. Cold Regions Science and Technology, 63(1-2), 1-
14

Cicoira A, Blatny L, Li X, Trottet B and Gaume J, 2022. Towards a predictive multi-phase
model for alpine mass movements and process cascades. Engineering Geology, 310, 106866,
ISSN 0013-7952, 10.1016/j.enggeo0.2022.106866

Gaume, J., Gast, T., Teran, J., van Herwijnen, A., Jiang, C., 2018. Dynamic anticrack
propagation in snow. Nat. Commun. 9 (1) 10.1038/s41467-018-05181-w.

Gaume, J., Kenner, R., Biihler, Y., Stoffel, A., , Kyburz, M. L., Cicoira, A. and Blatny, L., 2024.
Blind prediction of the Brienz rock avalanche runout using a 3D Material Point Method. In
Interpraevent 2024 Conference Proceedings, pages 302—-306.

Kyburz, M. L., Vicari, H., Troilo, F. and Gaume, J., 2024. Advancements in GIS-based
visualization and analysisof 3D depth-resolved MPM simulations of alpine mass
movements. In Interpraevent 2024 Conference Proceedings, pages 258-262

Kyburz, M. L., Sovilla, B., Biihler, Y. and Gaume, J, 2025. Potential and challenges of depth-
resolved three-dimensional MPM simulations: a case study of the 2019 ‘Salezer’ snow
avalanche in Davos. Annals of Glaciology, 65, €19.

Lazar B and Williams M, 2008. Climate change in western ski areas: Potential changes in the
timing of wet avalanches and snow quality for the aspen ski area in the years 2030 and 2100.
Cold Regions Science and Technology, 51(2), 219-228, ISSN 0165-232X,
10.1016/j.coldregions.2007.03.015, International Snow Science Workshop 2006

Mergili M, Schratz K, Ostermann A and Fellin W, 2012. Physically-based modelling of
granular flows with open source GIS. Natural Hazards and Earth System Sciences, 12(1),
187-200

Naaim M, Eckert N, Giraud G, Faug T, Chambon G, Naaim-Bouvet F and Richard D, 2016.
Impact du réchauffement climatique sur 1’activit¢ avalancheuse et multiplication des
avalanches humides dans les alpes frangaises. La Houille Blanche, (6), 12-20,
10.1051/1hb/2016055

Rauter M, Kofler A, Huber A and Fellin W, 2018. fasavage-hutterfoam 1.0: depth-integrated
simulation of dense snow avalanches on natural terrain with OpenFoam. Geoscientific
Model Development, 11(7), 2923-2939

Vicari, H., Kyburz, M. L. and Gaume, J., 2025. Brief communication: Depth-averaging of 3D
depth-resolved MPM simulation results of geophysical flows for GIS visualization.
EGUsphere, 2025, 1-12

Vila JP, 1984. Mod¢lisation mathématique et simulation d’écoulements a surface libre. La
Houille Blanche, 6/7, 485-489, 10.1051/1hb/1984034

Zugliani D and Rosatti G, 2021. Trent2d: An accurate numerical approach to the simulation of
two-dimensional dense snow avalanches in global coordinate systems. Cold Regions Science
and Technology, 190, 103343, 10.1016/j.coldregions.2021.103343

M. L. Kyburz, L.Blatny and J. Gaume K4 - Page 30



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur, Iceland, September 30 — October 3, 2025

History of snow avalanches and settlements in hazard areas in
Iceland

Harpa Grimsdottir*

Icelandic meteorological Office, IS-105 Reykjavik, Iceland
*Corresponding author, e-mail: harpa (at) vedur.is

ABSTRACT

Snow avalanches are the type of natural hazard that has claimed the highest number of human
lives in Iceland, when storms at sea and on land are not considered. Many areas in Iceland,
especially in the Westfjords, Northern Iceland and the Eastfjords, are characterized by steep
mountains, and narrow valleys and fjords. Vegetation is sparse and potential avalanche starting
zones are above the treeline. Strong winds and frequent precipitation are typical for the winter
weather in Iceland due to the passage of low-pressure systems. The Icelandic people have had
to deal with avalanche danger since the country was first settled in the ninth century CE, even
though other risks, such as famine, disease and other weather-related accidents, were probably
more important causes of premature death in the society in earlier centuries.

The formation of towns and villages started in Iceland in the second half of the 19™ century.
Prior to that, people would get caught in avalanches when travelling over mountains and
individual farms would occasionally be hit. Soon after urbanization started at the end of the 19t
century and the beginning of the 20™ century, the first avalanche accidents occurred in towns
and villages with many casualties. In 1995, two avalanche catastrophes, with a total of 34
fatalities, became a turning point for avalanche hazard assessment and construction of
avalanche protection measures in Iceland.

1. INTRODUCTION

Natural hazards have affected society in Iceland since settlement in 874. Volcanic eruptions
have caused damage to fields and livestock due to pollution, ash and lava flow, jokulhlaups
have destroyed fields and settlements and earthquakes have damaged buildings. Fierce winds,
heavy precipitation and icing have claimed many human lives both on land and sea.

However, it is snow avalanches, followed by landslides, that have claimed the greatest number
of human lives when looking at direct consequences of natural hazards when storms on land
and sea are not considered. Many areas in Iceland are characterized by steep mountains, and
narrow valleys and fjords. Vegetation is sparse and protective forest is usually not found in
potential avalanche starting zones. This combination of geography and weather is favorable for
avalanche formation and long run-outs.

2. AVALANCHE RECORDING IN ICELAND

Annal writers in Iceland have documented important events through the centuries, and church
books contain information about the lives and deaths of people. Information on historical
avalanches can be found in different registers and, since the 19" century, in newspapers. In
1957, the two-volume book Skriouféll og snjofloo (English: Landslides and avalanches) by
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Olafur Jénsson (1957, second edition in three volumes in 1992) was first published. The book
is the result of tremendous work of Jonsson who gathered records of landslides and avalanches
in Iceland. An updated version of the book was published in 1992. All avalanches and landslides
described in this book are now registered in the database of the Icelandic Meteorological Office
(IMO) which hosts and manages a database on snow avalanches, landslides and slushflows in
Iceland. In addition to records from these books, a systematic search has been carried out in an
online database that hosts most of the magazines and newspapers that have been published in
Iceland. As part of hazard mapping efforts, a search for historical avalanches is done by
conducting interviews with local people. Additionally, for the last 25-30 years, snow observers
have systematically recorded avalanches in the areas where they work, and these get entered
directly into IMQO’s database. Furthermore, the public is encouraged to give IMO information
on avalanches they see. The avalanche database of IMO is, thus, probably one of the most
comprehensive national avalanche databases in the world. It is, however, known that most
avalanches outside settled areas go unobserved, and even in areas that are monitored by snow
observers, many avalanches are not recorded because they fall during blizzards that erase all
indications of the avalanches before visibility returns.

It is likely that the majority of avalanches and landslides that have killed people or destroyed
homes are in the national database, but it can still be assumed that several catastrophic incidents
went unreported or unrecorded and are, therefore, missing. However, avalanches causing little
or no damage were not systematically recorded until the past few decades. This makes it
difficult to accurately describe long-term trends regarding avalanche activity in Iceland, but the
rich historical documentation still provides incredible insight for the current avalanche work at
the IMO.

3. SNOW AVALANCHES IN A RURAL ICELAND 874-1880

Up until 1880, avalanches would occasionally destroy single farms, and injuries or death were
often the result for people staying inside the houses. Farmhouses in Iceland were small
buildings made of turf and stones that needed constant maintenance (Pjodolfur, 1863). The
location of many /landnamsbceir (English: settlement farms, i.e., farms that have existed since
the period 875-1100) is quite good with respect to avalanche danger. It is possible that the exact
locations of the farmhouses changed a little over the decades and centuries in response to the
local conditions. For example, if avalanches, landslides or flash floods threatened or damaged
buildings, then they might have been moved away from the hazard the next time they were
renovated or rebuilt, thus, ending up in the best spot in the area over time.

Avalanche accidents in uninhabited areas were common, as people needed to visit steep
mountain slopes for various reasons and would occasionally be caught in avalanches.

Life was tough in Iceland, and it is unlikely that avalanches were considered a major problem
in people’s day-to-day lives, even though avalanche accidents were quite frequent. Famine,
diseases, bad weather and other hardships were a greater threat to most people. The child
mortality rate was high, and the annual risk of death for people was, in general, much higher
than it is today. The acceptable level of risk in society due to avalanches was almost certainly
higher than it is today. However, people had to learn to live with nature and read the weather,
and that was probably also the case with avalanche danger.
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4. FORMATION OF TOWNS AND SETTLEMENTS AND EARLY URBAN
AVALANCHE ACCIDENTS 1880-1919

Urbanization in Iceland started around 1880 when the first towns and villages began to form.
Increased fishing was the main reason, and the towns often developed close to the sea where
harbor conditions were favorable (Hall, A., et al., 2002). This development happened quite
rapidly, and many houses were built in areas without previous settlement history. In many cases,
the settlements expanded into avalanche areas, and soon, the first avalanche accidents occurred
in densely populated areas. During this period, some harsh winters resulted in widespread
avalanche cycles that caused many accidents in rural areas and uninhabited areas as well.
Below, the most serious accidents in towns and villages are described shortly along with other
fatal accidents happening nearby. Of course, there were more avalanche accidents than the ones
described, but this selection helps to paint a picture of the avalanche conditions faced by the
Icelandic people in settled areas during this time.

4.1  Seyoisfjorour 1885

The largest avalanche catastrophe in the history of Iceland happened in Seydisfjordur on
February 18, 1885. A village was starting to form at the bottom of the fjord and the avalanche
destroyed 15 houses and carried some of them into the sea. A total of 24 people were killed and
many were injured. February 1885 was harsh and snowy in the north and east, and snow and
avalanches caused damage in various places. Later, in February in the same year, an avalanche
hit two farmhouses in Nordfjordur, south of Seydisfjordur. Three people died but some were
rescued from the avalanche debris up to 7 hours after the avalanche hit (Jonsson et al., 1992).

4.2 Hnifsdalur 1910

In Hnifsdalur, a dense settlement formed under the mountain Budarhyrna, where houses had
been built near the sea for fishermen and their families. On February 18, 1910, exactly 25 years
after the avalanche catastrophe in Seydisfjordur, an avalanche from Budargil gully killed 20
people. The winter was harsh, and in the beginning of March, a fierce blizzard caused an
avalanche that killed four people in the farm Breidabol in Skalavik, a remote valley not far from
Hnifsdalur. The blizzard continued, and it was only two days later that two young men managed
to get through the snow to the next town and ask for help. A rescue mission was formed, and
surprisingly, a woman and four children were found alive after lying for about 40 hours in the
ruins of their house, buried in the snow (Jonsson et al., 1992).

4.3  Siglufjorour 1919

In Siglufjordur, the biggest herring factory in Iceland had been built by Norwegian brothers on
the opposite side of the fjord from the current main town of Siglufjordur. The factory started
operating in the year 1911, and a cluster of houses formed around it. A big avalanche fell on
April 12, 1919, from the bowl Skollaskal destroying the factory and many houses. People in
the town of Siglufjordur noticed that boats and piers had been heavily damaged during the night,
and ship crews that spent the night in their boats in the harbor, talked about a flood wave
happening around 4 am. Some people remembered stories about a similar event in 1839 when
a large avalanche from Skollaskal triggered a flood wave causing damage to boats, but at that
time, there was no settlement in the area. A decision was made to send 12—15 men to check the
situation on the other side of the fjord, and their suspicions were confirmed; a large avalanche
had swept away the herring factory, along with the houses where the people lived. Seven people
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were rescued, but nine people died in the avalanche. During the herring seasons, 80—100 people
worked at the factory, but when the avalanche fell it was empty (Jonsson et al., 1992).

Four days later, a sailor phoned Siglufjorour and expressed worries about the farm Engidalur,
which was close to Siglufjordur. The sailor said he could not land his boat in the area, so a boat
was sent from Siglufjérdur to investigate. It was discovered that an avalanche had hit the farm,
and all seven people living there had died. This likely occurred the same night as the avalanche
destroyed the herring factory. Two other fatal accidents took place in Hédinsfjérdur around this
same time. In total, 18 people died in avalanches in the northernmost part of Trollaskagi
(English: the Troll’s peninsula) in this avalanche cycle (Jonsson et al., 1992).

5. THE AVALANCHE HISTORY 1920-1973

After the the year 1919, serious avalanche accidents did not occur in urban areas until December
1974. During this period, there were only two avalanches that struck buildings and resulted in
more than two fatalities. One of these avalanches fell in 1925 and hit a house on the farm
Svidningur in the North. While a farmer living in another house in Svidningur was able to
rescue three people from the avalanche debris, three other people in the house lost their lives.
The other accident was a residence on the farm Goddalir in the eastern part of the Westfjords
in December 1948. An avalanche hit and destroyed the house, and all seven people in the
building were buried. It took a while for the tragedy to be discovered, as there was no one else
living in the vicinity, and the phone connection to the farm had been lost. The severed phone
connection did not raise suspicion, as communications were often hampered in bad weather.
Four days after the avalanche, a teenage boy was sent to Goddalir to deliver mail, and he called
for help from a neighbouring farm when he discovered what had happened at Goddalir. Three
members of the household were still alive but two of them died shortly after being rescued. The
farmer survived the accident, but his leg was amputated due to frostbite (Jonsson et al., 1992).

Although there were few large avalanche events in settlements during this period, there were
still 30 fatal avalanche accidents in rural areas, on roads and in the wilderness (IMO’s avalanche
database, 2025). The reason that fewer large avalanche accidents happened during this period
is not entirely clear. Perhaps it was mostly the result of chance. There is evidence, however,
that winters may not have been as harsh in the decades following 1920 as in the decades before
and after, as this period is sometimes referred to as a warm spell (Jonsson, 2007).

6. EVOLVEMENT OF FISHING TOWNS AND AN AVALANCHE ACCIDENT IN
NESKAUPSTADUR IN 1974

Fishing towns and villages in Iceland expanded rapidly in the 20" century due to technological

development in the fishing industry. The introduction of motorboats, followed by trawlers and

the construction of fish factories, created many new jobs and fuelled rapid growth (Hall et al.,

2002) In many “avalanche towns”, the initial development of the village was close to the sea

and the harbour, and then expansion that stretched towards the mountains.

This style of development was especially common in the period around 1960-1980
(Grimsdoéttir, 1997, 1998a,c, 1999). Large residential areas were built closer to the mountains
than before, as the fishing industry continued to expand. There is little sign of avalanche and
landslide consideration in the planning of settlements during this period, with the notable
exception of areas where large catastrophes with many fatalities had occurred. Perhaps, too
many decades had passed since the last large avalanche accidents in urban areas. In some cases,
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there were historical records of avalanches reaching down to areas that were being densely
settled at this time, but their destructive force might have been underestimated because they
didn’t cause fatalities.

On December 20, 1974, two avalanches killed 12 people in an industrial area and in a residence
in Neskaupstadur (IMO’s avalanche database, 2025). At that time, no hazard maps existed, and
no monitoring system was in place anywhere in Iceland and the avalanches came as a total
surprise. The rescue work was complicated, since there was a lot of debris from the industrial
area mixed with the snow from the avalanche. Fuel oil from a large storage tank and a whole
stock of car tires were among things the rescuers had to deal with in the avalanche debris
(Grimsdoéttir, 1998b). The avalanches also reached the sea, which is not uncommon in Iceland,
carrying some of the victims and debris with them.

In the aftermath of these avalanches, an avalanche committee was formed by the municipality
of Neskaupstadur in 1975, and a working group was established by the national government of
Iceland. These groups drafted proposals on hazard mapping that would take avalanches into
consideration when planning settlements. Suggestions were made about avalanche monitoring
and research, and specialists from other countries were brought in for consultation (Grimsdottir,
1998b). Most of these suggestions were not implemented at that time.

In 1984, an avalanche destroyed an industrial building in Olafsvik, injuring two people. Another
avalanche was released above the hospital of the town, stopping just a few meters from the
building (IMO’s avalanche database, 2025). These incidents seem to have been a wake-up call.
In 1985, a report by an avalanche specialist at NGI in Norway (Erik Hestnes) concluded that
the avalanche risk at the most exposed dense settlements in Iceland was perhaps 10 times higher
than in Norway and that surprisingly large construction activity was taking place in avalanche
hazard areas without any apparent consideration of the potential consequences (Hestnes,
1985). Then, in 1985, the first laws on avalanche prepardness were enacted in Iceland. The
laws stated that municipalities with known avalanche history should hire snow observers, and
a basis for avalanche hazard mapping was created.

7. THE AVALANCHE CATASTROPHES IN SUPAVIK AND FLATEYRI IN 1995
AND AVALANCHE WORK IN THE AFTERMATH

On January 16", 1995, an avalanche fell on the village of Stidavik in the Westfjords damaging
or destroying 16 residential houses and some other buildings. The avalanche killed 14 people
and injured another 12. It happened during a severe blizzard that lasted until the next day, which
made it challenging to bring in rescue teams. During the night of October 26 the same year,
an avalanche in the neighboring village of Flateyri hit 30 buildings, destroying 16 of them. Most
of the buildings were residential houses, and the avalanche killed 20 people and injured five
others (IMO’s avalanche database, 2025). October is a highly unusual month for such large
avalanches in Iceland. The avalanche was the result of a few days of blizzard conditions. Soon
after the avalanche struck, the weather shifted to higher temperatures and rapid snowmelt,
which made the catastrophe appear quite absurd. The winter that followed in the area was quite
mild with rather little snow according to locals.

In 1995, the avalanche laws from 1985 were in effect, and avalanche hazard maps existed for
both villages. Snow observers had been hired in the area, and evacuations had been ordered
prior to the avalanches. Most of the victims, however, were in houses that were outside of the
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hazard zones according to hazard maps at that time. These two avalanches had reached farther
than most people could imagine. Two conclusions could be drawn from these events:

1. Many towns and villages in Iceland had probably expanded into avalanche areas where
the risk was completely unacceptable for the residents.

2. Avalanche hazard maps would need to be revised, and new methods for hazard
assessment would have to be developed.

In the years after 1995, the avalanche laws and regulations were revised and a new hazard
mapping method was developed. Hazard maps have been made for towns and villages where
the hazard is considerable, and the hazard zones are much larger than according to the former
zoning. The criterion is annual probability of death for an individual staying in an unreinforced
house. This reflects the political decision that the risk to people should be the most important
factor when calculating possible consequences of this highly deadly natural phenomenon. The
monitoring system was also strengthened and centralized within the IMO.

For the most hazardous zones in residential areas (C-zones or red zones on hazard maps), the
municipality is required to reduce the risk permanently with relocation of houses or construction
of defense structures. Monitoring and evacuations is not considered acceptable as the only
solution for these areas. Therefore, the installation of defense structures for these areas in many
towns and villages was started following the catastrophes in 1995.

Since 1995, only one avalanche fatality has occurred in a settlement in Iceland, In 2004, a
farmer was killed in his farmhouse Bakki in Olafsfjordur when he visited his farm to feed his
livestock during a period of evacuation. There have been some close calls, especially at Flateyri
in 2020 when a part of an avalanche overran a deflecting dam, and in Neskaupstadur in 2023,
when an avalanche reached down to an unprotected area of the town where houses had not been
evacuated. The avalanches caused extensive damages but luckily nobody was seriously injured.

Evacuations have been quite frequent since 1995, and on a few occasions, they may have
prevented damages or injuries. Many avalanches have reached down to avalanche dams or have
been released from gullies partly covered with supporting structures that have reduced the size
of the avalanches. It is likely that those defense structures have saved many houses from damage
by avalanches and probably some lives.

8. CONCLUSIONS

Many houses as well as industrial areas in towns and villages in Iceland are located in avalanche
hazard zones. The severity of the situation became apparent after two avalanche catastrophes
in 1995. Before avalanche laws were enacted, avalanche hazard did not have notable effect on
the planning of settlements, with two exceptions: 1) Where avalanches were very frequent, with
return period lower than 5-10 years, settlements were not developed, and 2) areas where large
accidents with many fatalities had occurred were mostly uninhabited. However, there are
examples from various places around the country of dense settlements being built up in areas
that had been overrun by historical avalanches. Taking avalanche hazard into account when
planning and developing settlements is the best way to avoid accidents. For that, the history
shows us that laws and regulations are necessary.

Ol.1 - Page 36



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur, Iceland, September 30 — October 3, 2025

LIST OF REFERENCES

Grimsdottir, H., 1997. Byggingarar hiisa 4 Seydisfirdi. Reykjavik. VI-G97016-UR12. Icelandic
Meteorological Office.

Grimsdottir, H., 1998a. Byggingarar hiisa i Neskaupstad. Reykjavik. Vi-G98011-UR09.
Icelandic Meteorological Office.

Grimsdottir, H., 1998b. Vidhorf og vidbrogd vid ofanflédahaettu i Neskaupstad. Reykjavik. BSc
thesis. University of Iceland.

Grimsdéttir, H., 1998c. Byggingarar husa 4 Siglufirdi. Reykjavik. Vi-G98049-UR36. Icelandic
Meteorological Office.

Grimsdéttir, H., 1999. Byggingarar hiisa 4 {safirdi, Reykjavik. Vi-G99014-URO08. Icelandic
Meteorological office

Hall, A., Jonsson, A., Agnarsson, S., 2002. Byggdir og Buseta. Péttbylismyndun 4 {slandi.
Reykjavik. Hagfradistofnun Haskola Islands.

Hestnes, E., 1985. Skredfare 1 arealbruksammenheng. Studietur I Island 30.07-05.08.84. Oslo.
NGI report.

IMO’s avalanche database, 2025. The avalanche database hosted and maintained by the
Icelandic Meteorological Office.

Jonsson, O., 1957. Skridufoll og snjéfléd (Landslides and avalanches). Akureyri, Bokautgafan
Nordri.

Jonsson, O., Rist, S., Sigvaldason, J., 1992. Skridufoll og snjéfl60 (Landslides and avalanches).
Reykjavik, Bokautgatan Skjaldborg.

Jonsson, T., 2007. Hitafar a {slandi eftir 1800. Icelandic Meteorological Office website.
https://www.vedur.is/loftslag/loftslag/fral 800/hitafar/

Pjodolfur, 1863. Husakynni og husabyggingar 4 {slandi. Pjodolfur (newspaper), January 24
1863, p. 50.

H. Grimsdéttir Ol1.1 - Page 37



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjorour Iceland, September 30 — October 3, 2025

Seven years of research on snow avalanches in Nunavik, northern
Quebec, Canada: hazard and vulnerabilities

Armelle Decaulne!”, Vincent Filion?, Beatriz Funatsu!, Sasha Griffin®!, and Najat Bhiry?

I CNRS LETG-Nantes, Chemin de la Censive du Tertre, F-44300 Nantes, FRANCE
2 Université Laval, Geography Department & Centre d’études nordiques, 2405 rue de la Terrasse, Québec,
G1V 046, CANADA
3 Nantes Université, Chemin de la Censive du Tertre, F-44300 Nantes, FRANCE
*Corresponding author, e-mail: armelle.decaulne (at) cnrs.fr

ABSTRACT

In Nunavik (northern Quebec, above 55°N), over the past two centuries, Inuit territorial
organization has experienced a profound spatial reconfiguration. From the dispersion of Inuit
nomadic camps, the way of life gradually changed with the establishment of trading and
commercial posts; since 1950s structured settlement of Inuit communities is done in 14
villages. With rapid population growth, villages are still expanding. Until recently, snow
avalanches in Nunavik had seldom been documented. However, ongoing research highlights
that short steep slopes are prone to snow avalanches, both in village surroundings and in
remote areas. To improve our understanding of snow avalanches, a network of automatic
cameras monitors snow avalanches since winter 2017-2018. Slopes were selected based on
geomorphologic investigations. Over the last seven winters, more than 600 snow-avalanche
deposits have been identified and their paths delineated. Runout distances vary according to
two distinct regimes: winter (from November to April) and spring (May—June). Weather data
were analyzed to identify the range of triggering factors. There is both inter- and intra-winter
variability in snow cover conditions (duration, thickness). Topographic analyses of avalanche
slopes identify potential source areas for snow avalanches as well as runout distances, where
infrastructures are found in some instances.

1. INTRODUCTION

As in similar mountain areas worldwide, Nunavik experiences snow avalanches. Yet,
scholarly and institutional attention to this hazard is recent, as the interplay between snow-
avalanche processes and human settlements has emerged over the past decades as a pressing
concern in this Inuit territory. On the New Eve’s night 1999, the most dreadful known snow
avalanche in Quebec stroke Kangigsualujjuaq. Until 2019, this event has been one of the very
few documented in the literature in Nunavik (e.g., Schaerer et al., 1999; Stethem et al., 2003;
Germain and Martin, 2011; Germain, 2016). Details were mainly extracted from the post-
event report by Lied and Domaas (2000), which compiled different standards of archives
based on inhabitants remembering. Following the snow-avalanche event affecting the
Nunavik northeasternmost village, few other snow avalanches, of lesser magnitude, were
revealed, witnessed in the 1980s and in 1993. However, detailed information is lacking, with
uncertainties regarding dates and runout distances. The further urban-planning of the
community has been impacted (Decaulne et al., 2021), as the village needed to develop away
from the avalanche slope that was already known, in a context constrained by the valley
topography and thawing permafrost. Therefore, the few existing studies attest that snow
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avalanches are an active process on the short but steep slopes of rolling Nunavik landscape
(Fig. 1) in a context of demographic growth demanding terrain for further dwellings.
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Figure 1  Location of Nunavik Northern Villages, surrounding areas and a remote site
within Tursujuq national park, affected by snow avalanches (A), associated to
population and building growth since 1960s (B - data from Statistics Canada),
underlining the need for snow-avalanche research in the area. C & D show views
of the slope above the Northern Village of Kangiqsualujjuaqg, hit in 1999 by a
dreadful slab snow avalanche (photos: A. Decaulne).

The aims of the ongoing research are (i) to document snow-avalanche activity in a territory
where little is known on the process; (ii) to determine the meteorological triggering factors for
snow avalanches in Nunavik; (iii) to define the slope profiles, and prone source-areas for
snow avalanches. The objective of this contribution is to highlight the diversity of snow-
avalanche regimes, deposits and runout distances that were encountered at several locations in
Nunavik over the last seven winters. We focus on inhabited areas and transportation corridors
where snow avalanches could represent a threat.

2. METHODS

To document snow-avalanche activity in Nunavik, a set of complementary methods is used. A
geomorphological approach was first carried out on talus slopes at several locations, to attest
evidence of past and recent snow-avalanche deposits through morphometric measurements of
slopes and clasts on talus (Decaulne et al. 2018, 2025; Veilleux et al., 2020). Then a network
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of automatic cameras (from Reconyx™) has been deployed on targeted slopes, to inventory
snow-avalanche occurrences (Veilleux et al., 2021; Grenier et al., 2023). In 2025, 19
automatic cameras record hourly images (from 9:00 am to 17:00 pm) in four villages and their
close surroundings, as well as in remote areas (Wiyashakimi Lake), providing a reliable
calendar of snow-avalanche events. Weather data from nearby ground stations (from Centre
d’¢études nordiques-CEN climate monitoring network) enable to access the snow-avalanche
triggering factors. From the collected images, snow-avalanche contours and runout distances
are extracted. To overpass the narrow frame of the camera images at the scale of all mountain
slopes surrounding communities, LIDAR data were used to extract topographic profiles along
the main slopes within community borders, highlighting the potential zones for snow
accumulations, i.e., potential source areas for snow avalanches, and associated runout
distances. As snowpack conditions and its development throughout winter are still unknown
in Nunavik territory, topographic model to determine snow-avalanche terrains remains the
only reliable one (Filion, 2025; Filion et al., 2025).

3. RESULTS AND DISCUSSION

3.1 Exploiting the camera images: snow-avalanche calendars, outline and runout,
weathers

Camera images enable to acquire essential data on snow-avalanche occurrences over several
winters (Fig. 2). Dates are known for all avalanche deposits, and hours are precise for daytime
events; they are differentiated from the nocturne avalanches, which occur from 5:00 pm to
9:00 am. On the most active path in the valley near Umiujaq, for instance, 52% avalanches
overpass the f=10° inflection point, i.e., the distal part of the slope; 38% reach the mid-slope,
and 10% do not pass the rockwall. At this site, 61% avalanches occurred during daytime, and
39% during nighttimes. Additionally, 55% of avalanches transport dry snow (from November
to May), while 45% transport wet snow (in May and June).
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Figure 2 Days with observed snow-avalanche deposits (one or several) from 2017 to 2024
on one of the most active areas, close to Umiujaq, from a single automatic
camera. The largest extent deposits occur from February to early May (modified
from Veilleux et al., 2021; Grenier et al., 2023).

Accurate knowledge of the avalanche timing enables to examine the main triggering factors.
Two regimes are distinct, according to the hourly air temperature recorded at the nearest
weather stations, located only a few hundred meters away from some of the investigated
slopes (Grenier et al., 2023): winter regime has air temperatures constantly negative; spring
regime has positive and negative air temperature variations during the day. During winter
regime, results show that a 10 cm of snow accumulating over three days is conducive to
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snow-avalanche release. During spring regime, the combination of a minimum daily air
temperature of 2°C with forty-six cumulative melting degree-days are the most prone
conditions for snow-avalanche release.

3.2 Slope profiles of snow-avalanche prone paths in Northern Villages

Based on 315 longitudinal slope profiles in the communities of Umiujaq, Salluit,
Kangirsujuaq and Kangiqsualujjuaq, some recurrent topographic characteristics are identified
(Fig. 3). Slopes are mainly concave (57%), with or without distal debris talus; then 11%
slopes present a rocky face in the shape of a hockey stick; 11% have convex profile,
developing on slopes covered with glacial till; only 5% of slopes profiles are stepped,
corresponding to alternating sedimentary layers of different resistance, such as limestone and
sandstone. Profiles that fit none of these shapes are estimated to 8%.
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Figure 3  Sketches of the main topographic characteristics of slopes and potential snow-
avalanches runout distances in four Nunavik Northern Villages, based on 315
slope profiles.

Alpha angles are rather low, comprised between 17° and 23°. Most of the Northern Villages
have parts of their infrastructures, either transportation corridors or buildings (dwellings,
municipal facilities, sheds), within the deposit zone of potential snow-avalanche paths (Filion,
2025; Filion et al., 2025), as shown in Fig. 4 for Kangiqgsualujjuaq. In fact, over the last seven
winters, some of the events captured by the cameras reached human infrastructures, for
instance the road at one site near Umiujagq.
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Figure 4  Snow-avalanche maximum runout distance according to the topographic and wind
analyses carried out on part of Kangigsualujjuaq (modified from Filion et al., in
press). In 1999, prior to the avalanche, several houses and buildings were located
within the potential runout zone; some encountered damage in 1980s and 1993.
All buildings were relocated after the 1999 event, and few are newly built.

4. CONCLUSION

Snow avalanches in Nunavik occur on a range of slope profiles and are triggered under a large
variety of weather conditions. Over the last seven winters, we documented inter- and intra-
annual variability regarding snow thickness, wind regimes, temperatures. The automatic
cameras are a useful tool to document snow-avalanche events. The snow-avalanche collection
i1s an essential basis to decipher the fundamentals of snow-avalanche research, i.e., timing,
outlines, runout distances, triggering factors. In a context of few information regarding
snowpack characteristics over winter, or with the lack of specific snow-avalanche landforms,
tracking the topographic conditions prone to snow avalanching helps to focus on specific
slopes. The research is ongoing, and results are shared with the stakeholders in Northern
communities to support informed decision-making regarding land-planning in a context of
climate change. This represents a challenge in the fast-evolving subarctic and arctic
environments.
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ABSTRACT

Site-specific avalanche warning comprises avalanche hazard evaluation for one or a few
specific avalanche tracks and recommendation for appropriate awareness levels regarding
chosen objects at risk. It differs clearly from regional avalanche warning services, which cover
larger areas, are mostly directed towards travelling in avalanche prone terrain and give more
general recommendations (NVE, 2025).

The need for site-specific avalanche warnings for buildings, infrastructure and temporary
facilities in avalanche-prone areas has increased in Norway. Hence, the demand from
municipalities, the Norwegian Public Roads Administration, and private actors has increased.
Consequently, there is a need for guidelines both for customers and providers of site-specific
avalanche warning services. The aim of the guidelines is to secure minimum requirements for
quality, better coordination, and more efficient use of resources.

The guide is based on experience from several warning projects in Norway and the
recommendations for site-specific avalanche warning by European Avalanche Warning
Services (EAWS, 2023). Both consultants and customers from the public administration
contributed to the work led by the Norwegian Water Resources and Energy Directorate (NVE).

The guidelines distinguish between preparation and operation of a site-specific avalanche
warning service and also include the risk owner’s responsibility for preparedness and risk
acceptance.

The contribution will provide insight into the background of the guidelines, central principles,
structure, and content.

1. INTRODUCTION

Site-specific avalanche warning has only occurred systematically in Norway for buildings since
1997 (Waaler, 2015), with an increase in objects since 2015. It is only recently that it has
become a more common service to reduce the risk from avalanches to objects. Site-specific
avalanche warning is more commonly used for roads or temporary objects such as job sites
prone to avalanche risk. However, there are as of 2025 ongoing warning services concerning
residential houses in Longyearbyen, Honningsvag, Mosjeen and a consortium of communities
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in Northern Norway, in addition to infrastructure, such as power lines, substations, and
aquaculture farms.

An increase in locations with site-specific warning, and consultants providing warning services,
has spurred the need for consensual guidelines for providers as well as customers. In particular,
municipalities may need support when calling for tenders as they may lack expertise about snow
avalanche risk mitigation. Even the preliminary risk assessment for defining the objects at risk,
is quite demanding if you are unfamiliar with avalanches, potentially resulting in
disproportionately high costs or unacceptable risk acceptance. This need for guidelines has also
been expressed by the industry itself, needing a benchmark for quality, safety, and performance.

NVE has initiated and led the work on the guidelines, in close collaboration with Norwegian
Public Roads Administration, including municipality administration, and consultants. The
guidelines are based on the recommendations by EAWS published in 2023, with slight
modifications.

The project has had five online workshops, since the start in autumn 2024, with dedicated tasks
assigned to each subject. The written draft for the guidelines has been constantly open for
adding content and comments by everyone involved. In late spring 2025, everyone attended a
physical workshop spanning two days to go through the written guidelines. In addition, three
topics were specifically analysed and separately reported within subprojects addressing:

e Snow observations related to site-specific warning,
e instrumentation for site-specific warning, and
e using unmanned aerial vehicles (UAVs) for analysing snow distribution

The guidelines have undergone a final review process and legal check. The publication is
scheduled for autumn 2025.

2. CONTENT AND STRUCTURE OF THE GUIDELINES

The guidelines will be published digitally on https://veiledere.nve.no/veileder-stedspesifikk-
snoskredvarsling/ in Norwegian. It contains an introduction, description of the risk owners’
responsibilities and tasks, and a recommendation of the competence level for providers. The
guidelines distinguish between preparation and operation of a site-specific avalanche warning
service.

During preparation an avalanche warning plan is elaborated. It describes how the avalanche
hazard will be evaluated in the warning service using measurements, snow observations,
weather data and predefined scenarios, resulting in a recommended awareness level. The risk
owner needs a corresponding emergency response plan which transfers the awareness level into
predefined actions.

In the following, we describe those responsibilities and tasks.

2.1 Risk owner

Before starting the work with the avalanche warning plan, the risk owner must identify and
describe the objects at risk sufficiently (Statens vegvesen, 2021). Usually, the risk is assessed
including vulnerability, exposure and potential consequences such as loss of life, economic
losses, or loss or interruption of infrastructure.
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The results of the assessment form the base to evaluating different mitigation strategies, where
avoiding risk or permanent mitigation should be the preferred solutions. However, in some
cases site-specific warning in combination with an emergency response plan turns out to be the
most suitable if there is sufficient time available to react to the warning, and the residual risk is
acceptable. The risk acceptance depends on objects at risk, the risk owner, and which laws
apply. Consequently, this defines the scope of the service.

The risk owner also must prepare an emergency response plan before the warning service starts.
This plan must outline the acceptable level of risk for each site and/or object and clearly define
roles and responsibilities. The plan facilitates good communication between different
stakeholders such as police, mayors, or public roads. The risk owner is also responsible for
deciding which specific mitigation actions to implement at each awareness level defined in the
avalanche warning plan.

The emergency response plan must also describe the management, operation, maintenance, and
implementation of measures. Furthermore, the plan should include routines for maintaining
measures such as signage, barriers, and instrumentation.

Finally, the risk owner must have a plan for communicating with locals and is strongly
encouraged to hold public meetings with anyone affected in connection with the site-specific
warning.

2.2 Preparation of a warning service

The level of detail the site-specific warning service depends on the vulnerability and exposure
of the object, and complexity of the avalanche site. This is defined in the avalanche warning
plan which is inspired by the one described in Technical Aspects of Snow Avalanche Risk
(Canadian Avalanche Association, 2016).

Elaborating the avalanche warning plan includes a thorough site investigation, mapping both
the release and run-out areas of potential avalanches. The required level of detail varies
depending on the type of object or infrastructure at risk. Historical avalanche events, digital
terrain models, weather data, fieldwork, and the availability or absence of monitoring
equipment must all be described.

It is important to specify all factors that can increase avalanche danger, such as critical weather
and snow conditions. Monitoring these factors usually include instrumentation and observations
in the field. The plan should specify which instrumentation is essential and how uncertainties
can be reduced. Snow observations should be specified by type, purpose, and potential
locations. Particular attention should be paid to the topography and terrain, as these factors
influence the potential for snow avalanche release and the extent of the run-out area. Defining
all the avalanches that could impact the object is essential. All documentation, including
modelling inputs, results, and GIS data, must always be stored and remain available for the risk
owner.

The avalanche warning plan also includes mitigation zones and predefined awareness levels,
with mitigation actions, see Figure 1. Combining the risk matrix for each site, the awareness
levels and actions allow seamless transitions from the awareness level in the avalanche warning
plan to the mitigation levels or actions defined in the emergency response plan.
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Actions

Level Awareness Road closure Road maintenance

Green Normal No actions, avalanches are reported
g Yellow Increased Traffic shouldn't stop at site Daily site-spesific warning, no manual
= operations at site
g Orange [Some restrictions May happen in short notice, Some restrictions ons work operations,
g opening is evaluated convoy driving should be risk evaluted
§ Extensive restrictions Road closure, opening is Avoid working operations at site

evaluated

Figure 1 Awareness levels and associated mitigation actions Source.

The awareness levels replace the impact probability from definitions in EAWS (2023). This
adaptation is based on feedback from ongoing services. The impact probability is indirectly still
present when combining probabilities for avalanches and sizes. However, mitigation actions
might be necessary even if the avalanche might not impact the object directly. For example an
avalanche impact can cause flood waves endangering objects, or if the avalanche stops higher
in the avalanche path, not reaching the actual object, it still may cause reduced visibility which
can be dangerous on a high-speed road.

2.3 Operation of the warning service

The avalanche warning plan serves as a guiding document throughout the operational warning
service, supporting consultants in their decision-making processes. They communicate the
awareness level to the risk owner as specified in the avalanche warning plan, and display the
uncertainty in all communication (@yen, Albrechtsen, Hancock, & Indreiten, 2022). The
avalanche warning plan should be evaluated periodically, typically after each warning season,
and after events activating the emergency response plan. If needed, the avalanche warning plan
should be revised and updated. Changes must be communicated to all stakeholders, especially
to the risk owner, who maintains overall responsibility.

The guidelines further elaborate on the various methods used for site-specific warning in
Norway, discussing their respective strengths and weaknesses. There are specific requirements
regarding the format for communicating awareness levels to the risk owner. For example, the
awareness levels and corresponding mitigation actions should be clearly stated in the beginning
of the warning, similar to the recommendations from EAWS.

Our guidelines recommend four awareness levels, aligning more closely with regional warning
services in Norway, as highlighted in several research projects (Albrechtsen & @ien, 2022).
This harmonization improves public understanding, particularly since regional and site-specific
avalanche warnings may differ.

3. CONCLUSIONS

The guidelines presented for site-specific avalanche warning aim for a common understanding
of the service, roles and responsibilities as well as to ensure quality. They will also support risk
owners who have limited experience in snow avalanche risk mitigation.
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The broad collaboration with other public services and private providers of avalanche warning
services provided many important inputs and was appreciated during the writing of the
guidelines. This process also allowed us to incorporate experience from ongoing site-specific
warning projects, follow recent findings in research, and make minor adjustments to the EAWS
recommendations. The guidelines hence distinguish between the avalanche warning plan and
the emergency response plan. The avalanche warning plan results in a recommended awareness
level which is picked up by the emergency response plan connecting the awareness level to an
appropriate action for mitigating the risk.

There are some final tasks remaining before the guidelines can be published digitally, and we
are curious how the guidelines will be used in practice.
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ABSTRACT

Integrating near-real-time LiDAR measurements of start-zone snow depth data with
RAMMS:Extended avalanche simulations to estimate runout and assess the potential of
avalanches to reach specific elements at risk, is an emerging opportunity for avalanche
forecasting. However, while the use of dynamic simulations such as RAMMS is promising,
they require further research into the appropriate model parametrization to accurately simulate
non-extreme events before they can be broadly implemented as a predictive tool.

We present initial sensitivity assessment results using RAMMS::Extended for simulating late-
season, low-volume avalanches in Path 51 (Highway 99, British Columbia, Canada) to support
an operational forecast tool. Across 224 simulations, erodible snow depth dominated runout
distance; colder initial snow temperatures increased reach, while air temperature (5-10 °C) had
a negligible effect.

1. INTRODUCTION

Determining the end of avalanche season is often a difficult decision that avalanche forecasters
face. These decisions typically hinge on estimations of potential avalanche runout extent given
the amount and stratigraphy of snow in the starting zones (i.e., potential release volume), the
condition of the track (e.g., smooth or rough), and the avalanche flow regime (e.g., dry or wet).

Dynamic numerical avalanche simulations, such as RAMMS (Rapid Mass Movement
Simulation; Christen et al., 2010) are commonly used in planning stage risk assessments to
model extreme magnitudes for long return-period avalanches (Canadian Avalanche
Association, 2016). However, these models have seen limited use as a predictive tool for
operational risk assessments. This limitation stems from model sensitivity to input variations,
which have historically been calibrated against extreme avalanche events (Buser & Frutiger,
1980); the use of snow-free topography as a sliding surface (Biihler et al., 2011); and challenges
in accurately initializing simulations because release volume, entrainment, and snow
temperature all affect runout extent (Vera Valero et al., 2015).

For this study, we use RAMMS::Extended (Bartlet & Christen, 2025) to perform a sensitivity
analysis of measurable flow regime parameters (e.g., snow temperature, air temperature,
erodible snow depth, and water content) to explain variations in runout extent for a given release
volume in an avalanche path with smooth track conditions.
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1.1  Study Site

Path 51 is the most active path on Highway 99 in the Coast Mountains of British Columbia,
Canada, with an average of three avalanches reaching the highway annually. It's broad alpine
starting zone (1700-2300 m elevation) feeds into a highly channelized (20-50 m wide) 1000 m
long track that descends to Duffy Lake at 1000 m. The highway intersects the path at the top of
the runout zone. (Figure 1).

The path is monitored and controlled by full-time Ministry of Transportation and Transit
(MoTT) avalanche forecasters with the aid of a GazEx system installed in 1992. “Fickle Finger”
(Figure 2) is an aptly named release area in the lower starting zone that typically does not release
with avalanches flowing from above and has a history of producing post-control natural
avalanches that reach the highway. It is a relatively small release area (< 5000 m?) compared to
the ~100,000 m? starting zone area.

Figure 1 Explosive-triggered avalanche Figure2 Path 51 starting zone after
m Pgth 51, May 1{1, 2012'W1th extensive control, showing the
debris gccumulatlon visible Fickle Finger release area (dashed
along Highway 99 (Source: red outline) that did not release.

MoTT).

1.2 Previous Research

Several studies (e.g., Dillon & Hammonds, 2021; Glaus et al., 2024; Stoffel et al., 2018; Vera
Valero et al., 2016, 2018) have demonstrated that RAMMS::Extended, when initialized with
measured or modelled snowpack and weather data, can capture runout distances under varying
flow regimes. While these approaches are promising, they require further research into the
appropriate model parametrization to accurately simulate non-extreme events before they can
be broadly implemented as a predictive tool.

Campbell et al. (2024) found a weak correlation between release volume and runout distance
for Path 51, with relatively low release volumes of less than 5000 m® often reaching the
highway. They examined dynamic friction parameters to explain variations in the relationship
between release volume and runout distance for low-volume end-of-season avalanches and
found that friction coefficients (p) ranging from 0.100 to 0.430, corresponding to different track
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conditions, can explain these variations. However, discussions with MoTT avalanche
forecasters indicated that avalanche flow regime also plays a critical role in whether low-
volume late-season avalanches reach the road. These avalanches have a dense, wet snow, plug-
like flow, with little volume increase in the track, similar to those analyzed by Vera Valero et
al. (2016).

Building on this work, this study examines how erosion depth, snow temperature, air
temperature, and water content affect simulated runout in Path 51, to evaluate their potential as
forecasting parameters.

2. METHODS

We ran 224 RAMMS::Extended simulations for Path 51 to test the sensitivity of runout
distance to measurable flow parameters. Simulations were initialized with release conditions
based on observed Fickle Finger avalanches and use a snow-covered 2 m DEM acquired in
mid-April. Erosion depth, snow temperature, snow temperature gradient, water-content
gradient with elevation, and air temperature were varied in stepwise fashion across realistic
ranges (Table 1) for a fixed release volume of 7660 m?®. These parameters were selected for
their influence on wet-snow avalanche flow and feasibility for real-time measurement. All
other model inputs followed Bartlet & Christen (2025), late-season observations from Path
51, and prior studies (e.g., Vera Valero et al., 2016, 2018). Runout distance was calculated
relative to the highway, with negative values indicating simulations that stopped above the
road.

Table 1 RAMMS::Extended parameters and associated range of values used in the
sensitivity analysis.

Parameter Value(s) Used
Release Volume (m?) 7660
Water content (%) 0
Erosion depth - d0* (m) Oto1l
Snow temperature (°C) 0to-4
Snow temperature gradient - AT (°C/100m) 0to0.4
Water content gradient with elevation - AW (%/100m) | 0.04 to 0.52
Air temperature (°C) S5or10

3. RESULTS AND DISCUSSION

Erosion depth emerged as the most dominant parameter affecting runout distance. Simulations
initiated with shallower erosion (< 0.4 m) consistently stopped well above the highway with
any realistic water content gradient (Figure 3).
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Figure 3  Runout distance relative to the road versus water content gradient for different
erosion depths (d0*) for an air temperature of 10 °C, a snow temperature of -4 °C,
and a snow temperature gradient of 0.4 °C/100 m.

Initial snow temperature also had a significant effect on runout distance. Colder initial snow
temperature (—4 °C) produced the longest runouts. Initial snow temperature of —2 °C produced
the shortest runouts, whereas an initial snow temperature of 0 °C resulted in intermediate runout
distance (Figure 4). Furthermore, runout distance decreased with increasing snow temperature
gradient for simulations initiated with a snow temperature of —4 °C, while runout distance
increased with increasing snow temperature gradient for simulations initiated with a snow
temperature of —2 °C (note that no snow temperature gradient was used for simulations
initialized with a snow temperature of 0 °C, because snow cannot be warmer than 0 °C).
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Figure 4 Runout distance relative to the road versus snow temperature gradient with
elevation for different initial snow temperatures (Ts) for an erosion depth of 0.6 m,
an air temperature of 10 °C, and a water content gradient of 0.16 %/100 m.

The effect of initial snow temperature on runout distance also increased with decreasing erosion
depth (Figure 5). Furthermore, runout distance remained relatively constant for an erosion depth
of 1.0 m, regardless of initial snow temperature. However, with an erosion depth of 0.6 m,
runout distance decreased significantly with an increase in initial snow temperature from -4 °C
to -2 °C, only to increase slightly as the initial snow temperature warmed from -2 °C to 0 °C.
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Figure 5 Runout distance relative to the road versus initial snow temperature for different
erosion depths (d0*) for an air temperature of 10 °C, a water content gradient of
0.1%/100 m, and a snow temperature gradient of 0 °C/100 m.

Air temperature (within the range analysed) had little effect on runout distance under any
combination of other parameters.

4. CONCLUSIONS

This study explored measurable parameters that affect runout distance in RAMMS::Extended
simulations for low-volume, late-season avalanches in an avalanche path with a highly
channelized track. Erosion depth, snow temperature, and water-content gradient with elevation
were the most influential factors, with snow temperature gradient playing a secondary role; air
temperature had little effect.

Because they can be observed in real time, these parameters could be incorporated into
operational forecasts. This study is a first step toward building such a tool with
RAMMS::Extended. Future efforts will examine the sensitivity of runout extent to initial water
content and release volume supported by drone surveys and SNOWPACK modelling (Lehning
et al., 1999) to define realistic parameter ranges. Ultimately, the goal is to develop a tool that
estimates the potential for late-season avalanches to reach the highway based on lidar
measurements of release volume and measured or modelled flow regime parameters.
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ABSTRACT

The study aim was to gain an understanding of how risk policy shapes risk management. The
objective was to find leverage for improving risk management by evaluating policy aspects of
the Icelandic avalanche and landslide mitigation programme, initiated in 1995. The progress
towards reducing the risk of disaster in Seydisfjordur village was used as a case study.
According to the original plans, mitigation barriers in Seydisfjordur were to be completed by
2010. Due to various delays, they are not yet complete. In 2020, in a span of one week, 24
landslides fell above or onto the village, calling for evacuations, recovery efforts, and
emergency barriers. A systems-thinking approach was used to study the programme system
structure and its behaviour, how they relate to policy, and characterize unintended
consequences. Analytical steps were to (1) identify key activities, decisions and delays, (i1)
compare the outcome of the actual programme with the intended programme, (ii1) draw a causal
loop diagram of the programme feedback structure and behaviour, and (iv) identify leverage
points for corrective action to monitor and avoid unintended consequences. The study revealed
that the relationship between policy targets and risk management was simple, it is defined by a
risk gap, but that policy strategy and planning have been significantly affected by multiple
decisions leading to programme deficiency. Feedback control on unintended consequences are
important elements to monitor and maintain efficiency of DRR programmes.

1. INTRODUCTION

Government Disaster Risk Reduction (DRR) programmes are established to increase citizen
safety. The avalanche and landslide risk mitigation programme in Iceland was revised in 1995
after two urban avalanches in the Westfjords killed 34 people. A new institutional DRR
structure was established by law in 1997. The programme was driven by the policy that the risk
of dying in your home in a village should be no greater than dying in a car crash in the capitol.
A plan was set in motion signed by the minister of environment to update risk assessments,
design mitigation measures, and build them in 8 villages by 2010. Specific tax revenues were
installed on homeowners to ensure national programme funding. The programme did not meet
the 2010 goal for the 8 municipalities. Almost half of the projects planned in 1996 were
completed by the end of 2008. After two urban avalanches in 2020, the government increased
the 2021 national budget, and a new completion date for all projects was set to 2030.

Hazards in Seydisfjordur, a village in the Eastfjords in the programme, are both landslides and
avalanches. Risk assessments began in 2000, had to be repeated a few times due to new
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evidence, but were completed by 2002. By 2016 the initial mitigation design was completed.
In 2020, 24 landslides fell above or onto Seydisfjordur, causing significant damages. The entire
village was evacuated for a few days. This led to a revised risk assessment and new barrier
design. Construction in Seydisfjordur is estimated to start in 2028 and be completed in 2032.

This paper presents a systems-thinking approach to analyse the DRR programme and its
application in Seydisfjordur. Systems thinking is an efficient approach for finding solutions to
complex disaster management problems (Gillespie, 2004). Systems thinking defines a system
as (1) its elements, (i1) their interconnectedness, and (iii) the function (what the system actually
does) of the system as a whole (Meadows, 2008). The basic operating unit of a system is a
feedback loop (Meadows, 2008). A study of systems seeks to identify feedback structures and
understand system behaviour. The term systems archetype signifies generic system structures
that are commonly found in organizations (Kim and Lannon, 1987).

2. METHODS AND TECHNIQUES
The analysis of the Icelandic DRR programme involved the following steps:

1) Elements Building a timeline of key activities and decisions made in the programme and
for the Seydisfjordur project in order to identify key system elements. The activities of the
National Flow Flood Fund (NFFF) are from the fund’s reports (Ofanflodasjodur, 1996-
2021) based on the programme law (Act, 1997). All hazard reports and maps from the
Icelandic Meteorological Office (IMO) are available on their website. Illmer et al., (2016),
a multi-agency report, shed light on mitigation efforts.

2) Function Determining deviation of actual from intended system. Delays were characterized
based on policy aspects. The policy-related definitions used: Policy The disaster risk
reduction goals; Strategy The system structure established to reach objectives in order of
priority; Plans The timeline of activities and associated resources; and Tactics The act of
putting the plan in motion, (BESTrategicPlanning, 2024). Policy integration is the act of
merging multiple overlapping conflicting policies of multiple sectors (Persson, 2004).

3) Interconnectedness Drawing a Causal Loop Diagram (CLD) that shows the programme
feedback structure (i.e., the interconnectedness of the elements). System Dynamics
methodology was applied. System dynamics is a mental and computer modelling technique
used for the analysis of policy and strategy (Sterman, 2000; Deegan, 2016) and used for
testing policy control by modelling feedback control mechanisms in systems.

4) Consequences Building a timeline of key relief and recovery activities performed by
municipality staff due to 2020 landslides. The timeline included perspectives of the current
mayor, office manager, social services, engineering and urban planning, employment and
culture representative, a former mayor of Seydisfjordur and resident. Use the timeline to
understand what to use for leverage for avoiding unintended consequences.

Figure 1. Municipality staff constructing a timeline (Photos: Sélveig Thorvaldsdottir).
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3. RESULTS

3.1

Elements and function

The year and key activity for the programme and Seydisfjordur project based on the NFFF and
IMO reports are presented in Table 1. Each activity has been assigned a system element type.

Table 1. Timeline: Mainly Seydisfjordur. Mainly landslides, but includes avalanches.

Year Activity Element type
1995 Fatalities in urban avalanches. Event
1996 Initial assessment report. Hazard/Risk
2000 Project work starts. New info on moving landmass, requiring new assessments. | Hazard/Risk
2001 Feb JHZC* establish for Seydisfjordur. JHZC authorizes a detailed assessment. Strategic
2001 Sep Hazardous events (rains, fissure expansion) in September and October Event
2001-2002 | Detailed assessments carried out. New traces of prehistoric large landslides. Hazard/Risk
2002 Landslides and evacuations. Event
2002 Detailed assessment approved by JHZC, NFFF, and signed by minister in July. | Strategic
2002 Tender for mitigation design. Mitigation
2003 Additional hazard assessments. Hazard/Risk
2003-2004 | Various minor mitigation efforts. Mitigation
2011 Draft risk assessment for existing and new areas presented to local authorities. | Strategic
2015 JHZC authorises preliminary survey of landslide hazard and mitigation design. | Mitigation
2018-2020 | Environmental assessment Strategic
2019 Risk assessment results presented to public for comments. Strategic
2020 Mar | Revised and expanded risk assessment sign by minister. Strategic
2020 Avalanches in two villages (not in Seydisfjorour) Events
2020 Dec | 24 landslides in 5 days. Evacuations. Event
2020 Jan Mitigation barriers, critical. Mitigation
2021 Jan Mitigation barriers, emergency. Mitigation
2021 Increased programme funding due to the two avalanches (not in Seydsifjordur) | Strategic
2021 Tender completed. Design of barriers begins. Hazard/Risk
2021 Revised risk assessment Hazard/Risk
2022 Mitigation design finalized. Design approved by JHZC, residents, council, | Mitigation

NFF, minister. Design incorporated into Seydisfjorour master plan.

2023 Detailed report on state of hazard, risk and estimated mitigation cost for Iceland. | Hazard/Risk
2028-2032 | Future activities: Construction estimated to take place in Seydisfjordur Mitigation

* Joint Hazard Zoning Committee

The DRR programme did not meet its 10-year completion goal for Seydisfjordur, therefore, the
actual system did not function as intended. Table 2 divides key delays in the Seydisfjordur
project based on policy aspects. Key changes were either related to strategy or planning. No
changes have been made to the original policy risk target during the project, and no notable
changes have been made at the tactical level.

Table 2. Delays in the Seydisfjordur project

Delays based on policy aspects
Strategic: changes in funding to programme or projects | Plans: delays in completion dates
e  Control of flood tax revenue was moved from the NFFF | ¢  Changed priority due to new projects.

to the national treasury. e New hazard information, requiring
e Reduction in government spending in 2004-2006 due updated risk assessments.
to overheating in the economy due. e Environmental assessments.

e Expansion, e.g., new municipalities, exposure types | e
(e.g., farms), hazards (e.g., volcanic eruptions).

Archacological assessments.
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The main deviation of the actual DRR progamme function from the intended progamme are
delays in the completion date. Systems that do not reach their goal due to internal pressures are
termed “drifting goal” system archetypes (Kim and Lannon, 1987), (Figure 2). Taking
corrective action will eventually close the gap between actual and planned completion time.
However, multiple decisions over time place pressure on the system to postpone completion
time, thus drift away from its original goal. The drifting-goal behaviour is a “boiling frog”
syndrome, as delays can go undetected for a long time before a problem surfaces and corrected.

Goal: Planned B2 Lower
. Pressure to delay
COMPLETION time G: completion date goal
+ +
Gap
- +
Actual B1 Corrective
COMPLETION time action Corrective action
\/O

Figure 2 CLD for Drifting-goal archetype (Boiling frog syndrome). B: balancing loop,
+/-: changes in same/opposite direction.

Drifting-goal archetype states that the problem can be easily solved with corrective action, but
various pressures take away people’s attention away from what people are trying to achieve and
make it easier and quicker, and therefore tempting, to close the gap by lowering the planning
goal (like delaying the completion date). Another reason for drift is time from the inspiring
event (fatal avalanches); the longer since the inspiring, the less likely action is going to be taken.

3.2 Interconnectedness and consequences
A CLD of connectedness of the elements in the programme, in a project, and the risk policy
shows locations of delays that can generate goal drift (Figure 3), and reads as follows:

B1 Programme inspiration: Avalanches and landslides cause fatalities (and damages). The
more fatalities, the higher the perceived risk, greater the political will, the larger the national
programme budget, the more risk assessments, the more mitigation, the fewer fatalities. R/
Budget: The larger the national budget, the larger the project budgets, the smaller the national
budget. B2 Village risk: The bigger the village budget, the more risk projects, the more
mitigation projects, the less the perceived risk, the less the political will for risk reduction in a
village, the lower the budget. B3 Risk feedback control: Initially, there is a gap between actual
risk and policy risk target. The larger the gap, the more mitigation, the lower the actual risk, the
smaller the gap. The gap eventually closes, which ends the project.

The risk policy tethered to B3 corresponds to the goal in Figure 2. The Risk gap in B3
corresponds to Gap in Figure 2. Mitigation in B3 corresponds to Corrective action in Figure 2.
The strategic delays (double lines) in Figure 3 correspond to Pressure to delay completion date
goal in Figure 2 due to policies: Reduce funding to national budget; Policy integration; and
Programme expansion.

The CLD shows two additional unintended consequences of the delays: a) The more time since
the last events, the more time to forget, the lower perceived risk, and b) the less mitigation, the
longer the buildings are exposed to risk, the higher the actual risk.
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Figure 3. CLD for the DRR programme. B: balancing loop, R: reinforcing loop,
+/-: changes in same/opposite direction. Double lines: delays.

The municipality staff members listed the following activity groups due to the 2020 landslides:
Emergency activities, recovery project management, housing projects (emergency shelter,
temporary housing, building new apartments), communication with residents on emergency and
recovery issues, national collaboration on recovery, and land use planning changes due to new
perceived risk. These activities had been suddenly added to their normal workload in 2020.

The unintended consequences of programme delays for the municipality staff can be divided
into recovery efforts and staff pressure. Recovery management is a balancing act between speed
and quality of recovery (Johnson and Olshansky, 2017). A hasty recovery leads to insufficient
planning time resulting in poor decisions and processes. Slow recovery will extend suffering
and the effected are more likely to take matter into their own hands rather than follow official
directives. Recovery demands will increase staff work pressure. Poorly management recovery
efforts will aggravate the problem. Setting policy targets on recovery management and staff
wellbeing enables managers to apply counter pressures in the system to advocate keeping
original projects goal as goal drift may lead challenges in closing recovery and pressure gaps.

Figure 4 shows the relationship between risk control, recovery management control, and of
staff-wellbeing control. B3 Risk control is the same risk control as in B3 of Figure 3. If
mitigation is delayed, the likelihood of a disaster increases. B4 Recovery management tethers
recovery actions to a pre-defined target. The better the recovery management, the lower the
staff work-pressure. BS Staff wellbeing tethers staff pressure to a sustainable work pressure.

Recovery Staff pressure
Risk Local risk Gap Gap
Gap B3 Risk Pressure + B5 Staff +
. control Recovery B4 Recovery Policy i
Risk - management Wellbeing
USK Policy 9 Target /
Policy a control Staff contro
T t Target R Corrective
~arget Mmgatlon ectpvery Management work-pressure action
actions . ~_© o—_ ¥ %_- O

Figure 4. Integrated policy targets for risk, recovery management and staff wellbeing.
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4. CONCLUSIONS

A risk-policy target shapes risk management by setting boundaries for mitigation efforts, which
are implemented according to policy strategy and plans. However, DRR programme efficiency
can be threatened by policy integration with conflicting sectors (e.g., economic, environmental,
cultural), and other factors that pressure risk managers to lower project goals, such as
completion dates. Efficiency decay may be gradual, and may go undetected, leading to the
intended but also unintended consequences. Knowledge of programme system behaviour,
including location and reason for delays, gives risk managers leverage in dealing with
undesirable programme pressures. Additionally, by setting policy targets on unwanted
consequences enables risk managers to monitor increasing risk of unintended consequences as
project goals drift.

The approach presented here applies to any disaster risk reduction programme. Further work
includes model simulation of a DRR system behaviour to identify which delays lead to critical
goal-drifts and to quantify possible corrective actions.
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ABSTRACT

Following the avalanche catastrophes in Stdavik and Flateyri, NW-Iceland, in 1995, where a
total of 34 people lost their lives, new methods and criteria for avalanche hazard mapping were
developed. Since then, new hazard maps have been made for all towns and villages where there
is significant avalanche hazard. The municipalities are required to take action for the most
hazardous areas and lower the risk with permanent measures, either with relocation of settle-
ments or construction of defense structures. The aim is to eliminate the so-called C-zones (red
zones) which are the most dangerous hazard zones. Milder hazard zones (so-called A- and B-
zones) are usually defined beneath defense structures to reflect the rest risk due to uncertainty
about the effectiveness of the structures and the fact that avalanches larger than the design aval-
anches are possible. The effectiveness of defense structures on the fluidized front of high-speed,
dry-snow avalanches is especially uncertain, and in January 2020 a teenage girl was buried in
her bedroom when the fluidized part of an avalanche partially overrode a deflecting dam above
the village of Flateyri.

Evacuation and action plans are, therefore, made for the parts of settlements next to defense
structures. Sometimes it is considered enough to advise people to stay away from rooms with
doors or windows facing the mountain. In other cases, evacuations may be ordered under ext-
reme conditions or when the defenses structures are not fully functional, e.g. when supporting
structures become buried by snow or when avalanche deposits reduce the effective height of
braking mounds or dams.

1. HAZARD MAPS AND UTILIZATION OF HAZARD ZONES

Following the avalanche catastrophes in Stdavik and Flateyri, NW-Iceland, in 1995, where a
total of 34 people lost their lives, new methods and criteria for avalanche hazard mapping were
developed in Iceland. Hazard assessment is the basis for measures to reduce the danger posed
by avalanches and since 1995, new hazard maps have been made for all towns and villages
where there is significant avalanche hazard. Alongside the preparation of the hazard assessment,
a plan for the construction of protective structures was initiated. The municipalities are required
to take action for the most hazardous areas and lower the risk with permanent measures, either
with relocation of settlements or construction of defense structures. The aim is to eliminate the
so-called C-zones (red zones) which are the most dangerous hazard zones. Milder hazard zones
(so-called A- and B-zones) are usually defined beneath defense structures to reflect the rest risk
due to uncertainty about the effectiveness of the structures and the fact that avalanches larger
than the design avalanches are possible.

At the time of this paper, 24 deflecting dams, 27 catching dams and five splitters for the pro-
tection of settlements, with heights in the range 10-22 m, have been built. One or two rows of
steep braking mounds, typically 10-m high, are located above five of the catching dams and to
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the side of one deflecting dam. Snow supporting structures have, furthermore, been constructed
for six avalanche paths.

Among the challenges that municipalities and planning authorities face is how to utilize the
protected areas below the defenses. According to the law and regulations on avalanches in
Iceland, defense structures should only be built to increase the safety of people in areas already
populated and utilization and town development in defined hazard zones must follow strict
criteria where the goal is to limit the avalanche risk to humans.

- In hazard zones A, new residential and commercial buildings, as well as cottages
intended for overnight stays in skiing areas, can be erected. Schools, daycare centers,
hospitals, community centers, multifamily dwellings with more than four apartments
and other comparable buildings may be erected provided they are reinforced to
withstand a defined impact pressure..

- In hazard zones B, new single- and multifamily dwellings with up to four apartments
may be built, and additions made to schools, day-care centres, hospitals, community
centres, multifamily dwellings with more than four apartments and other comparable
buildings, provided the buildings and/or additions are reinforced to withstand a defined
impact pressure. Commercial buildings may be erected, as well as cottages in skiing
areas, which are not intended for overnight stays, without reinforcement requirements.
No new schools, daycare centres, hospitals, community centres, multifamily units with
more than four apartments, or other comparable buildings may be erected.

- In hazard zones C, only new structures, which people are not expected to occupy on a
regular basis as a residence or place of employment, may be built, such as pumping or
transmission stations, power lines and other comparable structures, and provided that
they will not create increased risk to other settlement if the structure is subjected to the
impact of a snow- or landslide. Residential and commercial buildings may, however, be
modified but only in such manner that the total risk in the area concerned does not
increase, e.g. due to increase in the number of apartments or number of employees.

Even though the law and regulations are fairly clear on how land in avalanche-prone areas
should be used, this can still be challenging, as usable land is often limited.

2. UNCERTAINTY IN THE EFFECTIVENESS OF PROTECTIVE MEASURES
Since the implementation of the Act on Protection against Snow Avalanches and Landslides in
1997, scientific knowledge about the nature of avalanches and the effects of protective struc-
tures has increased significantly. New and powerful three-dimensional avalanche models en-
able scientists to simulate avalanches above populated areas, both with and without protective
structures, and to observe how effective they are in diverting the dense core of avalanches away
from the respective settlements.

2.1 New knowledge and experience

Extensive insights have been gained from over fifty snow avalanches that have interacted with
defense structures in Iceland (Johannesson et al., 2019). Particularly valuable data on the
performance of different types of defense structures came from two major dry-snow avalanche
cycles: one at Flateyri in northwest Iceland in January 2020, and another at Neskaupstadur in
east Iceland in March 2023 (J6hannesson et al., 2024). They confirm earlier findings of
experimental studies on the interaction of the dense core of avalanches with obstacles.
Additionally, valuable insight was obtained into the not-as-well-understood interaction of fluid-
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ized avalanches and protection measures. The observations from Flateyri indicate that the dense
core of the avalanches was successfully deflected away from the settlement by the dams
whereas a fluidized front travelled faster and was able to overflow the dams (Hilmarsson et al.,
2020; Hakonardoéttir et al., 2024). The observations at Neskaupstadur show that a fluidized front
travelled on the order of a hundred meters farther than the dense core. The supporting structures
in Neskaupstadur most likely reduced the size of avalanches from three main starting areas
substantially and the avalanches were subsequently stopped above the settlement by steep
braking mounds and catching dams in the run-out areas.

2.2 Uncertainty

Despite improved understanding about avalanches and the effectiveness of defense structures,
there will always remain some uncertainty about rest risk to humans in areas below these
structures — for instance, regarding the potential maximum size of avalanches in a given path,
the effectiveness of structures when partially or fully buried by previous avalanches or snow,
and, finally, their ability to stop dry-snow avalanches with a powerful fluidized front.
Observations from both Flateyri and Neskaupstadur highlight the importance of the fluidized
layer as a hazard element that needs to be considered in hazard zoning and in the design of
avalanche protection measures. Lack of understanding of the fluidized regime of snow
avalanches underscores the need for improved snow-avalanche models that can represent this
flow regime realistically in the design of protection measures in the run-out zone.

2.3 Revision of hazard assessment

An existing, confirmed hazard assessment may need to be updated. This could be due to new
insights, such as those gained during the dry-snow avalanche cycles at Flateyri and
Neskaupstadur, the implementation of protective measures in previously unprotected areas, or
other changed conditions. The Icelandic Meteorological Office is responsible for revising the
hazard assessment.

3. EVACUATION PLANS FOR TOWNS

According to the Act on Protection Against Avalanches and Landslides, the Icelandic Meteoro-
logical Office is responsible for issuing warnings about impending avalanche hazards.
Buildings in areas specified in a warning from the Meteorological Office must then be
evacuated. In consultation with local authorities, the Meteorological Office has created special
evacuation maps of the country’s urban areas where avalanche hazards are considered signifi-
cant, and evacuation plans for these locations are based on these maps. An evacuation plan for
a town consists, first, of a sector-based evacuation map; second, a report from the Icelandic
Meteorological Office on which buildings/sector should be evacuated and when; and last but
not least, the plan of the local police authorities on how the evacuation will be carried out when
such a notification is received from the Meteorological Office.

In places where protective measures are already in place, it is sometimes considered enough to
advise people to stay away from rooms with doors or windows facing the mountain. In other
cases, evacuations are ordered under extreme conditions or when the defenses structures are not
fully functional, e.g. when supporting structures become buried by snow or when avalanche
deposits reduce the effective height of braking mounds or dams (see Figure 1).
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Figure 1. Screenshot from a web viewer showing the evacuation zones and their names in
Neskaupstadur. For areas next to defense dams, two types of avalanche warnings
are planned. The first advises caution — avoiding being outdoors for extended
periods or in rooms with windows facing the slope when large, dry-snow
avalanches that could be accompanied by a fluidized layer are considered possible.
The second involves evacuation of buildings if it is considered a possibility that
extreme avalanches could partially overtop the defense wall.

3.1 Decision making and uncertainty

As mentioned above, the Icelandic Meteorological Office (IMO) is responsible for issuing
warnings and evacuation orders in collaboration with the local police authorities. These warn-
ings are made by an avalanche team that assesses the local avalanche hazards, based on current
weather observations and forecasts, as well as information about snowpack stability and recent
avalanche activity. Snow observers play a key role by providing valuable insights into snow
conditions and offering on-the-ground descriptions of the weather, which can be difficult to
gauge from dispersed weather stations. The final decision on whether, what, and when to
evacuate buildings is always made by the group from the avalanche team. Various factors
influence whether the group makes good decisions, for example uncertainty in weather
forecasts, hidden or unknown weak layers in older snow, group dynamics and experience, and
how effectively team members communicate and log valuable information. Active avalanche
monitoring and evacuations are always subject to uncertainties, and on few occasions, disaster
has been narrowly avoided, such as in Flateyri in 2020 and Neskaupstadur in 2023.

The construction of new defense structures and the improvement of older ones with known
weaknesses is the most important step in enhancing the safety of residents living in avalanche-
prone areas. The challenge for society, once this development is completed, will be to recognize
when extreme conditions arise and to ensure that people remain aware of the residual risk that
can occur below the protection measures.
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ABSTRACT

Consistent and effective avalanche hazard and risk mitigation depend on technical guidelines,
reliable tools, and best practice approaches. New, official norms, digital toolboxes, and
supplementary recommendations for the planning and evaluation of avalanche mitigation
measures are used to illustrate Austria's approach. These include everything from how to assess
and plan mitigation measures (like dams, steel snow bridges, and so on) to how to use common
simulation tools. Further, we provide an explanation of the significance of this unified approach
for decision makers, planning entities, and the general public. To support this approach, we
introduce the digital toolbox AvaFrame and its tools, demonstrating the potential to assist
practitioners in the development of mitigation strategies. As an example, we look at how our
thickness integrated avalanche simulation tool AvaFrame::coml1DFA could be used for
evaluating the effectiveness of release mitigation with steel snow bridges. Lastly, we discuss
the applicability of simulation tools operated for protection forest assessment and management
on a local and regional scale, specifically the AvaFrame::com4FlowPy module.

1. INTRODUCTION

Avalanches are among the rapid mass movements that can cover large distances and develop
enormous destructive potential. Protective measures are therefore critically essential to prevent
damage. As they mostly occur at exposed locations and often at high altitudes, they must meet
strict criteria regarding strength, robustness, and safety factors. To support planning and
assessments, a unified approach is propagated in Austria, and common tools and guidelines are
provided.

2. MOTIVATION/EXPLANATION FOR UNIFIED APPROACH

Our unified approach to hazard mapping, including the planning and assessment of protection
measures, offers significant advantages for decision-makers, planners, and the public. It
establishes clear, standardized parameters grounded in existing scientific and industry norms.
The main points of the Austrian approach are:

e Norms and guidelines are provided, giving clear advice on the applicability of tools.

e Norms and guidelines give strategies and formulas for dimensioning and planning of
mitigation measures.
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e Methodologies for determining input information (for example release height in the case
of avalanches) are given.

e Necessary data are provided, or the method to obtain them is described.
e Digital simulation tools are provided with a standard set of model/input parameters.

We see the following benefits: it ensures consistency and reproducibility through transparent
logs of inputs, adjustments, and methodologies. It promotes fairness and equity as all
stakeholders (public, private, and research) are evaluated against the same standards. And it
minimizes unsubstantiated changes as results are easily comparable across projects/institutions
with discussions concentrating on core issues.

Of course, drawbacks and limitations exist: general configurations cannot cover every possible
circumstance (prioritizes reliability for the majority). It requires significant effort/resources:
model assumptions need constant (re)evaluation and setting to accepted values. And it mandates
accessibility: all stakeholders require access to tools (or simplified versions), documentation,
and training.

The following sections discuss tools that are used in the Austrian approach, starting with the
Austrian Standard Norm B4801—Technical Avalanche Protection.

3. AUSTRIAN STANDARD: NORM B4801

The Norm B4801 came into force on October 1, 2024, with the goal of establishing uniform
terminology for the planning, structural design, construction, and maintenance of protective
structures within permanent technical avalanche protection. Although the norm is not legally
binding because it is not a law, it is the de facto standard to which all stakeholders should
adhere. To date, B4801 is the first standard in the European Union to comprehensively cover
technical avalanche protection from the starting zone to the runout zone (forestry-biological
measures and technical building protection are not included). However, parts of it are based on
preexisting work and research. For example, the Swiss guideline “Lawinenverbau im
Anbruchgebiet” by Margreth (2007) served as the authoritative basis for the chapter about
avalanche starting zone protection structures.

At the beginning of the standard, general terms and fundamentals are defined. Subsequently,
the different requirements and measures are described in detail. Focus was placed on the most
common state-of-the-art measures.

Further topics covered are:

e Specific procedures for structure height dimensioning and foundation design.

e Snowdrift protection structures as well as glide snow protection measures.

e Temporary technical avalanche protection. This regulates requirements in the planning
and approval phase for stationary avalanche triggering systems anchored in place via
foundations.

e Dimensioning concepts for avalanche deflection and catching structures .

e Avalanche galleries.

e Inspection and maintenance strategy to keep structures functional and protective for as
long as possible.

e Maintenance management
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4. ADDITIONAL GUIDELINES

In addition to the norm, Tollinger et al. (2024) provide an operational guide (German:
Praxisleitfaden Lawinen). This guide outlines the avalanche modeling workflow used in the
operational service of the Torrent and Avalanche Control (WLV). It (a) aims to provide an
overview of avalanche calculations and to serve as a decision-making aid. (b) Acts as a quality
assurance tool for handling avalanche simulations within the department and for external
collaborations. (¢) Makes the procedures and protocols used within the WLV transparent and
accessible. It is constantly being reevaluated and updated regarding emerging topics or adjusted
to new tools and data. The guide describes the avalanche modeling procedure within the WLV,
which is typically carried out on a catchment-area basis with the following topics covered in
the guideline:

e Preparatory work including (a) Data Collection, (b) Data Analysis and Evaluation, and
(c) Preparation for Modeling

e Model/Tool Application with (a) Avalanche Simulation, (b) Result
Interpretation/Documentation

e Data Utilization with (a) Further Application and (b) Documentation

e Additional section in which standardized snow statistics data are provided

5. DIGITAL TOOLBOX AVAFRAME

The AvaFrame digital toolbox (Oesterle, 2025) has tools to handle tasks within the unified
approach . In 2020, development began on this project as a joint effort between the Austrian
Avalanche and Torrent Service (Wildbach- und Lawinenverbauung; WLV) and the Austrian
Research Centre for Forests (Bundesforschungszentrum fiir Wald; BFW). Since early 2023, the
first version of AvaFrame has been available for practical use. AvaFrame provides planners
with a toolbox of avalanche models that preserves 20 years of avalanche simulation knowledge
while continuously incorporating the latest developments. Thanks to its various modules,
ranging from general pre- and postprocessing, modeling and simulation modules to
visualization and analysis tools, it enables (end) users to complete many tasks. For all modules,
a standard setup is provided. Tools used in operations at the WLV are accessible via a GUI for
end users, in which the adjustability of inputs is pared down to a minimal set. However, power
users or scientific user can adjust all available parameters. As one example, case studies
furthering process knowledge need full flexibility. The toolbox's open source framework status
(licensed under the European Union Public License (EUPL)) is a crucial factor making it
available to the general public.

5.1 Practical application: scenarios with dense flow model AvaFrame::com1DFA

AvaFrame::Com1DFA is a module for dense flow (snow) avalanche computations (DFA).
Calculations are based on the thickness integrated governing equations and solved numerically
using a particle-grid method that relies on the smoothed particle hydrodynamics (SPH) method
(Tonnel, 2023). Approximations of processes such as entrainment and additional resistance (for
example through forests) can be included. One of the ways this module is used in Austria in
relation to mitigation measures is the definition of scenarios. This allows for comparisons of
simulated setups, for example one with a forest and one without a forest, or scenarios in which
different release heights are used. At the time of writing, the recommendation for a simple
approach to the generation of scenarios regarding the assessment of snow steel bridges is still
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being developed. The approach currently favored is using half of the original design event
release heights within areas with snow bridges. In any case, AvaFrame provides visualization
and analysis tools in which these different scenarios can be compared in a quantified manner.
It thereby offers more comprehensive and concrete information than just a simple visualization
of fields in GIS — software. This gives the user additional information and various visualizations
for a more informed decision-making process.

5.2 Practical application: protective forest via AvaFrame::com4FlowPy

Lastly, we discuss the AvaFrame::com4FlowPy module operated for assessment and
management of protective forests on a local and regional scale. Com4FlowPy is an empirically
motivated simulation tool for gravitational mass flows (GMF), such as snow avalanches. The
model simulates runout distance and intensity based on the runout-angle concept (Heim, 1932)
and a raster-based routing routine for modeling lateral process spreading. Simulations can be
used to identify process areas (paths and runout zones) and corresponding intensities of the
respective GMFs (e.g. Huber et al., 2024).

Com4FlowPy was used to generate a map of protective forest for all of Austria (Fig. 1; available
online). It is based on simulations of rockfall, snow avalanches, and near-surface landslides
combined with data on forests and endangered objects, including settlements, roads, and other
important infrastructure. It serves as a tool for forest assessment and management decisions.

= Wildbach- und

Lawinenverbauung Hinweiskarte Schutzwald in Osterreich

Forsttechnischer Dienst

WSF-Kategorie

. Wald mit Objektschutzfunktion

. Wald mit Objekt- und/oder Standortschutzfunktion
. Wald ohne vorrangige Schutzfunktion

18%

Quelle Basisdaten: BEV, 2025. Statistik Austria - data.statistik.gv.at. N
Quelle Fachdaten: BMLUK, WLV. 0 50 100 150 200 km
Layout & Design der Basiskarte: LFRZ Gmbh, 2025 i

2 & Design der Fachdaten: BFW, LFD, BMLUK, WLV, Stand Mai 2025

Fig 1: Protective forest coverage map in Austria. Forest is categorized as forest with object-
protective function (dark red), forest with object-protective or site-protective function (light
red) and forest without primary protective function (green). Available at
https://www.protective-forest.at/maps.html.
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6. CONCLUSIONS

We propagate the use of a unified approach for hazard mapping, planning, and assessments of
mitigation measures. Cornerstones of such an approach include a clear communication of
accepted norms and guidelines, available simulation tools with standard parameter sets, and
well defined approaches to various stages of such a process. While prioritizing reliability for
most scenarios through validated inputs and minimizing subjective adjustments, it allows
justified deviations in edge cases based on expert assessment. The approach's success relies on
comprehensive documentation, traceability, accessible resources, and continuous effort to keep
it up to date. As part of the approach, Norm B4801 establishes the first comprehensive EU-
wide standard for technical avalanche protection, providing unified terminology and detailed
information on requirements for planning, design, construction, and maintenance regarding all
parts of an avalanche track. While not legally binding, it serves as the essential de facto
standard, consolidating decades of experience and introducing unified strategies and procedures
for avalanche protection. In addition to the norm, practical guides give further advice on
workflows for avalanche modeling. Another component, the open-source AvaFrame toolbox,
standardizes avalanche simulations through preconfigured modules while offering tiered
accessibility—from simplified GUI workflows for practitioners to full parameter control for
experts. It allows for exploration of different avalanche scenarios, quantified assessment of
potential differences including informative visualizations, and estimation of the effect of
mitigation measures such as protective forests.
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ABSTRACT

Avalanches may have devastating effects on human lives and infrastructure in mountainous
areas. Reinforced soil barriers have been efficiently used to mitigate this risk, while having
minimal influence on the landscape. The rapid loading nature of avalanches requires a dynamic
analysis for a realistic design. This article presents a numerical analysis approach of reinforced
soil barriers using Flac2D software. The avalanche load is applied as a pressure that is variable
in time as per local design standards. Large deformations and inertial effects are considered by
the software. The upstream facing of the structures consists of a welded steel mesh that is held
in place by reinforcing strips that are embedded in the soil backfill. The mobilization of the
reinforcements is monitored during the dynamic load application as well as the facing
deformation. Two case studies are chosen to show the performance of reinforced soil barriers
subjected to dynamic avalanche loads. It is observed that the load amplitude and duration have
an important effect on the final deformed shape of the structure.

Keywords: reinforced soil barrier, dynamic load, avalanche protection, numerical modelling

1. INTRODUCTION

1.1 Background

Reinforced soil embankments are among the most efficient solutions for resisting avalanche
loads due to their robustness and shock absorbing capacity. Traditionally, the design of such
avalanche protection structures has relied on simplified approaches that consider the avalanche
impact load as a static force (Barbolini et al., 2009; Margreth, 2007). This simplification treats
the impact as a permanently applied pressure, which, while providing a conservative estimate
in some cases, does not accurately represent the transient and dynamic nature of avalanche
events. A real avalanche impact is a rapid phenomenon, with significant forces being applied
and dissipated within a matter of seconds.

Numerical analysis has experienced a significant growth in the latest decades. Several software
applications like Flac (ITASCA, 2024) and Plaxis (Bentley, 2024) are now available for
performing dynamic analyses on reinforced soil barriers subjected to avalanche loads. Studies
show that the response of the barrier subjected to a dynamic variable pressure is different
compared to the case when the load is an equivalent pseudostatic one (Cuomo et al., 2020).
Moreover, the dynamic pressure and duration of an avalanche load can vary depending on the
terrain topography. This means that for each design case, a site-specific load needs to be
determined.
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1.2 Geoquest company technology

In the last years, Geoquest company (formerly Terre Armée) has designed several avalanche
protection barriers located in the Nordic countries. The technology used consists of a facing
with C-shaped welded steel mesh and connectors that transfer the loads to the steel strips
embedded in the compacted soil. The backfill material is usually crushed stone processed from
a local quarry, while at the facing are used larger stones with 100-200 mm diameter (Figure 1).
All the metallic elements are galvanized and designed to resist during the lifetime of the
structure.

Different configurations can be designed with the above-mentioned technology. The typical
barrier has 1H/4V reinforced front slope and 2H/1V unreinforced back slope. However, a
reduced width structure with back-to-back reinforcement is also possible. In some cases, splitter
mounds are constructed uphill for reducing the avalanche energy before it reaches the main
barrier. The splitter mounds have three reinforced facings due to their limited length.

Figure 1 Technology used in avalanche barriers of Geoquest

This article presents a numerical analysis approach for reinforced soil embankments used as
avalanche barriers. The finite difference software Flac is used for this purpose and case studies
are shown for illustration.

2. METHODOLOGY

Flac2D software uses a Lagrangian formulation meaning the computational grid deforms
together with the material it represents. This allows the software to handle large deformations
as it may happen in dynamic analyses. The Flac2D solver uses an explicit time integration that
propagates forces and motion through the model elements. Although this operation is fast and
does not require the creation of large stiffness matrices, the explicit solver needs a relatively
low timestep to converge, which leads to a longer analysis time. In its dynamic formulation
inertia components are added to the equilibrium equations.

The avalanche load is typically represented by a pressure diagram applied at the upstream
facing of the barrier (Figure 2). The initial pressure (P1) is usually several times higher than the
following dynamic pressure (P2). The application time T; is generally quite short (< 0.1 s),
while T> can be several seconds.

O. Korini, A. Austin 03.2 - Page 72



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur Iceland, September 30 — October 3, 2025

Pressure
(kPa) 4

P1

P2

»
>

Time (s)

T1 T2

Figure 2 Typical avalanche load vs time used in the analyses

The analysis in Flac2D is performed in steps. Firstly, the structure is constructed and calculated
layer by layer by installing each time the backfill soil, facing panel and reinforcement. In this
way, the internal stresses and the mobilized tension in the reinforcement are more realistic.
Then the peak load of the avalanche (P1) is applied in the specified area of the barrier facing,
while on the horizontal (or less steep surfaces) it is applied the vertical load of 2 m snow. The
model is run up to time T and then the peak load is replaced with the dynamic pressure (P>).
At the last stage the model is run up to time T2 keeping constant the pressure applied on the
facing as per Figure 2.

3. ANALYSIS RESULTS

Two case studies are chosen to illustrate the numerical analysis of avalanche barriers using Flac
software. The loads are different in each case as they depend on the terrain configuration and
local design standards. They are summarized in Table 1 below.

Table 1 Dynamic loads of the chosen case studies.
Sey0isfjorour S2 Flateyri S21

(14.5m) (13.8 m)
Pressure P (kPa) 370 416
Time T, (s) 0.1 0.1
Position P; (m) 0-2 2-35
Pressure P, (kPa) 23 19
Time T (s) 20 20
Position P, (m) Full height 2-13.5

Both projects are located in Iceland and have similar loads. The Seydisfjordur (section S2) has
one reinforced facing, while the Flateyri (section S21) is a back-to-back case. The effect of
dynamic loads on the barriers is monitored both on the soil and reinforcements.

3.1 Avalanche load propagation

The peak avalanche pressure (P1) initiates a shock wave on the facing of the embankment,
which is then spread and attenuated in the soil volume. The application time of the peak load is
short (0.1 s) and its effect on the barrier is dissipated in less than a second. On the other hand,
the dynamic pressure (P2) acts for a longer time (20 s), but its amplitude is much lower and
therefore not visible in the chosen output scale (Table 2).
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Table 2~ Horizontal stresses on the barriers during avalanche load.

Time Seydisfjordur S2 (14.5 m) Flateyri S21 (13.8 m) Legend
(s)
0.1

e

stress contours
-3.5000E+05
-3.2500E+05
-3.0000E+05
-2.7500E+05
-2.5000E+05
-2.2500E+05
-2.0000E+05

0.2

1.7500E+05
1.5000E+05
1.2500E+05
1.0000E+05
7.5000E+04
5.0000E+04
2.5000E+04
0.0000E+00

)ix.

1.0

3.2 Displacements of the facing

Despite its amplitude, the peak load does not usually cause considerable deformation because
the application time is quite short (0.1 s). On the other hand, the dynamic pressure (P2) acts for
a much longer time, so it is more able to cause permanent deformation on the structure. Most
of the displacement caused by the peak load seems reversible and temporary. In addition, the
peak load seems to affect only its application area (Figure 3).

The dynamic pressure starts to act after the peak load, and it applies on a greater area. The
structure response due to this load depends on its robustness. For example, Seydisfjorour
section is stiffer compared to Flateyri and as such is less affected from the dynamic pressure.
In fact, between the chosen sections the effect of the avalanche loads is inversed. The stiffer
structure has a higher initial peak displacement and lower residual one, while the other has the
opposite due to its flexibility. However, in both cases the amplitude of the displacements is in
the range of few centimetres.
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Figure 3 Front facing displacements at different levels for Seydisfjordur (left) and

Flateyri (right)

3.3 Tension on reinforcement

The avalanche load is applied at the facing and then it is transmitted to the reinforcements. The
most critical position is close to the facing, because further inside the barrier the load is
dissipated in the soil. The reinforcement is sensitive to the peak load, which is governing the
reinforcement design. Usually, the initial design is done using static loads and then it is checked
in dynamic analysis. There are cases where the strip density is increased in the zone of peak
load application after the dynamic modelling.

As shown in Figure 4, the maximal tension on the strips occurs during the peak load (0.1 s).
The removal of the peak load causes a reverse loading due to soil inertia in the opposite
direction.
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Figure 4 Reinforcement tension at different levels for Seydisfjordur (left) and Flateyri

(right) during the initial peak load

4. CONCLUSIONS

This article presents the technology of reinforced soil barriers that Geoquest company uses as
avalanche protection. The barriers are designed to withstand static and dynamic loads using
advanced numerical tools such as Flac2D software. Examples of avalanche barriers with just
the front facing reinforced and back-to-back reinforcements are shown above. Based on the
numerical analyses it results that the barrier’s behaviour under dynamic loading is strongly
related to their section width.
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The numerical analyses using Flac2D software allows for an in-depth understanding of
reinforced soil structures subjected to dynamic loads. The application of dynamic load as a
pressure that varies with time, is a more realistic approach compared to pseudostatic analysis.
Through modelling it is shown that the initial peak load has not an important effect on the
deformation of the structure because its application time is quite short. On the other hand, the
peak load is directly affecting the reinforcements tension, and it governs their design.

The Geoquest company is endorsing the use of sophisticated numerical approaches for dynamic
loads such as avalanches. This allows for a more optimized and accurate design thus allowing
material quantities to be minimised.
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ABSTRACT

Umbrella-shaped net structures are a possible solution for mitigating snow creep and stabilizing
smaller gullies and slopes in alpine terrain. Unlike conventional anvalanche release protection
systems, these flexible installations rely on a single uphill anchorage, offering advantages in
adaptability and ease of installation. Despite their increasing deployment, empirical data on
actual loading and structural performance remain limited. To address this, a full-scale testsite
was established in the Axamer Lizum region (Austria), equipped with four umbrella net systems
and a comprehensive force monitoring setup.

During the 2023-2024 winter season, tensile and compressive forces were recorded at 15-
minute intervals using load shackles and base plate sensors. Snow height data were
reconstructed from a nearby weather station and calibrated using manual measurements at the
testsite. Guideline-based force estimates were calculated from snow height and density to be
compared with the measured values. While maximal calculated forces generally exceeded
measurements, the difference was largest in edge fields. A notable temporal offset between
peak snow depth and peak force suggests significant influence of snow creep and settlement
after snowfall and during warmer periods. These findings highlight the importance of ongoing
refinements of design assumptions, site-specific snowpack assessment, and continued
monitoring for improving the reliability and safety of umbrella net systems.

1. INTRODUCTION

Umbrella-shaped net structures (umbrella nets) are an innovative protective measure for
mitigating snow creep and stabilizing smaller gullies and slopes in alpine terrain. Unlike
conventional release protection systems, described for example in Rudolf-Miklau and
Sauermoser (2015), umbrella nets are anchored by a central attachment point and two floor-
mounted support piles. This offers high flexibility with simple and therefore cost-effective
installation requirements. However, their application as snow retention systems is still at an
early stage, with limited operational experience and scarce empirical data on actual load
magnitudes and failure modes. Some previously installed umbrella nets have exhibited damage
requiring repairs, attributed to overloading from snow accumulation. This raises important
questions about their structural performance, long-term durability and maintenance needs. A
critical drawback of umbrella net systems is their reliance on a single anchorage point: failure
of this anchorage would result in total system failure, unlike conventional structures with
multiple supporting elements.
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Figure 1 left: Overview of the testsite with some of the installed force gauges, note the
existing protection structures on the left side. right: Picture at time of maximal snow height
showing the uneven snow distributionacross the testsite.

Previous research on snow retention structures in release zones includes measurements on both
rigid and flexible systems. Studies such as Margreth (1995), Nicot et al. (2002), Platzer et al.
(2004), Rainer et al. (2008), and Gleirscher et al. (2018) examined flexible net structures, while
Hiller and Bader (1990) and Borner et al. (2024) focused on rigid installations. These
measurements are essential for calibrating and improving guideline-based design approaches
such as ONORM B 4801 or Margreth (2007). The primary objective of this study was to
instrument and monitor a dedicated testsite of umbrella nets in the Axamer Lizum area during
several winter seasons. By systematically recording the forces acting on the structures and
documenting snowpack development, the project aimed to provide empirical evidence for
design criteria and to identify potential improvements for monitoring techniques and the
guideline estimations.

2. METHODS

2.1 Testsite and Structures

The testsite was set up near the Pleisen summit in the Axamer Lizum ski area at an elevation of
approximately 2080 m, see Figure 1. Four umbrella nets were deployed, including two
FARFALLA L models and two ERDOX Neve systems provided by the manufacturers Mair
Wilfried GmbH and Betonform GmbH. Each net was anchored to a micropile foundation with
both tensile and compressive anchors. The unique configuration allows the nets to function
under a combination of snow creep forces and settlement pressure. The effective net height of
both systems is 3 m. The net width measures 3.25 m for the FARFALLA system and 3.6 m for
the ERDOX system. The ERDOX nets were specifically installed at the lateral positions of the
testsite, as these units were delivered in a reinforced configuration suitable for edge placement.
The spacing between adjacent net structures is approximately 0.5 m. On the orographic right-
hand side, the installation is bounded by an existing protection structure at a distance of 2.4 m.
In contrast, the orographic left-hand edge opens toward an unconfined snow field, see Figurel.

2.2 Instrumentation

The testsite was equipped with a sensor setup to monitor snowpack development and structural
response. The core force measurements focused on four load shackles (LMS, SHK B 55T,
Althen GmbH) measuring tensile forces at the upper anchor points of each net, and four load
pins (LMP, LAUMAS Elettronica S.r.1.) installed at the base plates of the two orographically
right-side nets to record vertical compressive forces.
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Additional instrumentation includes strain gauges on selected ropes and environmental sensors
(e.g., air temperature, humidity, and wind). In this publication, we focus exclusively on the load
measuring shackles (LMS) and load measuring pins (LMP) datasets, which provided the most
direct insights into structural loading. The other sensors served to complement the
understanding of environmental conditions and are used for ongoing verifications.

2.3 Data Acquisition and Analysis

All sensor signals are recorded using a Campbell CR1000X data logger at a 15-minute interval.
Time-lapse images are captured at the same interval using a Canon EOS 2000D digital camera,
providing visual context for sensor data. Measurements were conducted during the winters of
2023-2024 and 2024-2025. However, the analysis here focuses on the 2023-2024 season with
still below average, but higher snow heights than the later one. Consequently, the resulting
forces in the structure were larger and therefore of higher interest.

3. RESULTS AND DISCUSSION

3.1 Snowpack parameters

During the 2023-2024 winter season, no automated snow depth sensor was installed directly at
the testsite. Therefore, snow height was reconstructed based on data from a nearby weather
station (Speicherteich, Kiihtai, 2103m). Several manual measurements at the testsite were used
to calibrate this external dataset, and assign a different snow height for the testsite. Scaling
factors were derived for days with available manual data and interpolated to generate an
adjusted snow height time series. This series was used as the basis for the force calculations.
Snow density values were obtained from manual snow profiles recorded at selected dates. These
values, ranging between 280 kg/m*® and over 500 kg/m?, were interpolated to generate a
continuous density evolution over the season. Both snow height and snow density were varied
by £10% in the force calculations in accordance with the Austrian guideline ONORM B 4801
to account for potential measurement uncertainties and spatial variability.

3.2 LMS - measurements

The LMS recorded tensile forces at the upper anchor points of each net system. During the
2023-2024 winter season, the sensors provided reliable and high-resolution data on structural
loading across the different net fields, see Figure 2. The highest tensile force was observed in
LMS 4, reaching approximately 120 kN, while center nets exhibited values between 50—70 kN
(LMS 2/3). In contrast, LMS 1 reaches maximal values mostly below 50 kN. These lower
values are attributed to reduced snow accumulation and the influence of the adjacent existing
structural protection on the orographic right-hand side, which likely constrained snow loading
in this zone. These differences reflect both the snow accumulation pattern as shown in Figure
1 and the influence of boundary conditions of each field. Particularly notable was the delayed
onset of peak tensile force compared to maximum snow depth, suggesting the increasing
relevance of new snow settling and snow cover creep in late winter. Until February, snow
accumulation had little effect on the measured forces. From February onward, however, forces
increased more markedly. This pattern is consistent with higher temperatures during late winter,
making snow creep a plausible contributing factor. A notable temporal lag of around one week
between peak snow height and peak force further supports this interpretation.
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Figure 2  Measured and calculated tensile forces in the shackels of the umbrella systems over
the winter period 2023-2024.
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Figure 3 Measured and calculated normal forces in the load pins of the umbrella systems
over the winter period 2023-2024.

3.3 LMP — measurements

The LMP were installed at the base plates of the two nets located on the orographic right-hand
side. These sensors measure the normal force transmitted through the support foundations to
the ground surface, resulting from both the dead load and the snow load. The highest normal
forces were observed in the edge field sensors (LMP 1.1 and LMP 1.2), which is attributed to
boundary effects and reduced lateral support for the edge field. Maximum measured values
across all sensors ranged between —13 kN and —22 kN. Given the baseplate dimensions of
30 x 30 cm for the ERDOX Neve system and 24 x 24 cm for the FARFALLA L system, the
resulting surface pressures were calculated between 150 kN/m? and 380 kN/m?, respectively.
These values reflect the localized ground loads transmitted by the foundation under varying
snow conditions and structural geometry, as shown in Figure 3.
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3.4 Comparison Measured Forces - Guidelines

The measured LMS forces were compared with snow-load-based force estimations derived
according to the Austrian guideline ONORM B 4801, which incorporates the calculation
scheme proposed by Margreth (2007). Based on the formulas for snow pressure, and
considering the geometric configuration of the structures including edge effects, the resulting
forces in the respective sensors were derived, see Figure 2 and 3. For this purpose, snow height
and snow density were varied 10 % from the assumed value to account for uncertainties,
resulting in a force range depicted as shaded bands. The comparison shows that calculated
forces reach up to ~200 kN in the most exposed edge fields, whereas the maximum measured
force was approximately 120 kN. More specifically, measured peak values were ~50 kN in
Field 1, 50-70 kN in Fields 2 and 3, and ~120 kN in Field 4. Corresponding calculated
maximum values were ~140 kN for Field 1, ~90 kN for Fields 2 and 3, and ~180 kN for Field
4. Thus, the calculated peak forces exceeded the measured values in all cases, with the largest
discrepancy observed in the edge field (Field 4). Notably, the peak force did not coincide with
the maximum snow height but occurred later in the season, likely due to snow creep effects,
which intensify under higher temperatures. The edge field LMS (LMS 4) showed significantly
higher values than the central sensors, due to increased snow accumulation and reduced lateral
restraint at the free boundary.

Forces normal to the slope from LMP measurements were available from the orographic right-
side nets. Here, the calculation was based on geometrical relationships between the force in the
shackles and the force in the pins, assuming symmetric load transfer onto the two base plates.
The comparison shows that the maximum measured compressive forces were approximately
half of the calculated ones — consistently observed for both Field 1 (LMP 1.1 and 1.2) and
Field 2 (LMP 2.1 and 2.2). This indicates that either the assumptions regarding load transfer
might overestimate the ground reaction or that not all calculated load components fully reach
the foundation due to redistribution within the structure. Conversely, at lower snow heights
during early winter, both LMS and LMP calculations underestimated the measured forces. This
can partly be attributed to the omission of dead load and to discrepancies between assumed and
actual snow height at the testsite.

3.5 Discussion of Variability and Structural Implications

During the early winter until February, measured forces increased steadily without distinct
peaks, despite noticeable snow accumulation events. This suggests that low temperatures may
have suppressed snow creep, resulting in gradual loading only. From February onward, forces
rose more sharply and coincident with new snow events, likely due to higher temperatures and
increased creep effects. As no continuous snow height measurements were available directly at
the testsite during the 2023-2024 season, snow depths were derived from a nearby station and
calibrated with occasional on-site measurements. This introduces uncertainty in the calculated
forces. To reduce this limitation, we are currently developing a method to extract snow height
data from time-lapse images. This approach aims to provide more accurate, site-specific snow
height inputs for each net structure for load estimations.

4. CONCLUSIONS

The measurement campaign, which is designed to cover several measurement periods to capture
different relevant load situations, has already delivered preliminary but interesting results in its
first season. The monitoring of umbrella net structures under real snow load conditions revealed
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systematic deviations between measured and calculated forces. While the guideline-based
estimations (ONORM B 4801) lie on the conservative side, they tend to overestimate the actual
structural loads—especially in edge fields. This indicates that current design assumptions may
not fully reflect the real load transfer mechanisms, particularly under time-dependent effects
such as snow settlement and creep. The observed delay between maximum snow depth and
peak structural loads further highlights the influence of snowpack behavior on load
development. These findings underscore the value of continuous in-situ monitoring for
capturing complex loading processes.

To reduce uncertainties in future calculations, we are developing methods to extract snow
height directly from image data. The insights gained from this project provide a robust basis for
improving practical design approaches and may inform future adjustments to normative
frameworks governing flexible protective structures in alpine terrain.
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ABSTRACT

The vertical tree-like structure of HELIOPLANT® and the selected spacing ensure that the
vertex effect interrupts the redistribution of stress in the snowpack so that avalanches are no
longer possible. A HELIOPLANT® field in an avalanche start area behaves like a secured high-
altitude afforestation. The great advantage of this structure is that the cross shape of the wind
field creates such turbulence even at low wind speeds that the system itself remains free of snow
and a scour ring of transported snow forms at around 2 m from the outer edge of the module.
Considering high wind speeds and an allowance for the transported snow, this results in a design
load of approx. 3 kN/m?> (ONORM B 4801). The support structure consists of four frames,
which are mounted on a post. Each element has a total of 15 bifacial PV modules, which are
aligned vertically. The cross-shaped structure ensures almost continuous solar radiation. The
distances between the individual elements are set between 8-14 m depending on the exposure.
Four IBO R38-500 nails or GEWI 40 are used to integrate the upright into the substrate. The
snow reflection also ensures improved yields. One HELIOPLANT® has a nominal output of
approx. 8.3 kWp. Depending on the altitude, yields of up to 1.500 kWh/kW can be achieved.
The chosen design of HELIOPLANT® allows the system to be adapted to the existing relief on
the one hand by leaving out geologically and ecologically sensitive areas on the other. Projects
are currently being prepared in Austria and Switzerland.

1. INTRODUCTION

HELIOPLANT® represents a new form of cross-shaped support structure for bifacial PV
modules. The system design was derived from the field of mitigation structures (Margreth,
2015).

The major advantage of this structure is that the cross shape generates turbulence in the wind
field, even at low speeds (from approximately 3 m/s), which keeps the system largely free of
snow. A scour ring also forms at a distance of up to 2 metres from the outer edge of the module.
The eroded snow is transported and deposited outside the area affected by the turbulence. The
turbulence breaks up the snow crystals and causes them to accumulate with a higher density.
Due to the system effect between the HELIOPLANT® structures, any snow load that can no
longer be deposited is transported away from the construction site.
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2. METHODS

2.1 HELIOPLANT® Layout

A HELIOPLANT® element consists of a mast with four vertical wings arranged in a cross
formation. Each of these four wings typically contains four bifacial, vertically aligned
photovoltaic modules. In steep areas with a slope of more than 22°, the lowermost module on
the mountain side is omitted, meaning that each element has up to 15 bifacial modules. This
design is also intended for use in avalanche starting areas. The distance between the individual
elements is set between 8 and 14 meters, depending on exposure and slope inclination (see
Figure 1).

The cross-shaped structure generates turbulence in the wind field, even at low speeds (from
approximately 3 m/s), which keeps the system largely free of snow. Depending on the slope
gradient, an up to 1 m ground distance ensures that a thin layer of snow still forms on the ground
in the scour area. This is important for reflection and, consequently, energy generation.

The snow redistribution process takes place in different forms of movement depending on the
wind speed. Approximately 90% of the mass displacement occurs in the form of particle creep
and saltation up to a height of approximately 2 m above the ground level. Above this, transport
occurs as an aerosol up to a height of several tens of metres. The specific weight of the
transported air/snow mixture is highly dependent on altitude, reaching a maximum of 10 kg/m?
near the ground (Dimensioning basis: Institute for Geotechnics / Ice and Snow Mechanics,
University of Innsbruck in: i.n.n. 2009).

The HELIOPLANT® element is designed for wind speeds corresponding to a 100-year event
and adding a surcharge for transported snow. The design load is approximately 3 kN/m?, which
corresponds to the design load for snowdrift structures in Austria as specified in ONORM B
4801 (Gabl, Lackinger, 2024).

No concrete foundation is required to anchor the construction to the ground. The foundation is
laid using a walking excavator via a steel plate on the pole, which is connected to the ground
with four IBO R38-500 bolts or GEWI 40 bolts. Furthermore, a 1 m long casing pipe is inserted
beneath the steel plate for reinforcement. Minor ground unevenness is not problematic and does
not require levelling. The micro piles are dimensioned according to the existing ground
conditions (i.e. drilling logs), with an approximate length of 4-6 metres.

Depending on the surface conditions, the cables are laid in cable protection pipes either at a
shallow depth in the ground or fixed to the rock.
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Figure I HELIOPLANT® schema for different slope inclination

2.2 Wind deflector plates to enhance the scour effect

In particularly exposed locations — pronounced lee areas — the HELIOPLANT® wings are
equipped with wind deflectors in the area of the ground clearance (approx. half the wing width)
to reinforce the vortex effect at large scour depths. The deflectors are generally 3 mm thick steel
sheets that are screwed into place in a trapezoidal shape underneath the lowest PV modules.
For terrain inclines more than 25°, the wind deflector on the uphill wing is triangular. The wind
deflectors are fixed to the mast and the respective wing in such a way that the ground clearance
is significantly reduced.

2.3 General electrical concept

The PV modules of a HELIOPLANT® element are aligned in different directions. The modules
of the north and south wings are aligned towards the west and east respectively. The modules
of the west and east wings are aligned towards the south.

The cross-shaped structure ensures almost continuous sunlight exposure. However, depending
on the time of day and the position of the sun, it is not possible to prevent partial shading of the
PV-modules. This shading primarily occurs from wing to wing, with one wing shading the
adjacent wing, and moves outwards from the mast. This results in asymmetrical shading. The
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outer parts of the modules are shaded less frequently than the inner. In addition, the modules'
frames cause shading in the cells.

Despite the fact that the cross-shaped structure results in a reduction of the specific yield due to
internal shading. This problem was solved by cleverly interconnecting the optimized modules.

One HELIOPLANT® has a nominal output of approx. 8,3 kWp. Depending on the altitude,
yields of up to 1.500 kWh/kW can be achieved.

2.4 Avanlanche protection with HELIOPLANT® elements

The major advantage of the element structure is that, as already explained, the cross shape
creates turbulence in the wind field even at low wind speeds so that the system itself mostly
remains free of snow and a scour ring of drifted snow forms at a distance of about 2 m from the
outer edge of the wings (see Figure 2).

In avalanche starting areas HELIOPLANT® elements with up to 15 bifacial PV modules are
used. The vertical tree-like structure of HELIOPLANT® and the selected spacing (8-14 m)
ensure that the scouring effect interrupts the redistribution of tension in the snow cover,
preventing avalanche starts. A HELIOPLANT® field in an avalanche starting area behaves like
a protective mountain forest. For this reason, the HELIOPLANT® rows are arranged in a
staggered pattern, unlike a layout on gently sloping terrain, so that there are no continuous lanes.

The eroded snow is transported and deposited outside the area affected by the turbulence. The
turbulence breaks up the snow crystals and causes them to accumulate with a higher density.
The snow load that can no longer be deposited due to the interlocking effect between the
HELIOPLANT® elements is transported out of the avalanche starting area.

3. RESULTS AND DISCUSSION

A 6.3 MWp HELIOPLANT® system is currently being built in S6lden, Tirol, with parts of the
site also securing small avalanche starting zones above the access road to the Tiefenbach
glacier.

The wind turbulence creates swirls that ensure the system remains largely free of snow. This
interrupts the stress redistribution in the snow layer, similar to a protective mountain forest,
significantly reducing the probability of triggering an avalanche. In addition, the problem of
reduced yield is solved by HELIOPLANT®-specific electrical wiring, which also leads to a
balanced yield curve without a midday peak.

Natural environment aspects

The chosen design of HELIOPLANT® allows the system to be adapted to the existing terrain
and, by avoiding geologically and ecologically sensitive areas, to be better integrated into the
landscape without causing negative effects because of snow drifting, unlike linear systems.

Viewed from a distance, the entire system resembles a protective mountain forest, which is
further emphasised by the dark colour scheme.
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Figure 2 View of the vortex effect shown from above (test field S6lden, Austria) — similar to
a protective mountain forest

4. CONCLUSIONS

The approach outlined above makes it possible to combine avalanche protection with energy
generation in mountain regions. This dual benefit results in high cost-effectiveness in the
implementation of avalanche protection measures.
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ABSTRACT

In 2024, a major avalanche mitigation project was implemented on Arngya, a remote island in
Troms County, Northern Norway. The main objective was to protect vital road infrastructure
from snow avalanches, ensuring year-round access for the local population and supporting the
operations of Arney Laks, a key local industry. A total of 24 remotely operated avalanche
control towers (ObellX+), supplied by MND France, were installed across two high-risk zones:
Singla and Oterelvene. The civil works and installation were completed during the summer of
2024, and the system is planned to be operated for five years, with options to extend the service
until 2044. In addition to RACS, the Arngya project includes two real-time Doppler radars,
with both a PTZ and an infrared camera completed by two weather stations that overall detect
and map the avalanche activity. The project was a collaborative effort involving Skred AS
(technical consultancy), Troms County Council (project owner), MHM Entreprener & Service
(local contractor and project coordinator), and MND France & Geoprevent (technology
providers). During its first operational season, the system has functioned optimally,
significantly improving avalanche safety and reduction of road closure. Troms County Council,
the regional authority responsible for the roads, has expressed strong satisfaction with the
results. The successful implementation has proven to work well in the challenging conditions
of Arngya with a snowy Arctic coastal climate, with possible polar lows, and limited light
conditions during the snow season.

1. INTRODUCTION

Arngya (Northern Sami: Ardni) is an island located in Skjervey Municipality, Northeast of
Tromso in the artic region of Norway. The island is characterized by its mountainous terrain,
with several peaks rising above 900 meters above sea level. The highest point is
Arneyhegda,1,170 m.a.s.l. Arnoya has a maritime climate with humid and mild air masses and
precipitation reaching the island from the northerly and westerly sector with a drier inland
climate south and east of the island. Creating a dynamic and challenging-to-predict snow
climate with frequent intense storms followed by occasional dry and cold continental airmasses.
Arngya experiences dark season from late November to late January, making it hard to observe
mountain sides visually.
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Figure 1 : Arnoya island location

County road fv. 7940 running from the Lauksunskaret Ferry around the southern coast of the
island is exposed to snow avalanches from paths above Oterelvene (and south facing avalanche
paths from Singeltind in the southeastern corner of the island. Both these zones accumulate
snow in the release areas with the prevailing wind direction of winter precipitation yelding in
rapid loading in the release areas. Singla present approximately 10 main avalanche paths, some
of which have several independent release areas. Oterelvene, presents three large release areas
that can be divided into many small paths, approximately 10-20 in total. Hence, the reliability
of this coastal road in southern Arnoya Island, is largely driven by avalanche risk during the
winter. A report released by the Norwegian Road Authorities (Statens Vegvesen, 2019) states
that in the 10 years preceding the report the stretch of road was on average closed 10 days in a
winter with 2-4 avalanches reaching the road. These road closures affect both local businesses,
including salmon farms, and the access to the mainland of the inhabitants of the local
community.

To increase the reliability and to shorten the road closure time ,Tromse county tendered an
integrated avalanche mitigation project in 2024. The design and implementation of this
mitigation solution was a collaborative effort between the Troms County and other local
authorities and a panel of companies from the natural hazard sector, namely SKRED AS, MHM
AS, MND, and GEOPREVENT. The solution, implemented in November 2024 consists of 24
RACS’ (Remote Avalanche Control Systems) to release avalanches, two radars to detect and
warn about avalanche activity, and two weather stations to provide knowledge about the local
meteorological conditions.

2. METHODS

2.1 The Mitigation Concept

The mitigation concept is active removal of snow from the avalanche paths in a controlled way
using RACS systems. The timing of active avalanche control is decided by an on-duty
avalanche forecasting team at Tromse County assessing the snowpack and incoming weather.
The forecasting team having access to data detected by the radars and both the infrared camera
(dark season) and the PTZ camera are valuable sources of information. The radar and camera
combination also detect, and record avalanche released by RACS’s. This is especially valuable
in the dark season and during poor weather. Given the complex topography this concept also
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includes weather stations at the height of the release areas to give the forecaster real-time
information about the temperature and wind conditions in these zones. The RACS’s are
operated by a local contractor who also performs daily snow depth measurements.

2.2 Remote Avalanche Control Systems

The Obellx+ Remote Avalanche Control System (RACS) is an autonomous, gas-based solution.
Each unit comprises modular gas generators mounted on a 4-meter-high tower, anchored to the
ground and deployed via helicopter, eliminating the need for on-site personnel and reducing
logistical risks. With an operational autonomy of at least 12 shots per module, the system
ensures sustained functionality throughout the winter season. Obellx+ is remotely operated
through cellular network using a dedicated web platform or from the extremities of the road by
a contractor on a radio mode. The software modular architecture allows for both individual and
synchronized multi-tower activations, enabling operators to combine energy outputs for
enhanced avalanche release efficiency and time efficiency. This system offers significant
advantages over traditional methods, including improved safety, operational flexibility, and
minimal environmental impact, (Bourgeaillat et al, 2010).

2.3 Radars

In addition to RACS the Arngya project includes two real-time Doppler AVY X radars that
detect and map avalanche activity (Fig 2) as experienced by (Persson, A et al, 2016). These
systems, one looking at Singla and one looking at Oterelvene, are connected to an SMS-based
alarm system that informs users of avalanche activity and if an avalanche released in a Region-
of-Interest (ROI) affected the road. The radars can detect both natural and triggered avalanches
24/7 in any weather conditions. On the same mast as the radar, a PTZ camera and an infrared
camera are also providing information about the snow cover conditions and provides a
possibility to record and validate avalanche activity in the slopes. These cameras are also used
by forecasters to study snow distribution and current conditions.

skredtam ranlegq

Figure 2 Radar looking at Singla Figure 3 Map of the two zones with RACS positions and
avalanche paths. East facing paths are Oterelvene and South facing paths are Singla.

2.4 Automatic Weather Stations (AWS)
Two automatic weather stations measuring wind and temperature were installed to provide real-
time data of the meteorological conditions in the release areas. The first station is located on
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Singeltind at approximately 700 m.a.s.l. and the second one above the Oterelvene release areas
above at approximately 300 m.a.s.l. The weather stations have a solar panel and battery to
provide data throughout the dark season. The wind sensors are mechanical anemometers
(propeller and vane) and mounted on 3-meter masts. The temperature sensor is mounted at 2-
meter. Data is collected every 15 minutes and sent to live data portal every 30-minutes where
it is available for the forecasters and other users.

3. LESSONS LEARNED — RESULTS AND DISCUSSION

3.1 Implementation of the RACS system

To manage the tight timeline of the project and the extent of the work in Arngya’s challenging
terrain the workforce from MHM operated on a 14-days-on / 14-days-off rotation. During their
shifts, personnel were accommodated in the mountain-based site rig (Fig 4), which was
equipped with eight sleeping quarters, a kitchen, two restrooms, two showers, and a common
living area. Supplies and provisions were delivered by helicopter once a week. To optimize
drilling operations, six air compressors were transported to various locations across the
mountainous terrain, allowing multiple drilling points to be executed simultaneously. In total,
24 tower foundations were drilled, shuttered, cast, and installed within a four-week period. This
set-up allowed for efficient installation in the short Northern-Norwegian summer!

Figure 4 Mountain base site on Singla

3.2 Radars

The two AVYX radars were installed in early November 2024 in both Singla and Oterelvene.
The installation was conducted in challenging weather with strong wind. Nevertheless, all
components of the radar system, including the PTZ camera, could be mounted on the radar
masts. The radar itself is equipped with a wind blower to clear snow from the radar head. Once
the installation was completed on both sites, Geoprevent’s team remotely fine-tuned the
systems’ calibration and set up the automated alarm notifications. The radars have been
successfully monitoring avalanches most of t the 2024-2025 winter season, with the exception
of the Singla in early season. The malfunction was possibly caused by lightning in a intense
cold front, but this was not confirmed. The radar ROI and the RACS operations for best capture
of the avalanches have been finetuned throughout the season. The location of the radar looking
at Singla is very windy and the vibrations in the mast affected the zoom on the camera in stormy
periods and it was decided to stabilize the mast in the summer of 2025.
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3.3 Weather Stations and Meteorological Data

The weather stations were installed by Skred AS in July 2024 at Singla and Oterelvene . These
stations provided valuable data throughout the season. Icing on the propeller of the anemometer
was a larger than anticipated problem demonstrating the harsh conditions at Singeltind. We
investigated the possibility of having a heated anemometer but with a battery driven station in
a climate with a dark season (no solar charge) this wasn’t feasible. The silver lining was that
the station managed to shake itself free from icing without assistance. Further, the location
proved to be a highly turbulent location, not giving data representative of the release area
especially in situations with high wind speeds. To receive the highest possible operational
benefit from this station we have suggested raising the mast or alternatively move the station
further from the wake of the ridge. These lessons show that placement of a point measurement
is key to high-quality data and that the use of robust instrumentation pays off in these harsh
environments.

3.4 Discussion of the first season
3.4.1 Lessons learned after the first winter

The first season has shown that for an effective mitigation of the avalanche risk timing is
everything! The control must be done at the right time after the snowfall event requiring a
continuous dialogue with contractors in charge of the avalanche control and the avalanche
forecasters monitoring the situation. The PTZ cameras have proven to be a highly valuable tool
to study snow accumulation as there are no precipitation measurements, and it allows zoom
into the release areas.

Underestimated snow volumes. This first season has revealed an underestimation of the snow
accumulation in some sectors. Especially, wind loading has been challenging in Singla sector,
and the release areas fill in quickly. Hence, snow depths appear to be high relative to the tower
height, something that wasn’t accounted for. This led to an additional snow load on the structure
which resulted on damages on 3 units. In addition, some towers snowed over at season’s end.
This needs to be considered in future improvement of the system and has resulted in
repositioning of some towers in summer 2025. The years to come will also gain more
experience for snow conditions, and evaluate the need for more adjustments, to optimize the
system further.

Another lesson learned is the value of public consultation with the local community that proved
to be an effective way to communicate and build trust in this mitigation concept, as many locals
would have originally preferred the avalanche risk being mitigated with a tunnel.

The project has a clear goal to mitigate the avalanche risk on county road 9740. The first winter
shows that implementation of advanced avalanche monitoring and mitigation systems on
Arngya gave significant operational advantages for the local community. Notably, the
infrastructure ensured that avalanche debris does not accumulate on open roads, thereby
maintaining uninterrupted access and reducing the risk of traffic disruptions. As a result,
prolonged road closures were effectively eliminated. Instead, the system facilitates targeted
avalanche control actions, which require only short-term closures of 30 to 60 minutes per
intervention. Over the observed period, a total of 15 such controlled actions were conducted,
demonstrating the efficiency of the system in managing avalanche hazards without causing
substantial inconvenience to residents or commuters.

T. Berger and others 03.5 - Page 92



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur Iceland, September 30 — October 3, 2025

Furthermore, the need for post-avalanche debris clearing on roadways is minimized, with only
a single clearing operation required throughout the season. This reduction in maintenance
efforts translates to both cost savings and enhanced safety for road users. Additionally, the
integration of a Vehicle Traffic System (VTS) provides advance notifications of potential
avalanche risks, with alerts issued at least six hours prior to anticipated events. This proactive
approach allowed residents, emergency services, and transportation authorities to prepare
adequately, further mitigating the impact of avalanches on daily life and infrastructure.

Finally, this system shows that such an avalanche mitigation measure is a feasible alternative
for permanent measures also in remote Arctic areas, such as Arngya. However, these systems
will need continuous management and a period of finetuning, the team getting familiar and
gaining experience of the site for best possible operations. Contrary to gray measures such as
tunnels, this mitigation measure anchors local knowledge of the snow climate and avalanche
dynamics in the local community, the forecasting team and the project owner.

4. CONCLUSIONS

The project is considered a success and to have reached its goal for this first year of
implementation, despite the not so unexpected challenges in the early phase. These operational
improvements on road management underline the effectiveness of modern avalanche
monitoring technologies in enhancing both safety and logistical efficiency in snow-prone
regions.
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ABSTRACT

Carrying out an avalanche risk assessment is a regulated requirement, particularly in Europe
for any new ski lift. Various standards exist, considering different avalanche scenarios, as well
as snow-gliding, integrating the associated combinations according to different return periods.
The main result expected by the designer and manufacturer is the height and pressure profile
detailed data, allowing them to dimension and design pylons and foundations. In parallel, these
same structures are subjected to various other loads, intrinsic to operation (risk of derailment,
for example) but also external (wind, earthquake, etc.). With the continuous increase in power,
comfort, capacity, and speed of recent ropeways, other load cases are being integrated and
weighted, which can become largely predominant. In particular, the wind becomes particularly
impacting when the vehicles are large (gondola for example) and especially when the pylons
are very high (25m or more) and spans long (several hundreds of meters): the corresponding
shear or mechanical momentums sometimes represent the load of “monster’” avalanches which
would be totally unrealistic, and which directly cover a majority of real avalanches. However,
and beyond the purely mechanical aspect, directions of application cannot be neglected which
can be very different from those of the other loads and specific effects. Other aspects must also
be taken into account, particularly regarding stations and for the safety of people (including
possible evacuation to the ground) which continue to justify avalanche analyses.

1. INTRODUCTION

By definition, ski lifts need to reach uphill mountains points to offer good ski and doing that,
are regularly crossing avalanche trajectories, from starting to runout zones and steep slopes
prone to snow gliding. Ideally, pylons shall be located in a way to minimize corresponding
loadings, but ropeways also include their own constraints so that at least some pylons can be
directly threatened.

At the same time, ropeways technologies continuously improve in parallel to changes in skiers’
behaviours: fixed-grip double chairlifts are close to disappear, replaced by detachable 6-seater
chairlift sometimes with bubbles. To ensure connections between zones or promote various
uses (also in summer), gondolas are also developing: modern lifts mean now capacities of
several thousand passengers per hour thanks to bigger vehicles, higher speed and (much) more
powerful systems able to manage bigger cable ropes, less supports and longer spans. It is
common that the replacement of an old chairlift can lead to a number of pylons divided by 2
for the new modern line.
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In the meantime, regulations have also evolved with more safety and more reliability, which
means totally different pylons structures. This paper aims to illustrates the consequences in
terms of avalanche prescriptions.

boss N ¢ /\}
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Figure 1  Left: typical design and size of a fixed-grip chairlift built in the 1980s (Creux Noirs
at Courchevel). Right: modern gondola (La Masse at Les Ménuires)

2. REGULATIONS

When planning a new ropeway project, the designer must follow a regulated procedure,
especially to ensure that the structure will resist the different load cases it would possibly face.
In France, the European standards EN 12930:2015 and EN13107:2015 are applied and
coordinated in the national guide RM2. These documents specifically refer to the ropeway
systems. More generally, regarding concrete and steel structures, Eurocodes 2, 3 and 4 must be
also followed. In spite of some differences (Siegele P. and Walter G., 2019), equivalent
standards exist in different countries which cooperate within the International Organization for
Transportation by Rope (OITAF) since 1959. Avalanche topics are within the scope of the
Study Commission No. VII: Environment.

However, CEN (2015a, b) give very few requirements about snow and avalanches action except
that a 50-years return period event shall be taken into account. In comparison, Margreth et al
(2016) provides a more detailed and comprehensive framework to address the question of snow
avalanche and snow gliding loadings. It is also partly used in France to structure corresponding
analyses.

Main other load cases defined in the specific documents are wind, snow, icing, earthquakes and
cable derailments. Regarding wind, the most restrictive load is the pressure the ropeway should
withstand while non-operating: 1.2 kPa (STRMTG 2023) which corresponds to about a 50 m/s
speed. This pressure applies on the surface of the system, and so, depends on the presence of a
storage building for vehicles to remove them during non-operating period. Icing impact is taken
into account by considering a larger cable diameter (up to a 40% increase of the windward
surface) but reducing the wind pressure by 35%. Concerning earthquakes, Eurocode 8-2 give a
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reference ground acceleration depending on the geographic zone (from 0.4 to 3 m.s” in Fance).
A complete method is then given to find the induced shear force, although specialists agree to
say that it is almost never dimensioning the final project.

3. PRACTICAL EXAMPLE

One interesting example is pylon #4 of La Flégere recent (2019) gondola at Chamonix. This
ropeway has replaced different successive cable cars since 1956 to access the homonymous ski
area: if the cable car technology allowed to jump easily over the transit and runout zones of the
“’Lanchers’’ major avalanche path (and the golf course of Chamonix) thanks to no limitation
of the height above ground, it faced also limited passengers capacity and strong wind sensitivity.

The choice for a gondola has solved these last points but needs also more pylons to better follow
the terrain and not overpass the standards value of 60m above ground (STRMTG 2023. In fact,
even less for landscape and aviation local constraints). That means that at least one pylon had
to be located at best in the avalanche-prone zone, well known from the history, confirmed
during February 1999 famous avalanche period and more recently in January-February 2018 (2
major avalanches), just before the building of this new gondola.

100 m 200 m 300 m

Figure 2 Left: evolution of the CLPA avalanche map limits (Bourova et al 2016) before
(purple) and after (pink) February 1999 famous avalanche period by comparison to
February 2018 avalanche (green). Right: picture of February 2018 avalanche and
location of pylon #4.

In this situation, the general analysis of the exposure of this gondola (Engineerisk 2019)
provided rather important pressure values, up to 40 kPa on 2m high (30-years return period
scenario) and 120 kPa on 3m high (100-years return period scenario) for the design of pylon
#4. It was also expected that avalanches could transport some trees or rocks in a location where
small debris flows are also possible. Consequently, the design of this pylon seemed to have an
obvious problem regarding the different flows which could impact it (hopefully, the main
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trajectory of a possible powder cloud avalanche is going straight between pylons #3 and 4#
with limited overloads on them).

But, finally, looking at the size of this impressive tower #4 (30.50m high, cylindric section
between 2.14m and 0.70m), these avalanche loadings were largely competed by regulatory
wind consequences: among the 51 loads combinations which were examined for its design,
momentums are clearly maximized by wind, even without any vehicles attached to the ropeline
and especially along the transverse direction. The value due to the centennial avalanche is about
3 times smaller!

Regarding shear force on the foundation, the comparison is more nuanced as the maximum
value due to the wind is between the 2 avalanches scenarios: if the 100-years return period
avalanche is not taken into account (which is sometimes the case depending on the context, as
the result of a negotiation between local authorities and the gondola owner endorsing a larger
responsibility), that means that the design of both the pylon and its foundation can be not
influenced prejudicially by avalanches in spite of a strong avalanche situation.

In the current case, the main protection against flows consisted in adding a crushable wood
layer at the basis of the exposed face of the pylon (Figure 3) to avoid that a possible hard part
inside a flow (avalanche, debris) can cause apparent marks and superficial damages which do
not compromise the integrity and resistance of the structure but can raise long questions and
discussions, often first leading to the closure of the gondola according to the precaution
principle. Here, only the fuse layer should be damaged and can be easily replaced.

Figure 3  Additional layer of wood at the basis of pylon #4 of Flégere gondola at Chamonix-
Mt-Blanc to protect it against secondary impacts — Technical schemes and details
(source: Doppelmayr).

4. PSEUDO-STATISTICAL ANALYSIS AND SCHEMATIC MODEL

Based on the data of 6 recent ski lifts in avalanche situations, accounting for 91 usual cylindric
pylons (steel lattice structures are surely more sensitive, Margreth 2007), a pseudo-statistical
analysis has been performed based on the contribution of every external load in each direction.
The aim of this analysis was to approach how (often) avalanche requirements were prejudicial
or not, compared to other ‘’natural’’ loads. For each pylon, the two main load types, shear force
and momentum, are considered along 3 directions (X = ropeline axis, y=transversal axis, Z),
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being possibly positive or negative. So, each load case (and/or actions combination result —
there can be several hundred per pylon) corresponds to six different values: Fx, Fy, Fz, Mx, My,
Mz.

A load value is considered as a prejudicial or ‘’sizing’’ value if its load type gives the maximum
positive value (or the minimum negative value) in a considered direction. For example, let’s
consider a pylon for which, along the X axis, the wind shear force is 600 kN, the avalanche
shear force -800 kN and the snow gliding shear force is -400 kN. The sizing load case regarding
Fx+ is the wind (maximum shear force positive value) whereas the sizing load case regarding
Fx- is the avalanche (minimum shear force negative value).

Finally, there are up to 12 sizing values for each pylon and foundation. For instance, for La
Masse gondola (Figure 1) with 24 pylons in total and only 13 subjected to snow avalanche
prescriptions, that means 156 sizing values (actually 150 as 6 individual directions had no
negative values). Among them, “’only’’ 4 were due to snow gliding and 23 to the 100-years
return period avalanche scenario and wind is largely predominant, especially regarding
transverse situations.
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Figure 4 Number of sizing values due to each load cases for the 13 pylons of La Masse
gondola.

To complete this analysis, a simple analytical model is being developed to evaluate the shear
forces and momentums induced by wind, avalanche and snow gliding, based on a limited
number of geometric parameters to describe the considered pylon (height, section) including its
head components (using equivalent surfaces from an internal database of recent project and
ropeways model). Mainly along the transverse direction, it confirms that with an increasing
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geometry, usual avalanche requirements are anyway overpassed by wind loads, firstly through
the momentum but then through also the shear force.

5. CONCLUSION

For the design of ropeway pylons, avalanche prescriptions compete with other external loads:
with wider and higher towers, modern ski lifts are particularly subjected to the transverse fixed
wind pressure of 1.2 kPa which can easily become predominant. Geometric thresholds could
be simply defined to determine, with safety margins, in which situations, avalanche
requirements become even useless.

However, the first goal is not to remove work to avalanche specialists but to better apply their
resources and focus on most important points of an avalanche design assessment: Sometimes,
trying to refine some (biggest) values is less important than confirming the exact range of more
usual ones which finally enter directly in the foundations design. For instance, the comparison
with other loads is more balanced along the line axis and in case of a sufficiently thick powder
cloud, its aerial pressure can become the main criteria able to lay down a pylon (Caviezel et al
2021).

And finally, avalanche considerations must also apply to the rest of the infrastructure (stations
that may be threatened as buildings) and to the safety of skiers in the vicinity.
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ABSTRACT

Between 2018 and 2024, a series of mitigation measures were implemented in Longyearbyen
to address the risks posed by avalanches and slush-flows. These measures were prompted by
deadly avalanches in 2015 and 2017. In December 2015, an avalanche from the Lia hillside
struck eleven houses, resulting in two fatalities and highlighting the need for mitigation
measures. In February 2017, an avalanche from Mt. Sukkertoppen caused significant structural
damage to two buildings.

A row of snowdrift fences was installed to accumulate snow away from the release area, and a
channel was constructed to divert meltwater away from the residential area. Later, rows of rigid
supporting structures were built in Lia and Mt. Sukkertoppen, along with 5.5 m high and 400
m long catching dam was built to prevent avalanches from reaching the residential area.

To address the risk of slush-flows in Vannledning valley (V1d), 14 debris-flow barriers were
installed throughout the valley, along with modifications to existing deflecting dams. The
purpose of this paper is to summarize the actions taken and their potential impact on future
settlement in Longyearbyen.

1. INTRODUCTION

The Svalbard archipelago, with its administrative hub in Longyearbyen (LYR), is situated at
latitude 78° north, within the permafrost region, see Fig. 1. Since approximately 1970, Svalbard
has been experiencing significant climate change, making it one of the areas in the world with
the highest temperature increases, particularly during the winter months (Isaksen et al., 2017).
Precipitation is generally sparse, averaging 196 mm from 1971-2000 at Svalbard airport
(Isaksen et al., 2017). Since 1912, it has increased by approximately 2 mm pr. 10 years. Recent
studies (Isaksen and others, 2017) suggest further increases. The median projection of RCP8.5
(IPCC, 2013) indicates an approximate 40 % increase in annual precipitation by the end of the
century.

Most of the settlement in LYR is located on a narrow stretch between the mountain side and
the Longyear river (see Fig. 1). This narrow stretch can be affected by natural processes such
as snow avalanches, debris flows, rockfall, and slush-flows. Slush-flows from Vannledning
valley have threatened the residential area of Haugen for a long time. In 1953 3 people perished
and 30 people were injured, when a slush-flow hit the residential area at Haugen. In 1989 a
slush-flow hit one house at Haugen and destroyed water and heat pipelines (Hestnes et al.,
2016).
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Fig. 1 An aerial view of Longyearbyen and the mitigation measures.

The natural hazard processes have been studied for at least 40 years. Large part of the study has
been done by The Norwegian Geotechnical Institute (NGI) (Hestnes et al., 2016). Mitigation
measures aimed to protect the residential area have been proposed, primarily by NGI (Norges
Geotekniske Institutt NGI, 2015, 1996, 1991). An informing review of NGIs work in
Longyearbyen can be found in (Hestnes et al., 2016).

2. INCIDENTS IN 2012, 2015 AND 2017

2.1 January 2012

During the last week of January 2012, an unusually warm period occurred with heavy rain and
high temperatures. Numerous slush-flows were released from mountainsides in the vicinity of
LYR, and one was released from V1d, approximately 200 m above the alluvial fan apex (Norges
Geotekniske Institutt NGI, 2012). The slush-flow from VId caused only minor damage, mainly
to a pedestrian bridge that connects the Haugen area with the town center. Following this
incident the local authorities asked NGI to propose mitigation measures for the Haugen- and
the residential area at road 222 and 217. NGI proposed two deflecting dams along the stream
on the alluvial fan to guide the slush-flow past residential sites (Norges Geotekniske Institutt
NGI, 2015). The report discusses also net alternatives in V1d, more about them later.

2.2  December 2015

A fatal avalanche struck the residential area below Lia (mountain site) in LYR on December
19t 2015. Tragically, two persons lost their lives: a two-year-old child and a 45-year-old man.
An intense low-pressure system formed by the merging of two separate systems in the
Norwegian Sea on December 171, gaining strength as it moved towards the Svalbard islands
(Jonsson and Jaedicke, 2017). The wind was blowing from southeast and transporting large
quantities of snow out Advent valley into the release area above “Spisshus” buildings at road
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230. The bad weather ended early on Dec. 19, about three hours before the avalanche. The
width of the avalanche was approximately 200 m, and the average fracture height was close to
2 m. The avalanche hit eleven houses and displaced them from 5 m to over 80 m (Jonsson and
Jaedicke, 2017). Further details can be found in (Issler et al., 2016; Jaedicke et al., 2016;
Jonsson and Jaedicke, 2017; Norges Vassdrags- og Energi Direktorat NVE, 2017;
Spesialenheten for Politisaker, 2017).

2.3 February 2017

The first part of February 2017 experienced warm weather and rain. However, from February
12 onwards, the temperature dropped, and precipitation occurred as slush or snow. The lowest
temperature recorded was -21°C. Prior to the avalanche on February 21%, there was light
snowfall and increased wind (Jonsson and Jaedicke, 2017). The first avalanche release occurred
at Sukkertoppen, and the second release happened at approximately the same location as the
avalanche in December 2015. There were no fatalities, but the avalanche impacted several
buildings, but only one building, which was closest to the mountain side, with three apartments,
was destroyed.

3. MITIGATION MEASURES

Fig. 2 Red areas in the figure show areas with constructions to mitigate the avalanche
danger from Sukkertoppen and slush-flow danger from Vannledningsdalen. Photo
taken on April 1, 2025.

3.1 Timeline

The timeline of incidents and key mitigation milestones is presented in Fig. 3.

3.2 Deflecting dams along Vannledning stream at Haugen

Following a slush-flow incident in late January 2012, the local authorities in LYR tasked NGI
with planning mitigation measures to protect the residential area on Haugen and along roads
222 and 217. The plan included constructing two deflecting dams, one on each side of the
stream on the alluvial fan from the apex of the fan to road 500, which is the main road
connecting the residential areas on both sides of V1d stream. The project was not implemented.
The project is described in (Jonsson and Gauer, 2014; Norges Geotekniske Institutt NGI, 2015).
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Fig. 3 shows the timeline for various milestones in Longyearbyen.

3.3 2015 and 2017 mitigation work

The avalanches in Dec. 2015 and Feb. 2017 were a wakeup call for the authorities. In 2016 a
consultant was engaged to map the natural hazard for Longyearbyen and several other locations
in Svalbard (Multiconsult AS, 2016). As a part of a plan for mitigating the avalanche danger
NVE tendered the detailed design of snow drift fence and supporting structures in 2017; NGI
was awarded the contract. During the design phase the local authorities (abr. LL) requested a
diversion channel above road 232 to compensate for increased meltwater from the snow drift
fences.

3.4 Snowdrift fences, a diversion channel and supporting structures Lia

One of the primary causes of avalanche release in Lia mountain side in 2015 was the rapid snow
accumulation in the release area above road 228 and 230 (the “Spisshus”, e: Pointed Gable
houses). The wind blew from southeast along and out the Advent valley to the Lia release site.
An estimation of snow height in the release area indicated an average 2 m snow height and at
least 5 m snow height with the likelihood of even more in some locations.

A diversion channel, about 450 meters long, was constructed above the residential area at road
232 to redirect meltwater from snow drift fences away from the housing zone at Gruvedalen.
The open channel has a depth of around 2 meters from the embankment top, and excavation for
the impermeable membrane is roughly 3 meters deep. The membrane is intended to remain
frozen within the permafrost.

A snow drift fence was planned to limit snow buildup in the release zone. During design, LL
informed NGI of a future ski lift crossing, so the fence was divided into two sections to
accommodate it. To address ground creep, the fence was constructed using individual 5 m long
segments with gaps between them to account for ground movement. Total length is
approximately 220 m. During the first summer, it was observed that the creep ranged from 3 to
5 cm. Today, the snowdrifts on the lee side are used for preparing ski slopes.

Three rows of steel bridges, each 5 meters in height, were constructed in the release zone in
Lia, with a total length of approximately 470 m. The original plan was to install snow or rock
fall nets, but contractors suggested steel bridges during the tender. After reviewing proposals,
rigid steel bridges with anchored support were chosen as a more favorable solution than nets
with floating baseplates. Due to permafrost and active layer summertime the length of the
anchors is extra-long. The steep slope combined with permafrost and active layer causes
significant ground movement that impacts the foundations especially the foundation of support.
Further information about this work can be found in (Norges Geotekniske Institutt NGI, 2017).
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Because the mountain side beneath the supporting structures poses an avalanche risk, plans
were made to build a catching dam at the base of Lia. When mitigation work shifted to studying
a catching dam below Mt. Sukkertoppen, it was decided to merge both into a single, longer
catching dam.

3.5 Supporting structures in Sukkertoppen

After the incident in February 2017, various mitigation measures were evaluated for the Sukker-
toppen mountain side. The final plan involved partially covering the mountain side with
supporting structures, and the residential buildings nearest to the mountain below the uncovered
section, were scheduled for removal.

The construction of the steel bridges encountered challenges similar to those experienced with
the Lia site, and in addition the proximity of cultural heritage sites (old coal mines) and the
presence of coal layers, that raised concerns regarding the foundations. In total there were
constructed 15 rows of supporting structures ranging from 3,5 m to 5,0 m in height. Total length
of supporting structures is approximately 1500 m.

3.6 Catching dam Lia

Since the supporting structures do not reach the mountain's base, a 400 m long, 5.5 m high
catching dam was planned where the uppermost row of houses stood before. Unlike an extra
row of steel bridges, the catching dam can also stop debris flows, shallow landslides and divert
surface water.

The facing material on impact side is a reinforced dry-block rock wall, and the supporting fill
is gravel from the Longyear riverbed. An earth material with low coal content (usually a
material close to coal layers, in Norway called “Skeidestein’) is embedded in the fill area of the
dam construction as transport of this toxic material to special landfill site on the mainland was
deemed too expensive and not environmentally friendly. The material is above groundwater
level and is surrounded by watertight membrane to hinder leakage from it. When in contact
with water it forms a sulfur acid.

The presence of permafrost and the active layer influenced the dam’s design. During the
planning and construction phases, efforts were made to improve stability and minimize
settlement by excavating into the permafrost beneath the active layer. Multiple thermistors were
installed within the dam to monitor its temperature. The permafrost is projected to take several
years to extend into the fill material. Located just above central Longyearbyen, the catching
dam was designed with aesthetics in mind to serve as an appealing landmark where locals and
tourists can enjoy viewing the construction and the town from its top.

3.7 Slush-flow nets in Vannledningsdalen

For many years, slush-flows have posed a significant threat to residential areas at Haugen, as
well as to roads 222 and 217. Traditionally, such events have been associated with snowmelt
during late May or early June. However, climate change has led to an increase in midwinter
rainfall, resulting in more frequent occurrences during the dark winter months. While local
authorities typically excavate trenches in the valley snowpack each spring to facilitate water
drainage, this practice is not safe during the winter's prolonged darkness.
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Fig. 4 This photo shows the valley's largest net, which stands 7 m tall on a 1 m foundation.
The photo is taken on Oct. 2, 2024.

The client (NVE and LL) ultimately chose the net solution, which comprises 14 modified debris
flow nets along a 1200 m valley. The nets range from 3 to 7 m in height, each with about 1 m
high foundations and approximately 1 m clearance for the stream. To our knowledge, debris-
flow barriers have not previously been used on this scale to mitigate slush flows.

4. DISCUSSION

This article outlines various mitigation measures implemented in Longyearbyen since 2018.
These measures share common factors, including permafrost conditions, the presence of an
active layer, creeping soil, coal layers and the quality of existing materials. Cultural heritage
imposed certain limitations and regulations regarding travel and employment outside the town
are strict. Ground conditions have been studied mainly through test drilling, georadar and ERT
surveys.

The client has recognized that there is limited information available regarding the expected
lifespan of these structures in arctic environments; consequently, relatively high safety factors
have been incorporated into both the substructure and superstructure design. Climate change,
particularly in the Arctic region, is a significant concern. Accordingly, a study was undertaken
to project climatic conditions approximately 50 years from now and for the year 2100.

The design lifetime was specified as 40-50 years; however, several of these structures are
expected to last beyond that period especially the superstructures. Test anchors have been
installed in Vannledning valley for evaluation in 40 years.

Following reports can be found to be interesting for these projects. A short description of
mentioned measures can be found in (Jonsson, 2024). Future climate is discussed in (Kronholm
etal., 2019). Detailed design is outlined in (Norges Geotekniske Institutt NGI, 2018a), (Norges
Geotekniske Institutt NGI, 2018b), (HNIT Verkfraedistofa, 2021), (HNIT Verkfradistofa,
2025a), (HNIT Verkfraedistofa, 2025b), (HNIT Verkfraedistofa, 2025¢), (Skred AS, 2022),
(Geobrugg AG, 2024).
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ABSTRACT

Around 10,400 residential buildings in Switzerland are situated in areas prone to avalanches.
Many of these buildings have direct protection measures, which are among the oldest methods
of avalanche protection. Since the 16th century, splitting wedges and avalanche ramp roofs
have been used. Today, endangered buildings are mostly protected by the implementation of
reinforced concrete walls and lateral wing walls. In Switzerland, construction in blue hazard
zones, 1.e. areas where 300-year avalanches reach pressures of less than 30 kN/m?, is only
permitted if direct protection measures are implemented. It is essential to consider avalanches
from the start of the design process of a building in hazard-prone areas. Details such as the
position of the roof connection or the flow direction of an avalanche are often crucial to ensure
the successful functioning of direct protection measures. The Swiss standard SIA 261/1 (2020)
is decisive for designing new buildings at risk from gravitational natural hazards. This standard
specifies a 300-year event as the protection goal for typical residential and commercial
buildings.

1. INTRODUCTION

As an alpine and densely populated country, Switzerland is particularly exposed to natural
hazards. One in six residential buildings in Switzerland is exposed to natural hazards
(Schellenberg and Horehéjova, 2025). Around 10,400 residential buildings are at risk from
avalanches. That is 0.8% of the approximately 1.8 million residential buildings. Many of these
buildings have direct protection measures. In blue hazard zones (Margreth, 2014), which are
areas at moderate risk of 300-year avalanches with a pressure of less than 30 kN/m?, the
construction of new buildings is generally permitted. However, the buildings require special
structural reinforcement. The goal is to ensure that people, animals, and significant property are
not endangered. Direct protection measures are among the oldest types of avalanche protection.
As early as 1603, the church in Davos Frauenkirch was protected by a splitting wedge that
saved the church from damage during several major avalanches (Figure 1a). At around the same
time, ramp roofs were built to divert avalanches over the roof (Figure 2b). Earth embankments,
wood, and stones were used as building materials. From around 1800, underground cellars were
built where residents could take refuge in the event of an avalanche. After the avalanche winter
of 1951, a growing number of buildings were reinforced directly, for example, by making the
exterior walls stronger. Today, direct protection measures are an important part of integrated
natural hazard management. In most cantons, it is mandatory to insure buildings against natural
hazards.
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Figure 1: (a) The church in Davos Frauenkirch was protected in 1609 with a splitting wedge
that extends beyond the roof. (b) Since its destruction in 1968, the Lanta SAC hut
has been protected by an avalanche ramp roof, but the chimney and the outdoor area
are still at risk of avalanches (Photos S. Margreth a, SLF b).

2. DAMAGE TO BUILDINGS CAUSED BY AVALANCHES

Unreinforced buildings are susceptible to damage when hit by avalanches (Figure 2). A wooden
building is destroyed by avalanche pressure of around 12 to 24 kN/m?, and a masonry building
by avalanche pressure of around 25 to 45 kN/m?. One of the reasons why buildings are relatively
vulnerable to avalanches is that their structural system is mostly designed to withstand vertical
loads such as snow loads on roofs or live loads. However, they are only designed to a limited
extent to withstand horizontal loads. Horizontal loads caused by wind or earthquakes are usually
smaller than avalanche loads. For a typical single-family home in the blue hazard zone, the
resulting horizontal wind load is 30 to 50 kN, the resulting horizontal earthquake load is about
40 to 140 kN, and the resulting load of a dense flow avalanche with a flow height of 2 m is
about 200 to 600 kN. If these horizontal loads cannot be transferred safely to the foundation by
the structural system, the building may collapse. To prevent this, reinforced concrete walls and
ceiling slabs are usually required. Powder snow avalanches pose an additional problem by
causing uplifting forces on the roof, side walls, and rear wall. If the roof is ripped off, the
building is likely to be severely damaged. Openings such as doors and windows are often weak
points in the building envelope. If they fail, people inside the building are at risk, although the
building itself is somewhat unlikely to collapse. Individual components carried by an avalanche,
such as stones or tree trunks, can cause high single impact loads.

In Switzerland, around 1,700 buildings, mostly outside residential areas, were affected by
avalanches in the extreme winter of 1999, resulting in damage amounting to CHF 100 million.
15% of the damage affected residential buildings. It is interesting to take a closer look at the
total damage. Only 20 buildings had damage of more than CHF 0.2 million. For 80% of the
buildings, the damage amounted to less than CHF 0.06 million. Minor damage can often be
prevented by relatively simple measures such as reinforced shutters. On long-term average,
around 80 buildings are damaged by avalanches in Switzerland every year. This is more than
20 times less than in the extreme winter of 1999. Only in exceptional winters, when avalanches
extend beyond their usual run-out zone, 1is a larger number of buildings damaged.
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Figure 2: (a) On Jan. 10, 2019, the Hotel Schwigalp was hit by an avalanche. Several
windows were broken by an avalanche pressure of 3 to 4 kN/m? and the restaurant
was filled with snow. (b) On Feb. 25, 1999, a powder snow avalanche hit a
residential building in Leukerbad. The roof was uplifted. (c) On 11 January 2019,
the Alp Schottenloch was destroyed by an avalanche carrying several tree trunks,
which increased its destructive force. (d2) On Jan. 28, 2021, the SAC Trift hut was
damaged by an avalanche. The hut was protected by a ramp roof (d1). The damage
was caused by underestimating the impact pressure and by the ramp roof being
higher than the concrete wall. (Photos S. Margreth a and ¢, SLF b, SAC d).

3. OVERVIEW OF DIRECT PROTECTION MEASURES

3.1  Structural reinforcement

The risk to people and property can be significantly reduced through the reinforcement of the
building envelope and structural system, the integration of the building into the terrain, and the
optimisation of its design and orientation. Structural reinforcement is the most common direct
protection measure applied in Switzerland. The main impact wall is typically made of 25-35
cm thick reinforced concrete (Figures 3a and 4b). To reduce the impact area on the wall, a story-
high embankment can be added on the avalanche side. It is best if the building axis is aligned
in the direction of the avalanche flow. To protect the side facades, the impact wall can be built
with lateral wing walls (Figure 3a). It is unfavourable if the building geometry has recessed
corners, as force concentrations can occur there. Entrances and windows should be avoided in
the main impact area. On the other hand, entrances and windows must be protected. Windows
can be protected with appropriately dimensioned bulletproof glass or shutters. The design of
the roof must be carefully planned, especially if the roof is affected by avalanches. The roof
coverage should not extend beyond the reinforced concrete wall. If there is a risk of powder
snow avalanches, roof overhangs should be minimized.

3.2 Splitting wedge

Splitting wedges serve to protect buildings and towers. The snow masses are split and diverted
past the structure to be protected. The wedge is placed directly on the object or immediately in
front of it (Figure 1a). There may be an increased risk in the direction of the deflected avalanche.
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The maximum opening angle of the wedge should not exceed 60°. The wedge must be high
enough so that the avalanche does not flow over it and hit the roof. The wedge should be wider
as the building so that the side walls are also protected (Figure 3b). If the wedge is placed
directly on the object, no further protective measures need to be taken on the building.
Otherwise, pressure and friction forces on the side walls must be taken into account in the
structural design.

P

Figure 3: (a) Residential buildings with a retaining wall and wing walls on the mountain side.
The lower building has windows with reinforced shutters. It is unfavorable that the
roof protrudes beyond the wall. (b) The residential building is protected by a
massive wedge. The wedge protrudes above the roof and protects the side entrance.
(c) Ramp roof, which was integrated into the terrain without deflecting the
avalanche. It is important that the roof is designed to withstand horizontal friction
forces (Photos S. Margreth).

3.3 Avalanche ramp roof

A ramp roof connects without a gap to the terrain or a fill on the mountainside (Figures 1b and
3c). The avalanche flows over the roof of the building. Particular attention must be paid to the
design of the roof edges. Special solutions are also required for chimneys, for example in the
form of a removable structure. Furthermore, a step or sharp deflection between the terrain and
the roof must be avoided. The roof must be designed to withstand horizontal friction forces and
the roof beams must be anchored. It is important that there are no bends in the roof surface, as
this can cause increased deflection forces. The design of a ramp roof is like that of a snow shed.
In addition to the weight of the natural snow cover, the weight of the flowing avalanche, friction
forces, deflection forces and the weight of the deposited avalanche snow must be considered.
The backwall of the building must be designed for lateral earth pressure. It should be noted that
the entire area around the building is at risk of avalanches and that there are no safe accesses.

4. DESIGN OF DIRECT PROTECTION MEASURES

The Swiss standard SIA 261/1 (SIA, 2020) is decisive for the design of new buildings at risk
from gravitational natural hazards. This standard specifies a 300-year event as the protection
goal for normal residential and commercial buildings. 300-year events are considered to be
accidental actions. The determined avalanche parameters are characteristic values. A load
coefficient yr of 1.0 is used to verify the structural safety. The snow load on the roof is taken
into account as a variable accompanying action with a reduction coefficient yo of 0.8. When
determining the avalanche pressure gm, the importance of the structure is considered with a
coefficient yr depending on the structure class (SC). For example, the importance coefficient yr
is 1.0 for residential buildings (SC I), 1.2 for school buildings (SC II), and 1.5 for hospitals (SC
IIT). The avalanche pressure g exerted by dry dense flow avalanches on large objects (width >
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5 m) is calculated as a function of velocity vr, density pr and deflection angle a. The
recommended value for the bulk density of dry snow avalanches pris 300 kg/m?. The deflection
angle a is varied by +/- 20° to take account of any alterations in the flow path of the avalanche
(Figure 4a). In the case of an angled impact, an additional frictional stress qg arises, which
depends on the roughness of the surface. The coefficient of friction us for a smooth surface
such as concrete is 0.3. Increased pressures occur in wet avalanches and on narrow objects.

On = v7 pr- (vposina)” [kN/m?l (1) qpr = ppr G [kN/m?] (2)

Load distribution (Figure 4a) is considered using a three-layer model that considers the natural
snow cover h, (no force transfer), the flow height hr (uniform avalanche pressure), and the run-
up height hgwu (linear reduction to 0). The energy conversion constant A is 1.5 for loose, dry
avalanches and 2 to 3 for dense, wet avalanches. If necessary, the impact of individual
components is considered. The static equivalent force Ax of an impacting tree trunk acts
simultaneously with the avalanche pressure qm. Formula (4) is based on the impact of a 10 m
long tree trunk with a diameter of 0.25 m on a 0.25 m thick and 2.5 m wide concrete slab.

__ (vygsin )’
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In addition, powder snow avalanches can occur, which act simultaneously with the dense part.
The suspension layer is treated in the same way as wind, whereby the dynamic pressure of the
wind is replaced by that of the powder snow avalanche. Suction forces act on the roof, side
walls, and rear wall of a building.

5. PLANNING DIRECT PROTECTION MEASURES

When planning a structure in an avalanche area, it is advisable to involve an avalanche expert
at an early stage (SIA, 2019). The first step is to assess the avalanche risk at the building's
location. The type of avalanche (dense flow or powder snow avalanche) and its characteristics
(e.g. velocity, impact pressure, flow height, flow direction, deposit height), as identified through
avalanche simulations for a specific scenario, are decisive factors in selecting the most suitable
direct protection measure. Experience shows that dry dense flow avalanches are usually
decisive, rather than wet snow avalanches. This could change in the future as a result of climate
change. In simple cases, standardized avalanche characteristics are used depending on the
location of the object in the blue hazard zone (GVG, 1994). The avalanche pressure of a dry
dense flow avalanche varies often between 10 and 20 kN/m? and the flow height is between 4
and 5 m. The structure should be integrated into the terrain as well as possible. For example, an
avalanche ramp roof is easier to build on a slope or at a terrain step than on flat terrain. In a
terrain depression, the action of powder snow avalanches is reduced, but the flow height of
dense flow avalanches is increased. Whenever possible, the building should be aligned with the
avalanche axis, with the narrower side facing the avalanche. Depending on the situation, natural
obstacles such as big boulders or terrain ridges can be considered. If there are several buildings
nearby, any increase in risk must be prevented. This can make the use of splitting wedges
impossible. It is important to consider how the interior and exterior areas of a building will be
used. Access points and openings on the avalanche side should be avoided. Underground
entrances, e.g., through a parking garage or an access protected by the building, simplify any
evacuations. Permanent protective measures are preferable to removable ones (e.g. protecting
a window with reinforced glass instead of shutters).
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Most cantons in Switzerland have cantonal building insurance companies, which play a key
role in the planning process of direct protection measures. When granting building permits, they
define the avalanche actions to be considered at the site, review the planned mitigation
measures, and approve the mitigation measures once they have been implemented. If the
implementation does not comply with the project plan, the avalanche risk may be excluded
from the insurance coverage.
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Figure 4: (a) Action of a dense flow avalanche on a building following standard SIA 261/1.
(b) Residential building on a slope protected by a concrete wall on the mountain
side. The concrete wall is filled with earth material up to the first floor. The wall

protrudes above the roof and is wider than the building (Photo S. Margreth).

6. CONCLUSIONS - LIMITS OF DIRECT PROTECTION MEASURES

Direct protection measures are a key method when building in hazard areas. Such measures are
suitable for blue hazard zones with moderate risk and avalanche pressures of less than 30 kN/m?.
For higher pressures, area protection measures such as avalanche dams or supporting structures
are often more cost-effective. New buildings are much easier to reinforce against avalanches
than existing buildings. It is very important to involve avalanche experts at an early stage of
planning to optimize the building concept regarding avalanche actions. The aim should be to
plan robust measures whose effectiveness is guaranteed under various conditions. Access to the
building must be always given the necessary attention. Openings on the avalanche side should
be avoided or protected accordingly. In addition to correctly determining the avalanche actions,
small planning details are often decisive whether a direct protection measure will work well.
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ABSTRACT

To protect objects at risk from snow avalanches, remote avalanche control systems (RACS)
have been successfully applied operationally for several decades. Wyssen Avalanche Control
has been a supplier of RACS solutions since the year 2000. Pre-engineered scenarios have been
developed for dry snow avalanche scenarios with flow velocities and snow height up to 25 m/s
and 1.5 m respectively. In many instances these scenarios can streamline the planning process.
However, cases that fall outside of the pre-engineered solutions might still be realized in
cooperation with the supplier to find safe and effective placements. To illustrate this, we present
cases from Switzerland, USA and Canada that show a wide spectrum of challenges and
requirements, leading to vastly different tower placements. Ultimately, determining tower
placement requires balancing maximal release area coverage for each system against favourable
geotechnical conditions and other real world factors such as access and communications, while
staying inside the structural design limitations of the systems and ensuring operational
requirements are fulfilled.

1. INTRODUCTION

Since 2000, Wyssen Avalanche Control (WAC) has supplied avalanche towers for Remote
Avalanche Control Systems (RACS). RACS enables triggering artificial avalanches from a safe
distance. Over the past decades RACS have proven to be a safe and cost-effective method for
protecting roads, railways, ski resorts and mines around the world. As of May 2025, Wyssen
has 917 operational avalanche towers worldwide. The tower construction has undergone
optimization through several iterations, and over the years, we have gained extensive
experience through close dialogue with our customers and their consultants, as well as through
in-house design, construction, and operation.

A thorough planning phase for the placement of towers is important and depends on a variety
of factors. In this extended abstract we will focus on safety of the object at risk and safety of
the towers themselves, where the following three factors are most important:

- Optimal explosive effect to release avalanches from release areas of interest
- Minimizing the exposure of the tower to natural or artificially triggered avalanches
- Geotechnical ground conditions (based on input from geotechnical engineer)
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Other considerations such as risk of rockfall, safe access, helicopter longline operation and
communication coverage are not included in this article.

2. PLANNING METHOD / PROJECT METHODOLOGY

2.1 Early planning phase

The release area to be controlled by RACS is mainly defined by the objects at risk and their
avalanche paths. Typically, the goal is to affect the release area by direct effect from the
explosive detonation. Lower release areas in the avalanche path can also be indirectly affected
by the released avalanches. It is important to clearly define the effective range of the system
early in the planning phase, as this will impact the number of RACS and their suggested
placement. Key factors influencing the effect include distance from the blast, snowpack
structure at the time of detonation, and terrain shadow effects. WAC recommends a 120-to-130-
meter line-of-sight radius for a standard 4 to 5 kg charge, based on measurements and
operational experience (Gubler, 1976; Meier, 2023; Meier, 2024 and Seitz; 2021). Visibility
analyses of the affected area can be conducted using GIS tools to identify terrain shadowing.

Operational requirements may justify smaller spacing between towers than the recommended
range, for example, to reduce the need for reloading during the season. In areas with high
accessibility demands, such as busy roads or above settlements, overlapping coverage from
multiple towers ensures redundancy. Nonetheless, we recommend striving for the minimum
number of towers required for effective control, as the method has proven reliable within the
recommended range and offers substantial benefits in terms of cost, maintenance, and
environmental impact. It is important that the operations team is informed of any financial or
other constraints during the planning phase, such that operations can be tailored accordingly
(Campbell et.al., 2016). An example of this is given in chapter 3.

2.2 Tower structural limitations

Wyssen Avalanche Towers are engineered to withstand snow and avalanche forces under a wide
range of conditions. To define their load limits, independent consultants (A. Burkard AG, Paul
Glassey SA) modeled various scenarios using both Swiss (Stoffel et al., 2006; Margreth, 2007)
and international calculation methods (Jéhannesson et al., 2009), followed by structural
analyses using standardized safety factors according to Swiss standards (SIA)/Eurocode.

Scenarios included dynamic impacts from dry slab avalanches (10-30 m/s), static snow
pressures and wind load. For critical cases, additional load by avalanche powder clouds was
considered. Dry slab scenarios assumed a snow height of 1.5 m (vertical) with a flow height of
1.2 m at a density of 300 kg/m?. Results of structural analysis show that towers can withstand
dry avalanches with velocities up to 25 m/s with the given parameters, also in south-facing
slopes with high snow creep and glide. Forces on the tower due to wet avalanches have potential
to reach the maximum force scenario at lower velocities, partly due to the higher density of
snow and higher run-up height.

2.3 Recommendations for placement selection

To support safe placement of avalanche towers, a simplified method has been developed to
assess avalanche hazard at potential tower sites by estimating avalanche velocity as a function
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of slope angle and distance from the fracture line. We generally suggest that towers can be
placed provided certain conditions are met:

1. Less than 200 m line-of-sight distance to expected fracture line, or where the
avalanche velocity is <25 m/s.

2. Where the release area and the avalanche path above the tower are not channeled to
avoid accumulation of flowing snow mass.

3. Avoidance of gully shaped terrain features and utilize ridge features to avoid
increased flow heights, to minimize rock fall potential and optimize the affected area
by the explosive detonation.

4. Wet snow avalanches can be avoided by placing towers outside of the main flow
path.

If any of these conditions are not satisfied, we suggest a more detailed expert assessment.

2.4 Foundation and anchor design

In the next step detailed measurements and a terrain assessment are conducted during a field
visit. These values are then used to determine appropriate anchor dimensions and anchoring
lengths for the local ground conditions of each tower and foundation type (Figure 7). Locations
with good (or as good as possible) geotechnical conditions should be favored, allowing
construction of a regular foundation without special adaptions or design changes (e.g. special
anchors). Poor ground conditions may limit the areas where foundations can be placed and must
be surveyed by a geotechnical engineer. Based on the pre-engineered design this leads to a
maximum allowed force of 332 kN per vertical anchor and 543 kN on the shear relief anchor.

Figure 1 Wyssen concrete (left) and concrete-less foundation (right) with 4 vertical and
1 shear relief anchor.
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3. APPLICATION IN PRACTICE

Wyssen Avalanche towers have been placed in a variety of mountainous terrain. As a system
provider, we strive for customers and consultants to position the towers following the procedure
and criteria presented in section 2. A complete overview of all possible concept parameters is
outside of the scope of this article, but here we present a few examples of different operational
settings and typically faced boundary conditions.

3.1 Spacing between RACS

Operational requirements can demand both tighter or sparser spacing of towers. A large spacing
(=beyond the assumed effective range) between RACS can be used if the main goal is to disturb
the snow cover and mitigate the hazard of large avalanches with wide fracture lines, whereas
smaller (natural) avalanches are acceptable to the operation as they do not endanger the
infrastructure in the runout. At Breitzug close to the town of Davos (Switzerland), RACS have
been installed in 2017 for the protection of the road and railway. Four towers were placed on
natural ridge features with spacing of up to 320 m. Since the installation of the RACS, no natural
or controlled avalanche reached a size that would endanger the underlying infrastructure.

An example in the opposing end of the scale is the ski resort of Alta (USA), where towers were
placed relatively close together to directly affect individual release areas to mitigate hazard of
(natural or human triggered) small avalanches which could reach ski slopes (Figure 2 left). In
the alpine town and ski resort of Samnaun (Switzerland), 87 RACS are used to protect the
access road, the settlement and ski slopes (Figure 2 right). Most avalanche paths are very steep
and can directly affect the objects at risk, especially for the settlement. Some towers are placed
closely together and often overlap in effective range for system redundancy. With more than 20
years of operational experience with RACS this client continuously refined its operational
concept and even relocated some towers after a few winters to optimize positions and
effectiveness.

3.2 Limited locations due to geotechnical limitations or overhead hazard

In some cases, suitable tower installation locations are very limited due to overhead avalanche
hazard or rock fall potential. Also, geotechnical limitations can dictate where tower foundations
can be constructed (in a cost-efficient manner).

At the Brucejack mine (Canada) access road, RACS was installed in 2019 to mitigate
avalanches from upper release areas and with an additionally row of RACS on the lower parts
just above the main access road (Figure 3 left). The lower row of towers has seen minor
damages, e.g. to the uphill ladders placed on the tower, by the avalanches released from the top.

For the road between Sils and Maloja (Switzerland), suitable locations for installation of RACS
has been limited by rockfall hazard. Exposure of the towers was minimized by selecting
placements on natural rock features and ridges. Also, the concrete-less design (Figure 1 right)
was chosen for construction efficiency, e.g. no formwork or concrete needed, and to minimize
exposure time of workers during construction.

Towers are generally placed on natural ridges for maximum explosives effect to the side (based
on spherical wave propagation from the detonated explosive charge). These placements also
minimize the expected forces acting on the tower by natural or controlled avalanches. This also
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applies to reducing the risk of rockfall to the tower and furthermore reduces the visual impact
of a tower protruding above ridge line. E.g. due to the very steep terrain in Samnaun
(Switzerland), the expected velocities would have been too high if towers were not placed on
ridge features (Figure 2 right).

Special adaptations of the towers are possible but usually require a significant amount of
additional engineering and (material and construction) costs. Often a lot of knowledge and
operational experience exists with the RACS suppliers, and it is recommended to consult and
involve them early in the planning phase.

Figure 2 Left: Alta ski resort (USA) — towers are placed close together to directly affect
individual release areas to mitigate hazard of (natural or human triggered)
small avalanches which could reach ski slopes. Right: Samnaun (Switzerland)
— 87 RACS are used to protect the access road, the settlement and ski slopes.

Figure 3 Left: Brucejack mine (Canada) access road, RACS (yellow dots) installed to
mitigate avalanches from upper release areas and with an additionally row of
RACS on the lower parts above the main access road. Right: Sils-Maloja
(Switzerland) —Limited locations due to geotechnical conditions. Risk of
rockfall was minimized by selecting natural ridges.

4. DISCUSSION

When planning any sort of structure in mountainous terrain, the existing design and construction
standards, which are typically aimed at e.g. residential buildings or road construction, are often
inadequate. Thus, deviations from these standards (e.g. SIA standard) have been compiled and
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engineered for a variety of structures resulting in cost-efficient and suitable designs — e.g. Swiss
guidelines for construction of defense structures in avalanche starting zones (Margreth, 2007).

This also applies to Wyssen Tower, where the construction is a balance between the maximum
forces where the structure must withstand (which affects the thickness and weight of steel) and
the constructability and suitability for transport via helicopter (especially at higher altitudes).
After 25 years of applying the Wyssen RACS towers design to nearly 1000 towers, experience
shows that the design is robust and cost-efficient. In most cases it is not possible to find the
“ideal” location for an avalanche tower. In reality, it is much more a compromise between
affected area, effective use of explosive power and the number of RACS while still staying
within the design parameters.

As wet avalanches often cannot be completely excluded, we found our guidelines to be
imprecise and difficult to apply. In discussions with clients and consultants in such cases, we
have suggested that, if towers are actively operated to ensure continuous disturbance of weak
layers, the potential size of wet avalanches will generally be very limited. We are not aware of
any cases where wet snow avalanches have caused critical damage to the main structure or
foundation. Further research and measurements on the impact pressures applied to objects
caused by wet snow avalanches could improve the planning of RACS.

5. CONCLUSION

Remote Avalanche Control Systems (RACS) are a cost-efficient and long-term solution for an
operation if placed well. For the installation of Wyssen towers we conclude with the main
points:

e The operational requirements and the effective range of the RACS set the boundaries
the project-specific design.

e To achieve the most cost-efficient solution, it is recommended to stay within the
suppliers design limitations, while simultaneously optimizing RACS placements to
maximize release area covered.

e Pre-engineered scenarios allow for simplified planning. If scenario limits are exceeded
and for complex projects, it is advised to consult the supplier.

e A field visit is necessary to finalize each position. During this visit, geotechnical
conditions, constructability and local terrain should be assessed.

¢ Final tower placement is a trade-off between a variety of factors that should be
considered during the planning phase.
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ABSTRACT

The power supply between Terrace and Prince Rupert, British Columbia, Canada is provided
by BC Hydro’s 287 kV transmission line. This is the primary power supply to over 12000
residents in Prince Rupert, which is also an important Pacific port that moves $60 billion of
cargo annually. Since construction in the 1960’s, avalanches have damaged one structure four
times, which was relocated and replaced in 2019 by two 62 m reinforced, steel poles to increase
conductor clearance. Another fifty-five structures or conductor spans are exposed to avalanche
hazard along the 126 km route.

In 2023 and 2024, week-long generator maintenance outages were scheduled for the backup
power system. The reliability of the transmission line was critical during this time to avoid
extended power disruption due to avalanches. A quantitative risk assessment was completed to
express baseline risk as the annual probability of service disruption. Results were
communicated using a semi-quantitative risk matrix incorporating probability and
consequence.

To determine if the risk was tolerable and generator maintenance should proceed, baseline risk
was adjusted based on current and forecast avalanche conditions. This assessment considered
the snowpack structure, snow distribution in the avalanche track and runout zones, and the
forecast weather. This assessment was compared to the baseline avalanche risk assessment to
inform a decision to proceed with generator maintenance.

This paper summarizes historical avalanche damage to the line, implemented mitigation
measures, and presents a methodology to link long-term avalanche risk to short-term,
operational decisions.
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ABSTRACT

In Switzerland, protective measures against gravitational natural hazards, such as snow
avalanches, are planned according to economic, ecological and social criteria. Since 2008, the
economic assessment of planned mitigation measures is carried out with the software EconoMe.

The methodological basis for EconoMe is the risk concept for natural hazards which was
formally introduced in 2009 as part of the Swiss national strategy for natural hazards. It is based
on hazard intensity maps with three to four predefined release return periods. This approach has
its limits, which is why the concept of probabilistic risk assessment is currently being further
developed for the assessment of gravity-driven natural hazards in Switzerland.

We compare the results of a benefit-cost analysis using the EconoMe method with the results
obtained using a probabilistic hazard and risk analysis. The results show that the benefit-cost
ratio obtained by both approaches is in a comparable range in this case study. The probabilistic
assessment leads to a lower benefit-cost ratio in this case study given equal assumptions on the
effectiveness of measures but it provides a wealth of additional possibilities for hazard and risk
assessment.

1. INTRODUCTION

Since 2008, Swiss authorities base decisions on mitigation measures against gravity-driven
natural hazards, such as snow avalanches, on quantitative risk assessment. Hereby the expected
reduction of annual damages is compared to the annual cost of the planned mitigation measures
(Briindl and Zaugg, 2019). Additionally, the individual risk of death for a person in the affected
area is considered. If it exceeds the value of 1 x 1073 per year, mitigation measures for reducing
the risk at reasonable expense should be examined (Briindl and Margreth, 2021, PLANAT,
2015). To evaluate the effectiveness and efficiency of mitigation projects, the software
EconoMe was introduced in 2008 (EconoMe, 2025), so that federal subsidies for mitigation
projects are based on a uniform approach.

In the current practice, this type of risk assessment is based on hazard intensity maps, which
typically depict the maximum intensity at 30, 100, and 300 years of release return periods. If
possible, an intensity map of 500 - 1,000 years of return period should be included. These
intensity maps are primarily developed for hazard mapping relevant in land-use planning.
According to Swiss regulations, hazard maps indicate where construction of new buildings and
building extensions are not allowed (red zone), where restrictions apply (blue zone) and where
low (yellow zone), residual (yellow-white hatched zone) or no hazards (white zone) are
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expected (FOEN, 2016). For snow avalanches, the information shown in an intensity map is
based on the snow accumulation over a three-day period (AHS3D) at a specific meteorological
station for selected return periods. These return periods are derived using extreme value
statistics applied to the snowfall data. Intensity maps depict the maximum expected physical
impact at objects at risk across all possible and conceivable process pathways. The intensity /
is typically divided into three classes (I < 3kPa, 3kPa <1< 30 kPa; I > 30 kPa). The exceedance
probability of AHS3D and therefore of an avalanche release is assigned to the exceedance
probability of the intensity maps and hence to the exceedance probability of the damage
occurring. Using such intensity maps for risk assessments results in an overestimation of
damage at the return periods. To counteract this overestimation, a factor — the spatial probability
of occurrence, ranging from 0 to 1 — is applied to the damage values. This factor reflects that,
depending on the return period of release, only part of the process area is usually affected during
a single avalanche event. This also reduces the expected annual damage (Briindl et al., 2009).

Probabilistic hazard and risk modelling is based on a large number of simulated hazard events
and their associated event probabilities. The outcome of such a probabilistic modelling allows
to derive continuous intensity-frequency curves at any given location. Therefore, maps can be
generated, which represent the intensity through probabilistic modelling at the location for the
given return period. Combined with object values and vulnerabilities, it allows to derive
continuous loss-frequency curves for single objects or groups of objects.

Probabilistic hazard and risk assessment has been common practice for decades for earthquakes
(e.g. Silva et al., 2015, Gerstenberger et al., 2020) with the approach being based on Cornell
(1968). Since then, the approach has been adapted to tropical cyclones (Bloemendaal et al.,
2020, Emanuel et al., 2006, Hall and Jewson, 2007, Hall et al., 2021, Lee et al. 2020) and to
more localized hazards such as hail (Schroer et al. 2022). Recently, this approach has been
introduced to hazard analysis of snow avalanches (Kleinn et al., 2024a; Glaus et al., 2024) and
rockfall (Kleinn et al., 2024b).

Here, we compare benefit-cost analyses using the EconoMe approach and results from a
probabilistic hazard and risk assessment for a case study with the identical assumptions for
exposed values, vulnerabilities, and mitigation measures. Both approaches are based on the
same set of simulations, which has not been formally validated in the field.

2. METHODS

2.1 Case Study Site and Exposed Values

To illustrate our approach, we chose the area “Ausserschwand” in Adelboden, canton of Berne.
The investigated release area and the runout area is located at an altitude between 1,330 and
1,800 m a.s.l. In the investigated area, 25 buildings are located in the red and 15 in the blue
hazard zone (Figure 1). We determined the type and usage of buildings and derived their
monetary values and their vulnerabilities according to the standard values in EconoMe
(EconoMe, 2025). The standard vulnerabilities in EconoMe are only defined for three ranges
of intensity: I < 3kPa, 3kPa <1 <30 kPa; I > 30 kPa. For each housing unit we assume 2.24
persons are present for 18 hours per day, which are standard values in EconoMe.
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Figure I  Current official avalanche hazard map of the area “Ausserschwand” near
Adelboden (left). 40 buildings are located either in the red or the blue hazard zone.

2.2 Hazard Modelling

For the probabilistic hazard analysis, we simulated the avalanches for 13 release depths
(AHS3D) from 70 cm to 310 cm in steps of 20 cm using the operational version of RAMMS
and standard values for friction parameters y and £. According to the extreme value statistics
of the weather station Jaunpass, we determined the return periods of AHS3D as shown in

Table 1 for selected values of AHS3D. In our pilot study, the return periods of the release depths
did not match the standard return periods of 30, 100 and 300 years. Therefore, we chose release
depths with return periods of 22, 74, and 217 years to be representative of the standard return
period values. We derived the maximum pressure from all simulations based on these release
depths for the EconoMe approach.

Table 1 Selected release depths and their return periods as used for hazard and risk

modelling.
AHS3D [cm] | Return period [years]
110 6
130 22
150 74
170 217
190 570
210 1364
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For the probabilistic approach, we ran a total of about 14,000 simulations across all release
depths in the entire region. 356 of these simulated avalanches affect the buildings of this pilot
study.

2.3 Estimation of Expected Annual Damage

For the standard EconoMe approach, we combine the spatial distribution of avalanche hazard,
expressed as impact pressure [kPa], for each of the three return periods to determine the
expected damage. This calculation accounts for building vulnerabilities and the assumed
number of occupants. The calculated damage is reduced by the spatial probability of occurrence
for each return period (standard values of EconoMe; EconoMe, 2025). The expected annual
damage is then calculated from the three data points using a step function.

In the probabilistic approach, we consider the simulated pressure at each building for each
simulated avalanche. In combination with building vulnerabilities, values and number of
occupants, we derive a damage for each simulated avalanche. The damage of each simulated
avalanche and its probability are combined to a continuous loss-frequency curve. The expected
annual damage is the integral of the loss-frequency curve.

The results of both approaches can be depicted in loss-frequency curves (Kleinn et al., 2022).

2.4 Mitigation Measures

The area of Ausserschwand is prone to avalanches releasing from a 30 - 40° steep south-east
facing slope at an altitude of 1,800 m a.s.l. As a fictitious mitigation measure, we planned two
areas with 1,005 m wooden support structures (effective height Dx=2.5 m) and two areas with
769 wooden tripods, both combined with afforestation (Figure 2). The total cost of investment
for these measures is estimated at 1,770,000 CHF. We assumed maintenance costs of 0.2 % and
a lifespan of 30 years for the support structures and the tripods. For afforestation, we assumed
1 % maintenance costs and a lifespan of 100 years. This results in annual costs for all measures
of 71,200 CHF per year (EconoMe, 2025). As a simplified assumption of the measures’
effectiveness, we assume no avalanche release for release depths of up to 150 cm within the
mitigation measure polygons for both approaches. In the EconoMe approach, this leads to a
reduced damage for 22 years and 74 years of return period. Damages at 217 years of return
period (release depth of 170 cm) were considered to remain unchanged. For the probabilistic
approach, the avalanche events originating within the mitigation measure polygons with release
depths of up to 150 cm were removed from the avalanche event set for analyses of hazard and
risk with measures.
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o 2
w Schwand Adslboden
w1 mit Dk 2.5 m, 445 m, CHF 0.58 Mio.
wa: mit Dk 2.5 m, 560 m, CHF 0.73 Mio.
LV3: Dreibeinbécke mit Aufforstung, 370 Stiick, CHF 0.22 Mio.
LV4: Dreibeinbécke mit Aufforstung, 399 Stiick, CHF 0.24 Mio.

Figure 2 Overview of the fictitious mitigation measures to reduce avalanche hazard in the
area “Ausserschwand” in Adelboden, canton of Berne. LV1 and LV2 consist of
wooden supporting structures. LV3 and LV4 consist of wooden tripods. All four
areas include afforestation.

3. RESULTS AND DISCUSSION

3.1 Hazard Modelling

In total, we ran 14,000 simulations for the region around Adelboden, of which 356 affect the
slope of our case study around Ausserschwand. RAMMS provided information on avalanche
velocity, flow height and avalanche pressure for each grid cell. These simulations can be used
to calculate the maximum impact of all releases of a given release depth and return period
according to the current Swiss hazard mapping procedures (top row of Figure 3). In
combination with the event probabilities of the simulated avalanches, intensity frequency
curves can be calculated for each grid cell and the intensity at any given return period can be
derived. We extracted intensities for the return periods of avalanche release depth used for the
current hazard mapping approach (bottom row of Figure 3).
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Figure 3  Avalanche hazard as modelled with RAMMS. The top three figures show the
maximum pressure [kPa] in each grid cell from all simulations of release depth of
the return periods of 22, 74, and 217 years, respectively. The lower three figures
show the effective pressure [kPa] in each grid cell derived from all avalanche
simulations and their corresponding probabilities. The expected annual damage is
estimated for the buildings including persons within the polygon.

3.2 Loss-Frequency Curves

Loss-frequency curves are required for characterizing risk (Kleinn et al., 2022). The expected
annual damage, which is commonly used for benefit-cost analyses, is one of the characteristics
of risk. When loss-frequency curves are depicted using a linear loss scale and linear exceedance
probabilities or non-exceedance probabilities as axis, the surface underneath the loss-frequency
curve corresponds to the annual expected damage.

The loss-frequency curve of the EconoMe approach consists of a step-function to connect the
damage values of the three return periods of avalanche release (Figure 4). The loss-frequency
curves of the probabilistic approach were constructed using all event damages and the
corresponding event probabilities. This results in continuous loss-frequency curves for the
probabilistic approach.
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Figure 4  Loss frequency curves without (initial value) and with consideration of the fictitious
mitigation measures. The two panels show the same loss-frequency curves with
different probability scales. In the panel to the right, the surface underneath the
curves correspond to the annual expected damage. The figure on the right thus
allows a visual comparison of risk characteristics, due to the area-preserving
representation of annual losses. This not only allows different risks to be compared
but also enables the contribution to the annual loss of rare and frequent events to be
identified.

3.3 Expected Annual Damage

The expected annual damages as derived from the loss-frequency curves are shown in Table 2
for both the EconoMe and the probabilistic approach.
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Table 2  The expected annual damage (EAD) for the initial state before mitigation and the
mitigated state (remaining EAD) as well as the resulting reduction in EAD are
shown for both risk assessment approaches.

Approach | Initial EAD [CHF/a] | Remaining EAD [CHF/a] Reduction [CHF/a]
EconoMe 888,089 576,676 311,412
probabilistic 733,533 605,606 127,928

3.4 Benefit-Cost Ratio

The results from both risk assessment approaches provide the information to estimate the
economic efficiency of the planned mitigation measures. The EconoMe approach estimates a
reduction in expected annual damages of 311,412 CHF/year, annual costs of 71,200 CHF/year
for the measures, resulting in a benefit-cost ratio of 4.4. Using the probabilistic approach, the
benefit-cost ratio is 1.8.

4. CONCLUSIONS

This comparison of a risk-based benefit-cost analyses for avalanche mitigation measures, using
two different hazard and risk assessment approaches in a case study, shows that the results are
within a comparable range. The probabilistic approach yields a lower benefit-cost ratio, which
is attributed to its more differentiated hazard and risk representation. The results should be
interpreted with caution, considering the specific hazard and exposed values of this case study.
In other cases, the difference between the two approaches may be different.

Probabilistic modelling provides a range of advantages compared to the EconoMe approach.
Since damages are calculated for all simulated events, mitigation measures can be designed in
a much more targeted manner by reducing the most damaging release areas. Furthermore, the
probabilistic approach allows to take multiple damaging events per year into account in the risk
assessment and hence also in the benefit-cost-analyses. The continuous intensity-frequency and
loss-frequency curves provide more information on possible jumps in intensity or damages
compared to EconoMe. Probabilistic hazard and risk assessment also takes the spatial
correlation into account, i.e. the possibility of multiple objects being hit in a single event.
Changes induced by climate change or changes in the building stock, can be taken into account
in a more realistic manner in the probabilistic approach.
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ABSTRACT

The Norwegian Public Roads Administration manages 10,000 km of national roads, with 354
sections exposed to snow avalanches and slush flows. We apply a holistic risk management
approach, selecting mitigation methods based on hazard type, residual and perceived risk, and
cost-effectiveness. Our mission is to ensure a transport system that is safe, accessible, and
environmentally sustainable. We highlight how technology—such as detection, monitoring,
and active control systems—helps reduce uncertainty, improve situational awareness, and
enhance safety for road users. Avalanche mitigation is integrated into a broader natural hazard
risk management system. A 24/7 national preparedness framework issues daily regional alerts
and supports emergency response. For roads with active avalanche control, site-specific
forecasts provide daily risk levels to road operators. To support effective risk communication,
we use RESPONS—a custom-built mapping and forecasting tool. Our forecasting and
emergency response efforts are closely coordinated nationally through the Varsom platform.
Collaboration with private consultants and international partners strengthens our
comprehensive approach to avalanche risk management.

1. INTRODUCTION

The Norwegian Public Roads Administration (NPRA) manages approximately 10,000 km of
national roads, including 354 sections exposed to snow avalanches and slush flows (Farestveit
et al., 2024). Around 2,500 natural hazard events are registered annually, with 63% being
rockfalls or rockslides—often from artificial cuts—16% snow avalanches and slush flows, and
13% landslides. The remainder includes debris flows and other disruptive events such as
collapsing ice.

To address these risks, NPRA applies a holistic management approach that combines physical
and organizational mitigation with technological innovation and a 24/7 preparedness system.
This strategy is grounded in a broad understanding of risk—including physical, residual, and
perceived risk—alongside cost-benefit considerations, ensuring that measures are tailored to
each road section in a changing climate.

This paper presents an overview of NPRA’s integrated snow avalanche risk management
system, highlighting its components, implementation, and coordination.
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2. HISTORICAL SHIFT TOWARDS TECHNOLOGY-DRIVEN AVALANCHE
MANAGEMENT

Historically, the Norwegian Public Roads Administration (NPRA) relied on physical protection
structures—such as tunnels, deflection dams, and breaking mounds—to mitigate avalanche risk
(Humstad, 2024). Since the 1980s, however, the agency has increasingly embraced
technological solutions, a shift led by the NPRA’s Snow Committee.

Early detection systems like analog geophones required manual verification, often causing
prolonged road closures. These evolved into digital platforms with remote access, enabling real-
time monitoring and faster, more informed decisions. Today, NPRA employs advanced
technologies including Doppler radar, infrasonic sensors, ground-based radar interferometry,
and distributed acoustic sensing (Persson et al., 2018; Humstad et al., 2016, 2018; Turquet et
al., 2024). Integrated into user-friendly dashboards, these systems allow operators to monitor
avalanche activity, verify events via cameras, and distinguish real events from false alarms
through automated post-processing—reducing uncertainty and improving operational
efficiency.

Currently deployed at over 20 locations (Figure 1), these systems are also used for rockfalls and
debris flows. Supplied by fewer than ten consultancies under more than 50 contracts, this
evolution marks NPRA’s strategic shift from reactive to proactive hazard management.
However, the success of both active mitigation and modern detection depends on continuous
follow-up and integration within a robust preparedness system.
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=4 Radar detection and automated closure
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DAS detection ¥ 4
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Knutstugugrove § )
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E134 Haukelifjell 1
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Figure 1: Left panel: Map of Norway showing road locations with physical mitigation measures
(red) and active mitigation measures (green). Three locations with active mitigation
measures are highlighted. Right panels: Map and picture of Rv15 Knutstugugrove
where a doppler radar monitors the avalanche path and informs a traffic light and
road barrier.

3. NATURAL HAZARD PREPARDENESS AND OPERATIONAL COORDINATION

Although traffic volumes are relatively low, expectations for road accessibility and connectivity
remain high (Orset & Frekhaug, 2024). To manage natural hazard risks across the national road
network, NPRA operates a coordinated 24/7 preparedness system, in collaboration with the
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Norwegian Water Resources and Energy Directorate (NVE), private consultancies, and
international partners. This system covers a wide range of hazards, including snow avalanches,
debris flows, slush flows, and flooding.

The preparedness system serves two main functions:

1. Issuing daily diligence levels to alert road owners to potential disruptions.
2. Providing expert support during acute events.

Diligence levels are issued daily for the entire country, divided into sub-regions (Figure 2).
Hazards are categorized into four levels, from normal operations to significant restrictions.
These levels are based on regional hazard forecasts (e.g., avalanches, floods) and NPRA’s own
weather analysis, tailored to the road network. Each level is accompanied by a short, written
forecast published in the decision-support tool RESPONS (Figure 2).

During acute events, expert assistance is available via an on-duty forecaster. Local experts may
be dispatched for field investigations, though remote support using photos is often sufficient.
Since 2020, the system has handled over 1,100 inquiries (Orset & Frekhaug, 2024).

4. TECHNOLOGICAL EVOLUTION AND ACTIVE AVALANCHE CONTROL

In 2024, the NPRA launched a national initiative to reduce avalanche risk through technological
innovation, responding to a request from the Ministry of Transportation (Farestveit et al., 2024).
The goal was to implement Remote Avalanche Control Systems (RACS) at 25 high-risk road
sections and to test additional technologies for avalanche monitoring and detection. Among
these, the use of unmanned aerial systems (UAS) for artificial avalanche control has shown
promising results (Tveit & Bockman, 2024).

By summer 2025, RACS were operational on Rv7 Hardangervidda and E134 Haukelifjell, with
installations underway on Rv15 Strynefjellet and Rv13 Vikafjellet. Feasibility assessments
have also been conducted for several other avalanche-prone locations. To support this effort,
NPRA established a framework agreement with two RACS providers.

Effective active control depends on detailed knowledge of snowpack stability, allowing for the
frequent triggering of small, controlled avalanches to prevent larger, natural ones. This has
required the development of site-specific avalanche forecasting systems, tailored to support
operational decision-making at each RACS site.
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Figure 2: Left panel: Screenshot from RESPONS showing Norway with national diligence
levels imposed, from 27.1.2024. Regional avalanche forecasting regions and danger
level are also shown. Right panel: Definition of the diligence levels as well as a
flow chart of the different forecasting systems, from national to avalanche path-
scale.
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5. SITE-SPECIFIC AVALANCHE FORECASTING

As part of the 24/7 national preparedness framework, NPRA currently operates two site-specific
avalanche forecasting projects at Rv13 Strynefjellet and E134 Haukelifjell. A third project was
conducted at Rv80 near Bode during the 2023-24 winter season to forecast slush flow hazards
(Andreassen et al., 2024). With RACS being implemented at additional locations, more
forecasting projects will be established in the coming years.

Daily forecasts are issued throughout the winter season and are based on snowpack stability
assessments, runout probabilities, and the potential consequences of avalanches reaching the
road. These forecasts follow a four-level diligence scale (green to red), each linked to specific
operational responses such as work restrictions, road closures, or active control measures.

Technological tools play a key role in reducing uncertainty and improving forecast accuracy.
These include SNOWPACK simulations for snowpack evolution, drone-based snow surface
modeling for terrain and snow distribution, and ultrasonic snow depth sensors for real-time
calibration. Especially our use of drone-based sensors for data collection has in recent years
increased (McCormack, et al, 2024).

6. INTEGRAL SNOW AVALANCHE RISK MANAGEMENT FOR NATIONAL
ROADS IN NORWAY

NPRA has transitioned from relying solely on physical avalanche protection to a proactive,
technology-driven approach embedded in a national 24/7 preparedness system. We now
combine passive measures like snow sheds and deflection dams with active interventions such
as RACS, supported by site-specific forecasting and advanced detection technologies. These
innovations enhance situational awareness and reduce uncertainty (Figure 3).
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Figure 3: Components of our proactive approach to avalanche mitigation, combining field
observations, technology for detection, monitoring and active control and site-
specific forecasting. Data and forecasts are made available via different web
platforms.

This proactive model also enriches the professional experience of our forecasters and hazard
specialists. With increased responsibility comes a need for continuous learning, scientific
engagement, and fieldwork. Staying updated with research and maintaining local knowledge
makes the work both meaningful, dynamic and interesting.

Cost-benefit analyses (CBAs), as emphasized in the National Transport Plan (NTP, 2022-2033,
National Transport Plan 2022-2033 - regjeringen.no), guide the prioritization of mitigation
efforts. They ensure that investments deliver maximum societal value by balancing safety
improvements, reduced road closures, and operational efficiency against implementation
costs—especially important in remote areas with low traffic but high connectivity demands.

Importantly, the NTP also recognizes the growing impact of climate change on natural hazards.
As a result, climate adaptation has become a key priority, with a focus on the life cycle of
mitigation measures and integrating climate risk into planning and operations.

Despite the many benefits of Norway’s proactive avalanche risk management approach, it also
presents notable operational challenges and technical limitations. Continuous forecasting and
preparedness demand significant human resources, with experts having to balance remote
forecasting with on-site fieldwork. Besides the time intensity of this work, deep knowledge and
ongoing professional development is needed. Forecasting is an intuitive, experienced-based
work where uncertainty is inherent. The reliance on advanced technologies demands ongoing
maintenance, calibration and error finding. High false alarm rates add uncertainty and can
increase the experienced risk for road users. While proactive measures aim to reduce residual
risk, they cannot eliminate it entirely — such as a tunnel can. Unexpected weather events,
technology failure, communication breakdowns or misinterpretation of data can compromise
safety.

7. CONCLUSION AND FUTURE DIRECTIONS

Norway’s integrated approach demonstrates how innovation, preparedness, and economic
rationale can converge to create a resilient and efficient transport system. The NPRA’s integral
approach to snow avalanche risk management exemplifies best practices in hazard mitigation.
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By combining traditional engineering solutions with cutting-edge technology and inter-agency
coordination, within a 24/7 national preparedness system, Norway ensures the safety and
accessibility of its national road network. Continued investment in research, technology, and
collaboration will be key to addressing future challenges. Future developments will focus on
enhancing forecast accuracy, expanding the use of Al in decision support, and strengthening
cross-border collaboration.
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ABSTRACT

On the eastern edge of the Lyngen alps in Arctic Northern Norway lies Furuflaten. Parts of
the village is threatened by the powder part from large snow avalanches from several release
areas. As part of a mitigation study, a climate analysis adopted for building an avalanche
scenario in the mass-dependent avalanche model RAMMS::Extended was made. We show
how this was adopted from the method proposed by Stoffel et al. (2024) by utilizing a gridded
meteorological dataset called SeNorge2018. We address the uncertainty related to input
parameters from interpolated climatological data and show how we built our avalanche
scenario. Finally, we show our proposal for how the Pollfjellet avalanches can be mitigated.

1. INTRODUCTION

On the eastern edged of the Lyngen alps in Arctic Northern Norway lies Furuflaten. Parts of
the village is threatened by the powder part from large snow avalanches from several release
areas. Hazard zone maps defined 40 buildings with unacceptable risk. Consequently, a
feasibility study for mitigation measures has been made.

Figure 1 The mountain Pollfjellet (1213 m. a.s.l.) and Furuflaten village at its base. Blue
arrows show flow paths of avalanches from different release areas.
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A key part of this study was to develop a realistic avalanche scenario for modelling the
powder cloud. Mass-dependent powder cloud models are becoming widely available, offering
greater accuracy in reproducing observed events through many adjustable parameters.
However, this makes scenario-based modelling more difficult and can lead to variability
between practitioners since the scientific community has not yet to set enough focus on how
to build realistic scenarios with this kind of models. Stoffel et al. (2024) proposed a method
based on long-term snow depth data, an altitude-driven climate, and long experience with
modelling in Switzerland. In contrast, Norway lacks extensive snow depth records and has a
more complex snow climate influenced by altitude, latitude, and maritime effects. We
demonstrate how Stoffel’s method was adapted for the Pollfjellet avalanches as input to
RAMMS::Extended (Bartelt & Christen, 2025) by using available data sources in Norway.

2. SETTING

The Pollfjellet avalanche paths face S—SE with a drop height of 700-1000 m. The western
release area is a large bowl (~90,000 m?), while the eastern areas comprise steep, narrow
gullies prone to cross-loading, situated above an open flank. The convex mountain form in the
eastern paths spread the avalanches into multiple flow paths (Figure 1). Avalanches drop over
a cliff around 300-500 m a.s.l., becoming airborne and generating powder clouds with long
runouts (Figure 2). Historic records document destroyed buildings (now relocated) and roofs
being torn off by the powder cloud.

Major avalanches in at Pollfjellet typically occur with intense snow fall from NW from polar
lows loading on top of a depth hoar which is very common. The eastern release areas also
release as wet avalanches due to rapid warming and cross loading from SW.

.

NG o '@T A 8 >
o X

Figure 2 Left: A wet avalanche plunges over the cliff in the avalanche path Geitlirenna
right next to the village. Right: Drone photo where yellow dashed line indicates
forest which is completely damaged by the powder cloud. Broken trees with age
estimated 50-80 years were observed in this area. Red arrows indicate two of the
exposed houses.
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3. METHODS

3.1 The gridded data set SeNorge2018

As basis for calculating extreme values for fracture heights in Norway, the SeNorge2018

1 x 1 km gridded dataset is used. This dataset of daily temperature and precipitation across
Norway is generated by interpolation, combing station data with a high-resolution, model-
based reference climate (Lussana et al., 2019). In regions with few observations like
Pollfjellet, the model climate component dominates, limiting the accuracy of precipitation
estimates.

Snowfall in SeNorge is inferred from precipitation and temperature with precipitation
classified as snow when the daily mean T < 0.5 °C. Undercatch due to wind is corrected, and
snow height is calculated using a temperature-dependent snow density (Saloranta 2012) on
level ground. The three-day snow accumulation is a running total, while total snow depth
includes a simple densification model. Snow depth above treeline is corrected to account for
wind compaction (higher density), therefore the model at times gives higher snow depth in
forested areas than at the mountain top. Most weather stations measuring precipitation are
placed at valley bottoms, making the interpolation at high elevation very model climate
dependent. Steep mountainous topography within the 1x1 km cells give a smoothing that
unlikely resolves complex topographic effects precisely.

There is inherent uncertainty in the dataset stemming from interpolation, station density and
modelled snow related parameters. The interfaces between purely observation-based
interpolation and the model climate are also a source of inconsistency and uncertainty. These
are magnified in mountainous regions with low data density generally especially at high
elevations, making the data set difficult to validate for avalanche related use.

For extreme value analyses (EVA) we use SeNorge2018 (1957-2025), treating the three-day
snow height with a specific return period as a proxy for fracture height. Both Gumbel and GEV
distributions are applied with a block maxima approach of yearly maximum values. Fit-
distribution is based on Kolmigorov-Smirnov test and visually on how the empirical CDF fit.
The uncertainty is a combination of embedded uncertainties in SeNorge combined with the long
return intervals 100, 1000 and 5000 years (representing the hazard zones in Norway) assessed
on 68 years of data.

3.2 Scenario building from SeNorge

In Norway, scenario building is based on the same principles as in Switzerland and Austria
where fracture depth dO is correlated to the three-day new snow and three-day snow height
increase respectively, with a snow drift contribution. While common mass-independent dense
flow models only require a fracture depth as input from climatological data, the extended
version of RAMMS is mass-dependent and requires several climatological input parameters
with their own inherent uncertainty.

An adapted method for defining fracture height and consistency is therefore necessary to build
realistic avalanche scenarios. To avoid the uncertainties for snow parameters in SeNorge, we
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apply an approach using Snow Water Equivalent (SWE) on the approach Stoffel et al. (2024)
suggested with slight adjustments:

e Snow cover temperature at release area elevation

o Since temperature regime is much more complex than in Switzerland, we use
regional climate, latitude and elevation as basis, as well as experience from
reproducing documented events.

o Generally, we use T =-6°C as a standard value. For release areas at low
elevation and at lower latitudes -5°C is often applicable. For dry, cold
continental climates, release areas at relative high elevation and special cases
at higher latitudes we apply -7°C.

e Fracture depth dO and basic value dO*

o Carefully consider how well the EVA based on SWE data corresponds to
observed of given return periods avalanches and experience with modelling.

o Snowdrift is added as a percentage of SWE, typically in the range 0 — 50%.
This scales the snow drift relative to the snow available for transport and have
shown good results for typical Norwegian mountainous topography where
fetches can be large.

o We use the densities suggested by Stoffel et al. (2024) for the chosen snow
cover temperature to calculate dO and dO*.

o Slope correction solely for slope angle and not the f(w) formula of Salm
(1990) in accordance with what seems to be common practice in Norway.

e Forest

o In Norway, forest input can be estimated from a satellite-based map showing
DBH, crown coverage and tree type. The data should always be validated by
field investigations.

Figure 3 show extreme value analysis of SWE and calculated dO and dO* for the feasibility
study.
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Figure 3 - Left: Extreme value analysis of SWE at Pollfjellet from a grid cell with
elevation 896 m by three different methods (colored lines). Data values used in the
analysis are shown by circles. Right: Calculated d0 and dO* for Pollfjellet from suggested
method for return period 1/1000. Snow density p=175 kg/m? and mean slope angle 40°.
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4. RESULTS

Example of modelling results is shown in Figure 4. The chosen model setup is the result of
carefully choosing a grid cell from SeNorge. For calibration, few events were well-
documented, so the observed forest damage (Figure 2), estimated tree age and calculated
fracture height for a representative return period was used for calibration purposes and
verification. This especially helped define the snow drift contribution and give confidence to
the precipitation values used for scenario-building.
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Figure 4 Left: Example of model result from the western and largest release area with the
avalanche scenario. Right: Preliminary suggestion on layout for planning of
supporting structures. Numbers are m? in plan view.

Since the avalanches plunge and are airborne when they reach the valley floor, mitigation is
only reasonable to do with protection measures in the release areas, such as supporting
structures, or reinforced buildings. Since buildings are mainly wooden buildings reinforcement
of existing buildings was considered not feasible. Based on iteration of the avalanche scenario
with different release areas an estimation of supporting structures was done (Figure 4 & Table
1). During the iteration, avalanche size used in RAMMS was carefully considered from the
eastern release areas because both forest and documented events show less damage from
avalanches in these paths. This is likely because the convex form of the mountain channelizes
the avalanches in several smaller flows, making them less mobile and destructive in the runout
than avalanches from the western release area. Therefore, a relatively little part of the possible
release areas in this part was suggested to be mitigated.

Table 1 Estimated amount of supporting structures based on iteration with the avalanche
scenario for different release areas.

Average slope [°] Total area in plan view [m?] Dk 4 [m] |Dk5 [m]

39,8 106 394 2132 2593
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5. CONCLUSION

The village Furuflaten is threatened by avalanches from Pollfjellet. As part of a mitigation
study, we adapted a method for building avalanche scenario from Stoffel et al. (2024) to utilize
a gridded data set in a region with few observations. In this work, the embedded uncertainties
were handled and treated carefully with insight to the data sets limitations and uncertainties.
This is crucial for the avalanche engineer to account for when building scenarios for the ever
more sophisticated mass-dependent avalanche models which emerge from the scientific
community these days. From our point of view, it is crucial that the scientific community
continue to work with how scenario-based approaches can best be done when the avalanche
engineer applies these models in practice.
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ABSTRACT

The 82 km section of the European Road E10 from Tjelsund Bridge to the Sigerfjord tunnel is
currently under reconstruction. Seven tunnels with a total combined length of 27 km will be
drilled to make the road shorter and to avoid exposure to avalanche terrain. Outside of the tunnels,
other road sections will require protection from structural mitigation measures to limit the risk
from rockfalls, avalanches and slushflows. A variety of mitigation measures will ultimately
protect the exposed stretches of road against slope hazards. For rockfalls, local rock anchors and
nettings will secure smaller outcrops, while catching nets will provide protection from larger
release areas. Bridges with sufficient clearance will elevate the road over known slushflow
channels and will be supplemented by catching basins, which retain the slush before it enters the
road. Several types of dams such as retention and guiding dams are used to mitigate avalanches.
Where the new roadway parallels the shoreline of Gullesfjord, dams with sufficient dimensions
to protect the road proved to be too expensive to realistically complete. Therefore, a combination
of smaller dams and remote avalanche control systems is suggested for the area. During
construction of the roadway and the protection structures, workers and construction sites are
exposed to avalanche hazard. A site-specific avalanche warning service was established to
manage the avalanche hazard. In daily forecasts, the avalanche impact probability is assessed
individually for each exposed work site. Predefined working routines corresponding to the
forecast impact probability were implemented. This allowed the daily work plan to be adapted to
the avalanche risk and ensured safe execution of the construction work during winter.

1. INTRODUCTION

Constructing roads in Norway frequently meets challenges with all kinds of natural hazards
(NVE, 2016). Therefore, the Norwegian Public Roads Administration (NPRA) has developed
detailed handbooks for the design and construction of public roads (Statens Vegvesen, 2021). In
these guidelines, risk acceptance criteria are given for natural hazards, such as rapid mass
movements based on the average daily traffic (ADT). For each class of ADT, a nominal annual
probability for a rapid mass movement to reach one kilometre of a road is defined (These criteria
are valid for roads where the traffic flows normally. However, location locations such as rest
areas, parking lots, or stretches of the road where traffic backs up in the event of a road closure
or are subject to the stricter regulations of the building act (Direktoratet for byggkvalitet, 2017).
For all new road construction as well as the renovation of existing roads, these criteria are
required to be used for a) identification of critical points along the road, b) quantification of the
anticipated annual probability for a rapid mass movement to reach the road and c) assessment
and design of required mitigation to satisfy the given criteria.

Table 1).
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These criteria are valid for roads where the traffic flows normally. However, location locations
such as rest areas, parking lots, or stretches of the road where traffic backs up in the event of a
road closure or are subject to the stricter regulations of the building act (Direktoratet for
byggkvalitet, 2017). For all new road construction as well as the renovation of existing roads,
these criteria are required to be used for a) identification of critical points along the road, b)
quantification of the anticipated annual probability for a rapid mass movement to reach the road
and c) assessment and design of required mitigation to satisfy the given criteria.

Table 1 Risk acceptance criteria for rapid mass movements on public roads in Norway

(Statens Vegvesen, 2021, table 1.12)

Dimensioning ADT Nominal annual event probability per km
<500 1/20
500 — 3999 1/50
4000 — 5999 1/100
6000-11999 1/300
> 12000 1/1000

In addition to the requirements for the completed road, one must consider the natural hazards
during the construction of the road and the mitigation measures. The workers’ safety in areas
exposed to natural hazards is regulated in the Norwegian Work Environment Act (Ministry of
Labour and Social Inclusion, 2005) and in the corresponding regulations on work safety
(Ministry of Labour and Social Inclusion, 2011).

The required safety for the workers and the final road can be achieved by a wide range of mitigation
measures often described as temporary/permanent and passive/active. The total avoidance of
avalanche terrain by thorough mapping and land use would be a permanent + passive mitigation,
while the use of avalanche warning in the construction phase would be a temporary + passive
mitigation. Several handbooks (McClung and Schaerer, 2022; Rudolf-Miklau et al., 2015) give
guidelines for mitigation against avalanches, and similar guidelines are available for mitigation
against rockfalls (Volkwein et al., 2011) and landslides (Highland and Bobrowsky, 2008).

Together, these regulations form the framework of the risk management along the E10 road.
The objective of this paper is to describe the natural hazards along the road and the wide range
of risk mitigation strategies used to reduce the apparent risk from natural hazards to an
acceptable level, both for the construction phase and the operational phase of the road.

2. SITE DESCRIPTION

The new road is approximately 82 km long and passes through three municipalities (Kvafjord,
Lodingen and Tjeldsund) in the counties Nordland and Troms (Figure 2). 35 km of the road
consist of new or upgrades of the existing line, 20 km are completely new open road, and 27
km will be in tunnels. The tunnels are specifically located to reduce the length of the road and
to pass the most exposed areas safely. The road leads from the Tjelsund bridge out to the Ofoten
and Lofoten Islands and is the only land access to these areas. The new road aims to reduce the
length of the road by 30 km, travel time by 40 minutes and increase regularity by reducing the
influence of severe winter weather in the traffic.
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Figure 1  Min, max and mean temp. (left) and snow height (right) at a selected point along the road.

The terrain around the road rises from sea level up to 1000 m a.s.l. and is dominated by
geomorphology from the last glaciation with u-shaped valleys and moraine deposits. The
bedrock is stable granite, well suited for tunneling.

The climate in the area is dominated by the close proximity to the ocean. Temperatures in winter
vary widely from several plus degrees and rain to intense cold periods with minus ten degrees
Celsius or less. Rain on snow is a common phenomenon. This leads to a highly stratified snowpack
and a large variation in snow properties (Figure 2). Bare ground at sea level can often be
accompanied by eminent avalanche danger in the higher ranges of the mountains. The annual mean
precipitation in the area ranges between 1600 mm and 2500 mm across distances of only 20 km.

Annual mean temperature at sea level is more regionally homogenous with 4.3 °C and a range of -
10 °C to +20 °C. (Lussana et al., 2018; Saloranta, 2016). Polar low-pressure systems (Noer et al.,
2011) can lead to high local variations in snow and rain precipitation such that the different sections
of the road can experience totally different weather conditions at the same time.
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Figure 2 Map of the roads to be built in the E10 project. Blue lines are tunnels, red lines are open
road stretches. The coloured dots show the location of the planed mitigation measures.

3. MATERIALS AND METHODS

The first hazard assessment for the planned road was done by the NPRA and documented in
four reports (Statens Vegvesen, 2017a, 2017a, 2017b, 2016) which pointed out sections that
could be exposed to natural hazards and which also included some preliminary suggestions for
mitigation measures. These points were reassessed by the Norwegian Geotechnical Institute on
contract from SKANSKA prior to the final bid for the project to get updated information on the
required resources and investments that are needed for the mitigation. The assessment by NGI
was based on a high resolution (1 m) DEM from the area (“Heydedata”, 2024), areal pictures,
historical events and on site field work by helicopter and on the ground. The numerical models
RAMMS (Christen et al., 2010) and SAMOS AT (Sampl and Zwinger, 2004) were used for
simulation of dimensioning avalanches, rockfalls, debris and slushflows.

In the second phase of the project, after SKANSKA was awarded the final project, the suggested
mitigation measures were designed in the digital design tools Grasshopper and Rhino (Robert McNeel
& Associates, 2024). Parts of the process were automated in Rhino models to address repetitive tasks
more efficiently. The final detailed design was then done by structural engineers in AutoCAD.

For the workers safety, a daily avalanche warning service was established that follows the
weather and snow situation through the whole winter (EAWS, The European Avalanche
Warning Services, 2022). The warning service issues an impact probability for each working
site at three levels, low, middle and high. Site-specific action plans are enforced according to
the forecasted impact probabilities and workers in exposed areas are equipped with avalanche
safety gear and are schooled in its proper use.

4. RESULTS

4.1 Assessment of natural hazards

In total 20 points of concern were mentioned in the original reports from the NPRA. NGI's
assessment showed 24 points where mitigation was considered necessary. The points most
commonly considered slushflows as the dominant hazard type (13 points), followed by debris
flows (11) and snow avalanches (11). Rockfalls were considered a hazard at 6 points.
Slushflows and debris flows were often assessed to be possible in the same location. While
slushflows, debris flows, and also rockfall were limited to well defined locations, mostly minor
creeks or other water flows, snow avalanches showed a wider area of influence asking for
mitigation along longer stretches of the road.

4.2  Design of mitigation

The expected ADT of the new road is between 500 and 3999 leading to an accepted nominal
annual probability of 1/50 for an event to reach the road within 1000 m of road (These criteria
are valid for roads where the traffic flows normally. However, location locations such as rest
areas, parking lots, or stretches of the road where traffic backs up in the event of a road closure
or are subject to the stricter regulations of the building act (Direktoratet for byggkvalitet, 2017).
For all new road construction as well as the renovation of existing roads, these criteria are
required to be used for a) identification of critical points along the road, b) quantification of the
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anticipated annual probability for a rapid mass movement to reach the road and c) assessment
and design of required mitigation to satisfy the given criteria.

Table 1). The NPRA handbook (Statens Vegvesen, 2021) also states that probabilities should
be aggregated when several points of concern are identified within 1000 m. This leads to much
higher acceptance criteria in e.g. a case where four points of concern are identified within 1000
m of road. This would lead to an accepted probability of 1/(50x4) for each point.

Figure 3 Three-dimensional view of the avalanche protection dams at Karitinden/Gullesfjord.

Mitigation against a dimensioning 1/200 event at four points is naturally far more expensive than
mitigating only against single 1/50 events. After a thorough discussion with the entrepreneur
SKANSKA and the NPRA, the general design event was set to be 1/50 for each point independently.

Results from numerical modelling of the design events were then used to address possible
mitigation measures. In many cases a single solution was efficient, but at Langvatn, the
calculations showed that the required avalanche dams would be too high and costly to be
realized. Instead, a combination of remote avalanche control and dams was chosen. Debris- and
slushflows were mitigated with wide and reinforced bridges as well as with catching basins.
Rockfalls are secured with nets, rock anchors and cleaning of the rock faces.

4.3 Avalanche warning

Figure3  Webcamera image showing the avalanche paths over the road on Karitind/Gullesfjorf.

The avalanche warning issues daily forecasts valid for the next 24 hours and has been
operational over the past two winters. The forecasts provide hazard assessments for up to eight
different locations such that work could continue even if 1/8 locations were assessed to high
impact probability. Several periods with high impact probability have been identified and
operations were shut down in the respective areas. Most affected by avalanche and slushflow
danger is the section Brattelva to Karitind, where multiple avalanches and slushflows have
reached down to the construction site. Due to the avalanche warning and associated action
plans, neither persons nor machinery were involved in any incidents.
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5. DISCUSSION

Mitigation against natural hazards along the new E10 road required an open mind and a broad
overview over possible mitigation strategies and tools. The formal requirements from the NPRA
handbook proved to be too expensive to achieve and a simpler approach with the same probability
for each point of concern was chosen. The individual assessment of design events and internally-
adjusted design of each mitigation measure supported cost effective and innovative solutions for
each point. The use of digital design tools improved the workflow and effectiveness of the design
process. With the help of daily avalanche warning, work in exposed areas could be continued
during winter to keep up the progress of construction during the whole year.

6. CONCLUSIONS

The topography and local climate create a challenging environment for the new European Road
10. Rockfalls, slushflows, and avalanches are abundant in the area and affect the terrain where
the new road is located. A multi hazard approach, close cooperation between entrepreneur,
natural hazard consultants and continuous contact due to the avalanche warning quarantined
both safe mitigation for the road as well as high workers safety in the construction period. The
developed tools and procedures are today used successfully in several other projects and will
be further developed for general use in other road construction projects.
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ABSTRACT

Following the catastrophic avalanches in Sudavik and Flateyri in 1995, new laws and
regulations were enacted concerning avalanche and landslide monitoring, hazard mapping, and
land use in hazard zones. Strict rules govern land use in undeveloped areas, where new houses
are only permitted if the risk is considered acceptable. In existing settlements, exemptions are
made to allow for continued development with some restrictions. New residential buildings are
allowed in A-zones and in B-zones if the buildings are reinforced. Construction of new hos-
pitals, schools, apartment blocks, and similar buildings are permitted in A-zones if they are
reinforced, but not in B-zones. In existing settlements, the same rules apply for the use of A-
zones below defense structures. In recent years, increased population growth in several
municipalities threatened by snow avalanches around Iceland has led to a renewed interest in
building new homes below avalanche defense structures. As the official reviewer of land-use
plans, the Icelandic Meteorological Office (IMO) has advocated for a cautious approach to
developing such areas. These recommendations are made due to uncertainty about the effect-
iveness of defense structures — especially with regard to the fluidized front of high-speed dry-
snow avalanches, which most protection measures were not originally designed for.

INTRODUCTION

Following the catastrophic avalanches in Stidavik and Flateyri in 1995, new laws and regul-
ations were enacted concerning avalanche and landslide monitoring, hazard mapping, and land
use in hazard zones.

It was decided that hazard zones should be based on individual risk, and an acceptable level of
avalanche risk was defined. Three types of hazard zones were defined:

A-zone: where the annual risk is 0.3—1.0 out of 10 000,
B-zone: where the annual risk is 1.0-3.0 out of 10 000,
C-zone: where the annual risk is greater than 3.0 out of 10 000.

This risk refers to an individual spending all of their time in one unreinforced house. The
acceptable risk was chosen to be 0.2 out of 10,000 when exposure of individials to the hazard
is taken into account. When considering the time people typically spend at home and at work,
the acceptable risk level corresponding to 100% exposure is defined as 0.3 per 10,000 or lower
for residential buildings, and 1.0 per 10,000 or lower for commercial buildings (excluding
schools and hospitals).
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HAZARD ZONING AND LAND USE

Strict rules govern land use in undeveloped areas, where new construction is only permitted if
the risk is considered acceptable. In existing settlements, exemptions allow for continued
development under certain restrictions. New residential buildings are allowed in A-zones, and
in B-zones if the buildings are reinforced. New hospitals, schools, apartment blocks, and similar
structures are permitted in A-zones but only if they are reinforced.

In existing settlements, the same rules apply to A-zones located below defense structures.
However, in undeveloped areas, the protective effect of defense structures is not considered in
land-use planning. Local governments, which oversee land-use planning, are required to adhere
to these rules in both regional and local plans and when issuing building permits. In towns and
villages, local authorities must take permanent action to either defend or buy out residential
buildings located in C-zones, whereas safety plans based on evacuations and other non-
permanent measures are allowed in rural areas.

Hazard assessments are mandatory for urban areas where avalanches, landslides, or slush flows
are a concern. Assessments have been completed for 25 towns and villages across the country.
In 16 of these, permanent actions are needed for houses in C-zones. Protection measures have
been constructed for tens of avalanche paths in twelve towns and villages at a total cost of ~250
million €, in addition to a few projects in rural areas, the relocation of the residential buildings
of the village of Sudavik after the avalanche accident in 1995 and buyout of houses in other
places. In total, 24 deflecting dams, 27 catching dams, and five wedges for splitting avalanches
have been constructed in run-out areas and >12 km of supporting structures have been installed
in avalanche starting areas. In ten settlements, planned defenses are still in the planning phase
or under construction, and some defenses are in place.

In rural areas, hazard assessments are less formal. Avalanche or landslide hazard is described
for individual homes to support government decision-making regarding warnings and emer-
gency actions, such as evacuations. However, the government is not obligated to take permanent
defensive measures for rural properties. Outside of areas with formal hazard assessments, local
assessments are required before issuing building permits. More than 200 such local assessments
have been conducted.

In recent years, increased population growth in several municipalities around Iceland has led to
a renewed interest in building new homes below avalanche defense structures. As the official
reviewer of land-use plans, the Icelandic Meteorological Office (IMO) has advocated for a
cautious approach to developing such areas. The IMO recommends that in hazard zones below
defence structures: (1) New residential buildings should not be built closer to the mountain than
existing ones. (2) New residential buildings should not make up a large proportion of buildings
in the area. New buildings in the uppermost one or two rows of settlements should be reinforced.
These recommendations are made due to uncertainty about the effectiveness of defense
structures — especially with regard to the fluidized front of high-speed dry-snow avalanches,
which most protection measures were not originally designed for.

Protecting against avalanches and landslides requires costly measures. It is therefore essential
that new construction and development in protected areas and elsewhere do not significantly
increase overall risk by expanding the number of people living and working in hazard zones. In
the long term, local governments should focus development and new construction in areas out-
side of hazard zones or in zones with lower risk where that is possible. When opportunities arise,
efforts should be made to reduce human presence and activity in the most hazardous zones.
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Témas Johannesson,'” Alexander H. Jarosch, 2 and Magni Hreinn Jonsson!

! Icelandic Meteorological Office Reykjavik Iceland
2 Theta Frame Solutionns Austria

ABSTRACT

The design of protections measures in the run-out zone is traditionally based on simplifying
assumptions about snow avalanche dynamics, some of which have been validated with
laboratory experiments with granular flow and interpretation of field observations of snow
avalanches. We present an efficient computational fluid dynamics (i.e. OpenFOAM)
implementation of an incompressible granular-flow rheology based on recent advances in the
theory of u(I) rheology that we call “Open-p(I)”. Our approach represents an important
improvement with respect to existing, depth-averaged models as it is able to simulate the full
three-dimensional flow at impact with obstacles such as catching and deflecting dams and
braking mounds. For example, our simulations faithfully represent the formation and time-
dependent development of hydraulic jumps in the shallow granular snow-avalanche flow.
Splashing is simulated at impact with obstacles as well as granular wedges behind the upstream
face of dams or mounds alongside many other flow features expected in such complex granular
flows. Variations of the flow direction with depth within the moving material are simulated
and, thus, shearing overflow of the upper part of avalanches at impact with a deflecting dam
that deflects the main avalanche flow. We present several simulations of avalanches against
protective dams and natural terrain obstacles in Iceland. The model does not represent the
fluidized regime of some dry-snow avalanches and can, therefore, not be used to assess the rest
risk due to the possible overflow of rapid fluidized heads of dry-snow avalanches as have
recently been observed near settlements in Iceland.
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ABSTRACT

RAMMS::Extended is a physics-based model for simulating powder-snow avalanches, in
which the turbulent suspension cloud is treated as an inertial flow of fine ice particles suspended
in air. Once lofted by the dense avalanche core, the cloud evolves as a decoupled turbulent flow,
governed by conservation laws for mass, momentum, and turbulent kinetic energy. A central
tenet of the model is that all dissipative processes in the flow act first by feeding energy into
turbulence, which then decays through the classical energy cascade. This turbulence governs
not only entrainment and drag but also the generation of air-blast pressures, which arise from
both mean flow and fluctuating components. The pressure field is computed by accounting for
the anisotropic structure of turbulence, acknowledging that only a fraction of turbulent kinetic
energy projects in the direction of motion. Model predictions align closely with observed forest
and infrastructure damage in real avalanche paths, suggesting that this turbulence-first
dissipation hypothesis offers a valid and physically coherent framework for simulating powder-
snow avalanches.

1. INTRODUCTION

Developing and calibrating models for powder-snow avalanches—particularly the prediction
of air-blast pressures—is a significant challenge due to the scarcity of direct field
measurements. Air-blast pressure sensors are rarely deployed in active avalanche paths, and
when they are, they often fail to capture the full spatial and temporal evolution of the powder
cloud. As a result, model validation relies heavily on back-analysis of real events. In this
context, forest damage offers a valuable proxy: trees act as natural pressure sensors, providing
spatial constraints on air-blast intensity and extent.

Physically, the powder cloud (IT) behaves as a turbulent, inertial suspension current composed
of fine ice particles entrained in air, see Figure 1 (Bozhinskiy and Losev, 1998). It originates
from the momentum imparted by the dense avalanche core (®) —a granular, shear-driven
flow of snow clods—and evolves as a detached, airborne flow. RAMMS::Extended is
formulated to capture the full spatial development of this cloud, solving conservation
equations for co-volume height (mass), physical height (volume), mean velocity, and
turbulent kinetic energy,
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Figure ] RAMMS::Extended separates the avalanche into a core (®) and an overlying
powder cloud (IT). Air trapped and accelerated by the core defines the initial
velocity of the powder cloud. The mean cloud velocity i, as well as the turbulent
kinetic energy Ry associated with the velocity fluctuations i are calculated.

The co-volume height h; represents the total suspended mass in the cloud, normalized by a
reference density pp, which reflects the initial “seeding” density of the suspension originating
from the avalanche core.

The cloud incorporates air from two sources: Mg_,: ice-dust and embedded air transferred
from the core, and M,_,;: ambient air entrained as the cloud expands. This entrained air drives
cloud growth, affecting density, velocity, and height. Notably, the model does not include any
mechanisms for cloud settling or mass loss to the ground.

The cloud velocity 1 is governed primarily by momentum injection from the core, expressed
as Mg_,;Ue. In this process, the core acts as a momentum engine—especially when dispersed—
ejecting ice-dust and air at high velocity. This mixture rapidly entrains additional air (M, ),
leading to upward and outward cloud expansion.

Although gravity G contributes to motion, its effect is moderated by the buoyancy of the cloud:
(Pn—pa)

[y
dominant core momentum. Once airborne, the cloud decouples from terrain interactions and

propagates as a self-sustaining flow. Without further input from the core, it gradually slows due
to drag forces Sp;, which dissipate energy over time.

the density difference is small, and thus the gravitational force is secondary to the
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The turbulent energy equation captures the generation and dissipation of turbulence, which
governs both cloud drag and air-blast pressure. Turbulence is generated by:

e (Core-to-cloud energy transfer: Mg nRe
e Shear work within the cloud: [PrSalllugl
e Entrainment of ambient air: %p AM |1 112

A key assumption is that all energy input is initially converted into large-scale turbulence,
with no immediate thermal losses. This turbulence then cascades to smaller eddies and

ultimately dissipates as heat, represented by the term BphpRj is the turbulence decay
coefficient. This framework is consistent with the classical energy cascade model of turbulence.

2. TURBULENCE GENERATION AND PRESSURE CALCULATION

At each computational time step, the total rate of turbulence generation in the powder cloud,
denoted Py, is computed as:

. . . 1 . .
Pp =My Ry + Wy + E.DAMA—U'[”uHHZ

Each term represents a distinct physical mechanism contributing to turbulence:
e Mgy_;Re: random kinetic energy transferred from the avalanche core,
e Wi shear-induced turbulence within the cloud,

%pAMA_)HIIﬁHIIZ: turbulence generated by air entrainment at the cloud’s upper

boundary.

To describe the vertical distribution of turbulence, we define the parameters:
. . . 1 .- .
60 = (Mo—nRo +Wn)/Pn, 6n = Ma_puft/Pn

Here, 6, and 6, represent the relative turbulence contributions at the base and top of the powder
cloud, respectively. The turbulent energy profile Ry(z) follows a parabolic distribution in
height constrained by:

6 6
Ry(z=0) = ?ORH ,Ru(z =hy) = ?hRn

This formulation captures the dual turbulence regimes in the cloud: near the base, turbulence is
driven by shear and energy transfer from the core, while at the top, air entrainment dominates.
This vertical structure causes the region of maximum turbulence—and therefore pressure—to
shift upward, elevating the effective nose of the avalanche (see Figure 2).

The total air-blast pressure in RAMMS::Extended is computed as the square of the sum of
laminar (mean flow) and turbulent contributions. Let Vi = |||l and V = ||ug ||

1
(pn)max = ?pl'[ [Vl'[ + Vg]z

Here, V is the turbulent velocity is calculated from the local turbulent energy as:
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2R (2)
3pn(2)

This formulation assumes that only one-third of the turbulent kinetic energy is effectively
aligned with the direction of the mean flow—a simplification that accounts for the
multidirectional nature of turbulence within the powder cloud. Because turbulent fluctuations
are not fully oriented with the flow, only a portion of their energy contributes directly to
dynamic pressure. This adjusted contribution is visualized as the grey region in the pressure
plots (Figure 2). The minimum air-blast pressure, shown as the red line, can be computed as:

@mmin = 5Pl VD) + (VD of Gr)min = 5 pulVa — V12

The first expression captures the individual contributions of the mean and turbulent velocity
components without considering their directional alignment or any compounding effects. The
second formulation assumes the turbulent fluctuations act against the mean flow field.

Vi (2) =
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Figure 2 Velocity (left), density (middle) and air-blast pressure (right) profile in the powder
cloud. The yellow and grey regions in the pressure plots depict the laminar and
turbulent components, respectively.

In RAMMS::Extended the air entrainment rate (M,_;, in m/s) depends on turbulent energy
(Rp) and the density difference between the powder cloud and surrounding air (p; — pa). This
relationship is expressed as:

M= <1.16 Y +0.013 /Rnﬁn> (P — pa)

In RAMMS::Extended, the powder cloud drag Sj; is modeled as a combination of laminar and
turbulent contributions, reflecting the dual nature of resistance encountered by the suspension
cloud:

Sp = #L”ﬁn” + MTRHEH

where p; represents the laminar viscous drag, and p; denotes the turbulent viscosity. The
transition between these two regimes is governed by the state of turbulence within the cloud.
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3. CASE STUDY: MONBIEL KLOSTERS AVALANCHE, JANUARY 15, 2019

On January 15, 2019, a significant powder-snow avalanche descended the Inner Chinn track
near Monbiel, Klosters, in Canton Grisons, Switzerland. This windy torrent, with steep sides
lined by spruce trees, channeled the avalanche from a release zone at 2500 m elevation down
to 1250 m, where it reached the Landquart River, depositing forested snow and tree debris. The
avalanche reached a peak velocity of approximately 50 m/s (Figure 3) while confined by the
torrent’s deep sides, exiting at 40 m/s before stopping on the opposite riverbank. The powder
cloud, constrained by the torrent walls, destroyed many 50-year-old spruce stands with stem
diameters of 30-50 cm (see Figure 3). Although the cloud traveled up a gentle counterslope,
overrunning the village of Monbiel, no damage occurred in the late runout stages. Within the
torrent, however, the air-blast caused extensive damage, with estimated fracture heights of 1.2—
1.5 m, suggesting a 100-year event. Powder pressures exceeded 3kPa at the river Landquart.

i, 2
W s ¥ : 7 e A

Figure 3  Forest destruction caused by the 2019 Inner Chinn avalanche (left). The avalanche
core reached the river Landquart (middle) and the powder cloud travelled to the
village of Monbiel Klosters with heights of 50m (right).

We simulated the avalanche using RAMMS::Extended, specifying a fracture height of 1.2 m,
an initial release volume of 77,600 m?, and friction category 100L. Following a cold winter
storm, we applied a 3-day snow settlement option with a low snow density of 175 kg/m?3. The
avalanche entrained 320,000 m* of snow, mostly on upper slopes before entering the Inner
Chinn torrent. Simulated powder cloud heights reached 50 m, consistent with observations. The
model accurately captured forest destruction patterns, as detailed in Zhuang et al. (2023), where
the turbulent component of the air-blast pressures enabled modeling of stem breakage with
failure bending stresses exceeding 100 MPa—impossible without turbulence (see Figure 4).

The model requires specification of snow properties, and due to the cold winter storm, we
defined a mean snow temperature of -6°C in the release zone, with snow height gradients of 5
c¢cm/100 m to reflect the thinning snowcover as the avalanche descended, and a temperature
gradient of 0.2°C/100 m fall height. These parameters aligned the simulated air-blast damage
with empirical tree failure thresholds under pressures of 5—15 kPa, as reported by Fuchs and
Briindl (2005). We did not consider curvature effects (centripetal accelerations), consistent with
the idea that the winter snowcover smooths out sharp curvature in mountain torrents. This
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allowed RAMMS::Extended to capture the complex behavior of the powder cloud, especially
in such terrain.

7 ¢

Figure 4  Forest destruction caused by the 2019 Inner Chinn avalanche, observation (left) and
calculated (middle). Calculated bending stresses (>100MPa) in the tree stems.

4. CONCLUSIONS

RAMMS::Extended provides a turbulence-resolving framework for modeling powder-snow
avalanches in which all dissipative processes are assumed to first generate turbulent kinetic
energy, which then decays through classical inertial and viscous mechanisms. This assumption
allows for a physically consistent representation of momentum diffusion, entrainment, and
pressure generation within the powder cloud. The model resolves the spatial structure of
turbulence and its role in producing air-blast pressures arising from both mean flow and velocity
fluctuations. Application to the 2019 Monbiel Klosters avalanche confirms the validity of this
approach: observed forest damage and stem failure are reproduced only when turbulence is
explicitly modeled. By capturing both laminar and turbulent drag contributions,
RAMMS::Extended enables smooth transitions across flow regimes and provides a predictive
tool grounded in the physics of energy transfer and turbulent transport.
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Abstract
Large-scale simulations of avalanche hazards, such as those conducted over entire countries,
enable continuous spatial estimation of hazards even in regions not covered by official hazard
maps. In Switzerland, this encompasses approximately 90% of the mountainous areas. Hazard
indication maps are crucial for planning new infrastructure and transportation routes as well as
risk management, especially in areas lacking legally binding hazard maps.

In recent years, we have developed an automated approach called Large Scale Hazard
Indication Modelling (LSHIM) to generate hazard indication maps based on digital elevation
models and information on the snow climatology. This method allows for the calculation of
various scenarios with return periods ranging from frequent to extreme. Our approach integrates
the automated delineation of potential release areas, estimation of release depths, and numerical
simulation of avalanche dynamics using the well-established RAMMS::Avalanche model,
which is employed for hazard mapping in Switzerland and other countries. This procedure can
be applied globally, provided high-resolution digital elevation models and snow climate data
are available. It facilitates reproducible hazard indication mapping in regions without existing
hazard maps, making it invaluable also for studies estimating potential impact of climate change
on avalanche hazard. In this contribution, we present our strategy for adapting the LSHIM
methodology to the very different terrain and meteorological conditions in Iceland.

1. INTRODUCTION

Avalanche hazard maps are vital tools for managing risks in alpine regions, helping to identify
areas where construction should be avoided due to high avalanche danger. In Switzerland and
other mountain regions, these maps are created by experts using a combination of historical
avalanche records, terrain and forest analysis, field surveys, and numerical simulations. They
have proven effective in reducing damage and saving lives (Margreth and Romang, 2010; SIf,
2000). However, their production is expensive and time-consuming, and coverage is limited—
often restricted to areas with existing infrastructure. For instance, only about 10% of the alpine
terrain in the canton of Grisons is currently covered with hazard maps.

To address this limitation, we developed an automated method to generate large-scale
avalanche hazard indication maps using digital elevation models, information on snow
climatology and protection forest (Biihler et al., 2022). These maps provide a spatially
continuous overview of areas potentially endangered by avalanche events for the scenarios
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applied in Switzerland with 10, 30, 100 and 300 years return periods. While the automatically
generated maps do not include detailed interpretation and expert judgments gained through field
visits, they are reproducible and offer valuable insights for early planning and risk awareness
as well as a review of existing hazard maps using a uniform method. .

Various approaches have been tested, including statistical models, GIS-based mapping, and
simplified avalanche simulations. However, most approaches lack reliable avalanche dynamic
models of avalanche runouts considering local terrain features —an essential component for
assessing hazards in populated alpine valleys. Some methods also rely on coarse data or single-
scenario simulations, limiting their practical use. Next to the LSHIM methodology (Biihler et
al., 2022) applied in this paper, the most widely applied methodologies are NAKSIN in Norway
(Issler et al., 2023) and ATES (Statham and Campbell, 2025) in North-America. However, the
ATES model is, like the CAT product (Harvey et al., 2024; Harvey et al., 2018), aimed at
backcountry activities planning and not for extreme scenarios and hazard mitigation for traffic
lines and buildings.

Our approach builds on a validated algorithm for identifying potential release areas (Biihler et
al., 2018), enabling the use of the RAMMS avalanche dynamics user model (Christen et al.,
2010) for large-scale hazard indication mapping. RAMMS::Avalanche is widely used and
trusted by avalanche experts worldwide for its robustness and ability to simulate multiple
hazard scenarios based on standard return periods used in Switzerland.

In close collaboration with experts from the Icelandic Meteorological Office we now develop
and test a strategy to adapt this well-established methodology to the very different topographic
and climatological conditions in Iceland.

2. MAIN ADAPTION NEEDS

In various discussions we identified the following main adaption needs to transfer the
methodology to Icelandic conditions. This process is still ongoing, and we are currently
working on the testing and optimisation of these topics. Here we present first results.

2.1 Potential Release Areas PRA

A first critical step in the methodology is the delineation of the potential release areas PRA
based on terrain parameters. The approach was developed over several years integrating a lot
of expert know how and feedback from avalanche professionals (Biihler et al., 2013; Veitinger
et al., 2016; Biihler et al., 2018). However, all this development and testing was performed in
the Swiss Alps.

The topography and elevations in Iceland are very different to the Swiss Alps, typically with
flat-top mountain shapes close to the ocean. Therefore, we develop and test adaptations of the
delineation algorithm for better representing of large terrain bowls, and the very rough cliffs
and gullies often present in Iceland. Even though the mapped PRA outlines cannot be
reproduced exactly, the adapted version of the algorithm provides a better representation of the
bowls, the ridges and gullies than the original version.
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2.2 Fracture depth d0

In combination with the PRA the avalanche fracture depth dO defines the release volume and
with that the friction value classes used by RAMMS::Avalanche to calculate the runout
distances. Therefore, it is a critical parameter for the large-scale hazard modelling.

The climatic conditions in Iceland are more extreme than in the Swiss Alps, in particular
considering wind speeds and the amounts of windblown snow. In Switzerland we applied three
days snow depth increase AHS(3) values derived and extrapolated from the dense network of
manual long term snow depth measurements (Biihler et al., 2022).

Snow depth measurements in Iceland are mainly located at weather stations near the coastline
and give rather limited information on conditions near the top of mountains, where wind-blown
snow is an important factor for snow accumulation in potential release areas. Therefore, an
alternative approach for defining AHS(3) was adopted using weather data from the Copernicus
Arctic Regional ReAnalysis (CARRA) project (CITE), where the HARMONIE-AROME
model (Bengtson et al., 2017) was run on historical data from 1990 to the present. Data from
selected CARRA grid points are used as input in the Norwegian seNorge degree-day snow
model (Saloranta, 2012; 2016) to generate a time series of snow depths. The grid has a
resolution of 2.5 km. For each grid point, a time series of AHS(3) is then generated and using
extreme value analysis, the value for a given return period is estimated.

In Iceland, the combination of the flat-top mountains with very frequent winds with high speeds
leads to a higher importance of windblown snow for the avalanche fracture depth. In
Switzerland we started to quantify the amounts of windblown snow in an avalanche release area
applying high temporal resolution measurements with low-cost laser scanners (Ruttner et al.,
2025). In Iceland first attempts with drone based photogrammetric measurements are
performed. Based on these findings, we will adapt the dO calculations for the simulations in
Iceland. While these measurements are not available, we plan use a simple way to represent
wind-drifted snow. In earlier approaches simulation important avalanche tracks with SAMOS
(Sampl and Zwinger, 2004) the slopes have been classified into different classes of gullies and
bowls with varying snow accumulation potential. This involves increasing the precipitation by
a factor that grows with third power of wind speed if the wind direction is within +/- 45° of the
release area aspect. Preliminary tests and comparison with measurements indicate that this
method captures the significant difference in snow accumulation between release areas that
align with the main wind direction during snowfall and those that do not.

2.3  Model Friction Parameters

The friction parameters p and & that control the simulation of the avalanche flow in
RAMMS::Avalanche have an elevation component calibrated based on avalanches in
Switzerland (Christen et al., 2010). The basic idea behind this is that the snow at higher
elevations (> 1500 m a.s.l.) is dryer than at lower elevations (< 1000 m a.s.l.) in Switzerland.
These limits have to be adapted in Iceland as the avalanches often reach the ocean. We propose
to set the limits at 200 and 500 m a.s.l. but we need further data on snowpack density and
avalanche characteristics to identify the ideal thresholds.
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3. RESULTS AND DISCUSSION

We used the region around Neskaupstadur in eastern Iceland as test case to adapt the algorithm
to delineate the potential release areas (PRA) because manually delineated release zones of
frequently observed avalanches are available. Figure 1 presents the resulting PRAs of the
original approach (Biihler et al., 2018) and a first adapted version to better incorporate the rough
terrain (gullies and ridges) and the large bowls present in this region.

Figure 1 = Result of the original PRA algorithm (left) and an adapted version (right), which is
better representing bowls and the effect of terrain ridges and gullies in the region of
Neskaupstadur. The white lines are the reference avalanche outlines mapped by the
local avalanche experts.

The PRA generated with the adapted approach are then used to set up a simulation run for
extreme avalanches in this region (Figure 2). A detailed analysis of these first results will help
to further optimize the parameter setting. In particular, a better definition of the fracture depth
dO and the implementation of larger amounts of windblown snow for the extreme scenario (300
year return period in Switzerland) are expected to have a strong effect on the calculated runout
distances and impact pressures. Further tests will be performed in the region around fsafjérdur
(north-western Iceland) and Siglufjordur/Olafsfjérdur (north Iceland).
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Figure 2 Result of a preliminary simulation run for extreme avalanches in the Neskaupstadur
region.

4. CONCLUSIONS

Applying the Large Scale Hazard Modelling (LSHIM) approach, which was developed in
Switzerland for avalanches in the Swiss Alps, in Iceland where the topography and meteorology
is very different is challenging. Even though the approach has already been applied in various
regions around the world (e.g. New Zealand, Afghanistan, Uzbekistan, Canada, Chile etc.) the
specific challenges in Iceland are unprecedented.

The delineation of the potential release areas (PRAs) and the definition of meaningful fracture
depth values (d0) need a lot of testing and refinement. We need to characterize the snow
conditions defining the specific hazard scenarios from frequent to extreme. However, one
simplification in the model compared to other mountain regions, is the omission of protective
functions of forests.

In the future we plan to compare the simulations using the RAMMS::Avalanche model
(Christen et al., 2010) with the more detailed RAMMS::Extended model, which is able to also
calculate impact pressures of the powder cloud (Glaus et al., 2025). We also plan a comparison
with existing hazard/risk maps, the results of the already performed SAMOS simulations and
the NAKSIN approach (Issler et al., 2023), which is currently already implemented for some
regions in Iceland.
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ABSTRACT

Avalanche engineers are often required to assess hazards before any event occurs, using
scenario-based approaches and calibrated avalanche dynamic models. Parameters such as
release area, fracture depth, snowpack characteristics, and friction values are defined according
to standardized procedures linked to specified return periods. Model outputs are validated with
reference to avalanche history, terrain features, and vegetation patterns.

Back-calculations, by contrast, are performed after an event has occurred and benefit from
known outcomes. Field data such as avalanche extent, release volume, and snow temperatures
can be used to refine inputs. However, even in well-documented events, certain key parameters
like entrained snow, snow density along the avalanche path, and friction values remain
uncertain and must be determined through additional data and considerations.

This presentation draws on a case study from Switzerland to illustrate differences between
scenario-based modeling and back-calculation. We present a structured procedure for defining
model parameters, aimed at improving clarity and reproducibility. Additionally, we
demonstrate how the RAMMS::Extended model - incorporating entrainment processes and
temperature-dependent rheology - enhances the understanding of avalanche dynamics. These
advances support a more nuanced, physically informed approach to avalanche simulation,
ultimately improving hazard zoning and risk mitigation strategies.

1. INTRODUCTION

Avalanche hazard assessment plays a critical role in protecting infrastructure and communities
in mountainous regions. A key challenge for engineers is to predict the runout distances and
impact pressures of avalanches associated with specific return periods - a requirement for
hazard mapping and mitigation planning. Two primary modeling strategies are applied for such
purposes. The scenario-based approach simulates hypothetical avalanche events by defining
model inputs such as release area, snowpack properties, and friction values - based on statistical
and procedural standards linked to return periods. This method, which is based on general
assumptions, can be applied with or without knowledge of historical events. By contrast, back-
calculation is applied after an avalanche has occurred and leverages observed data such as
release volume, snow temperature, and deposition extent. However, even with field data, key
inputs like entrainment and friction still involve uncertainty.

This paper presents a structured 8-step procedure for scenario-based avalanche simulations and
compares it to back-calculation using a documented case from Switzerland. The aim is to
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highlight differences in methodology, parameter sensitivity, and simulation outcomes -
ultimately contributing to robuster hazard assessments.

2. OVERVIEW OF THE SCENARIO-BASED 8-STEP APPROACH

Scenario-based avalanche simulations estimate potential avalanche behavior for defined return
periods by systematically assigning input parameters based on terrain, snowpack conditions,
and standardized procedures. The approach described here applies to both dense flow and
powder snow avalanches, with Steps 1-4 relevant for dense flows when applying
RAMMS::Avalanche and Steps 1-8 used for powder snow avalanches when applying
RAMMS::Extended (v3.0.2). The 8-step procedure is overviewed in Figure 1.

2.1 Avalanche return period

The return period has a significant influence e.g. on the avalanche runout. In Switzerland, 10-,
30-, 100-, 300- and >300-year avalanche return periods are taken into account for hazard
assessment. The RAMMS friction parameters (section 2.4) are defined for these return periods.

2.2 Release area

The selection of the release areas for avalanche calculations is based on the terrain
characteristics (slopes between 28 and 55°, ridges, cliffs, planarity, roughness, aspect), possible
snow distribution, the return period (T = 300 y.: generally larger release area than for T = 30
y.) and also on considerations that in avalanche simulations the entire release mass is set in
motion simultaneously and therefore the entire potential release area should usually not be taken
into account for simulations. Means, the selected release area is part of the potential avalanche
release area.

2.3 Fracture depth do

The slope-perpendicular fracture depth do is calculated for dry avalanches according to the SLF
procedure as follows (Salm et al., 1990; Stoffel et al., 2024):

1) Three-day snow height increase AHS3 for a specific return period: extreme value statistical
analysis of data from a representative study plot preferably with long-term data.

2) Altitude correction of AHS3: difference in altitude between measurement field and release
area. For the Swiss Alps typically an increase of 5 cm / 100 m is used

3) Correction to 28° slope: Conversion of AHS3 measured on a flat study plot (value of 1) and
2)) to a 28° inclined slope which is the base value for the calculation of the fracture depth do
and the depth of erodible snow do* (see section 2.5); with the factor cos28°.

4) Snow drift addition due to wind influence: depending on the return period and the terrain
situation we propose 0 to 50 cm, which is added to do*.

5) Fracture depth do taking into account the mean slope angle of the release area: do* is corrected
with the slope angle factor f(') which is for example for 35° = 0.71. The reason for this
assumption is that less snow can accumulate on a steep slope until the start of avalanches than
on a less steep slope.
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2.4  Friction Category

The friction parameters p and & are defined based on the release volume and the assigned return
period. Release volumes are categorized as follows: large (L) > 60’000 m?, medium (M)
25°000-60°000 m?, small (S) 5000-25°000 m?, and tiny (T) < 5000 m?.

If the avalanche splits into two or more distinct tracks over a significant portion of its path, it
may be appropriate to assign a lower volume category for friction. This adjustment assumes
that each track could be modeled as a separate avalanche with a smaller effective release
volume.

2.5 Erodible snow in the Track

In RAMMS::Extended, the base value do* is the input parameter for the erodible snow depth
along the avalanche track and is referenced to the release area elevation. In the Swiss Alps, do*
is typically derived from the standard procedure used to calculate fracture depth do (see Section
2.3, point 3). This base value excludes drift snow; if significant drift accumulation is present,
do* should be adjusted accordingly. The assumption that all new snow is eroded simplifies real
conditions where beside parts of new snow, also parts of the old snow can be eroded.

To account for decreasing snow depth downslope, we recommend applying a gradient of Ado*
=5 cm per 100 m.

2.6 Snow Temperature

Snow profile measurements during snowfall periods at 2100-2700 m a.s.l. showed mean
temperatures of —3.5°C to —9°C (topmost meter), excluding the uppermost 20 cm to avoid
surface effects (Stoffel et al., 2024). Snow temperatures generally decrease with elevation,
supporting the use of the values proposed in Section 2.7 for scenario-based modeling.

A vertical gradient of ATs = 0.28°C/100 m was reported in (Stoffel et al., 2024); we recommend
using 0.2°, 0.3°, or 0.4°C/100 m, depending on conditions.

For air temperature (measured 2 m above the ground), we suggest applying the same values as
for snow temperature.

2.7 Snow Density

Few snow density measurements from high-altitude snow profiles during prolonged snowfall
events are available (Stoffel et al., 2024). However, average values between 150 and 200 kg/m?
appear realistic for new snow that has accumulated over two or more days, accounting for some
settlement. Slightly higher densities are assumed for warmer snow temperatures. For the Swiss
Alps we propose:

e Release area 1700-2100 m a.s.l.: snow temperature -5°C, density 190 (175-200) kg/m?
e Release area 2100-2600 m a.s.l.: snow temperature -6°C, density 175 (160-190) kg/m?
e Release area 2600-3000 m a.s.l.: snow temperature -7°C, density 160 (150-175) kg/m?

2.8 Other parameters, e.g. Generate, Curvature

Model-specific inputs like “Generate” and “Curvature” are adjusted based on terrain. A value
of 7 is commonly used for “Generate”, and “Curvature Off” is reserved for long, gentle gullies.
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1) Return | 2) Release | 3)Fracture | 4) Friction | 5) dO* Base | 6) Snow 7) Snow 8) Other
perlodT EICE] depthd0 | T/S/M/L value+Ad0* | temp.+ ATs | density

Scenario- f(T) f(T) f(T) f(altitude f(snow Generate
based 30 Basedon f(release f(d0) release area temp./ Curvature
100 extrem volume) / climate) climate)
300 value stat.
Details From No. of At altitude 3-day Curvature
RAMMS:: tracks release area settlement off: long
Avalanche gentle gully
simulations

Figure 1  Overview of the Scenario-Based 8-step Approach. Input parameters are based on
measurements or statistical data. Return period T influences size of release area,
fracture depth, friction values, and erodible snow (do*). Defining the release area is
crucial. The size and location of the release area has a big influence on the result.
Green: defined / derived. Yellow: small uncertainty. Red: high uncertainty.

3. OVERVIEW ON THE BACK-CALCULATION OF OBSERVED AVALANCHES

As shown in Fig. 2 some of the input parameters of documented avalanches can be measured
or are observed. Parameters like fracture depth or size of release area are difficult to assess
when weather is poor. The biggest challenge might be the selection of the friction parameters
which is explained in our case study in section 4. The available data often makes it possible to
assign a return period to the back-calculated avalanche.

1) Return | 2) 3)Fracture | 4)Friction | 5) dO* Base |6)Snow 7) Snow 8) Other
period T | Release |depthd0 (T/S/M/L) |value+AdO* |temp.+ ATs | density
area

Back- f(condi- f(cond- Generate
Calculation parison observed observed observed tions) itions) Curvature
with aval. 'bydrone by drone measured
history
Details e.g. ! Mean f(relvol. + Control: SnowPack  SnowPack
runout value of no. of Erodible simulations simulations
release area tracks?) snow in

runout

Figure 2 Overview on the back-calculation of avalanches (RAMMS::Extended).
Green: defined / derived. Yellow: small uncertainty. Red: high uncertainty.

4. CASE STUDY: WILDI AVALANCHE IN THE DISCHMA VALLEY NEAR DAVOS

Avalanche records from 1960 to 2025 indicate a return period of 10 years for events reaching
the local road just northeast of the small river. One such event was the 15 January 2019
avalanche, triggered by heli bombing (Fig. 3).

4.1 10-year avalanche calculated with the Scenario-based Approach

The 10-year avalanche simulated with RAMMS::Avalanche crosses the open field near the river
but falls short of the observed runout by about 40 m (Fig. 4, left). The fracture depth d, is 0.8
m, based on extreme value statistics (AHS3, Davos Dorf, T=10y.). The release volume is 30’100
m?, and the assigned friction category is 10-year Medium.

The 10-year core simulated with RAMMS::Extended reaches the road (Fig. 4, middle; Table
1), consistent with historical records (same release area used as for RAMMS::Avalanche).
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Figure 4  10-year dense flow avalanche (RAMMS::Avalanche left); core
(RAMMS::Extended middle and right)).
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4.2 Back-calculation of the Wildi avalanche of 15 January 2019

It is notable that the January 2019 avalanche, despite its small release volume of only 4200 m?,
reached the road. This suggests extreme flow conditions, which were also needed in the model
to reproduce the long runout (Table 1, Fig. 5). For such “tiny avalanches,” we recommend

v bIAL s,
Figure 5  Back-calculation with RAMMS::Extended of the 2019 Wildi avalanche using the
observed small release area and selected low friction (core left, powder cloud right).
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friction values remains one of the key challenges in avalanche back-calculations (see Section
3). The input parameters in regard of the weather and snow conditions refer to (Glaus et al.,
2024).

Table 1 RAMMS::Extended: Scenario-based input parameters and back calculation.

Input parameter Values of Scenario- | Back calculation: avalanche of 15 Jan. 2019

based  Approach

(Section 4.1) Value Source
Fracture depth do 0.8 m 0.95m Drone
Release volume 30’100 m? 4200 m* Drone
Erosion depth do* 0.95m 1.00 m Measured (in the run out)
A do* 0.05m/ 100 m 0.01lm/100 m | Measured
Snow temp. (rel. area) | -6° -7° Snowpack data from Weiss-
A Snow Temperature 0.3°/100 m 0.4°/100 m flubjoch (WFJ) and Davos Dorf
Snow density 175 kg/m’ 195 kg/m’ Snowpack data from WFJ
Friction 10y. Medium 300y. Tiny Expert decision

5. CONCLUSIONS

We analyzed the two modeling approaches, scenario-based simulations and back-calculations
of observed events. The scenario-based method follows a structured 8-step procedure and is
widely used for hazard mapping due to its reproducibility and linkage to standardized return
periods. However, it involves simplifications such as uniform snow entrainment and predefined
friction values. The back-calculation of the 2019 Wildi avalanche showed how field data can
refine inputs but also highlighted the challenge of selecting friction values, which strongly
affect runout. In this case, a small avalanche required unusually low friction to match
observations, indicating complex flow not captured by standard settings. Back-calculations of
observed avalanches can help calibrate models and better understand outlier events and allow
a better understanding of the characteristics of an avalanche track. Parameter transfer between
the two approaches should be done with caution due to explained differences.
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ABSTRACT

Assessing how pylon-like structures respond to snow avalanche impact is a critical, yet
challenging, part of risk mitigation. Central to this challenge is the quantification of run-up
height and impact pressure distribution, both of which directly influence structural design.

Current engineering practice mostly relies on simple theoretical models incorporating empirical
parameters, whose selection requires extensive experience. Although these models have proven
to be effective in most cases, they may lead to inappropriate designs in some specific scenarios
due to the simplifying assumptions postulated in their derivation. A more physics-based
description of avalanche impact has the potential to improve our understanding and support
more targeted and economical structural mitigation design. It is in this context that computer-
based numerical approaches such as the material point method (MPM) have gained increasing
interest. Elasto-plastic MPM frameworks can accurately reproduce the mechanical response of
snow, offering a powerful approach to snow avalanche simulations. In our research, we use
MPM to investigate the three-dimensional impact of avalanches on pylon-like structures. In
addition to the numerical work, we have developed a small-scale experimental setup to calibrate
and validate the model for controlled impact scenarios. This dual approach enhances confidence
in the simulations and facilitates process understanding.

In this contribution, we present selected findings from our recent work, with a focus on the
integration of numerical and physical modeling. Preliminary results highlight the potential of
3D simulations not only to inform future mitigation design but also to revisit and assess long-
standing theoretical concepts in snow mechanics, such as the view of Haefeli (1939) on impact
pressure.

1. INTRODUCTION

Pylon-like structures, such as ski lift pylons or transmission towers, are essential components
of alpine infrastructure. Owing to their exposed and often remote locations, they are frequently
subject to snow avalanche impact. These slender structures are usually completely surrounded
by the flowing avalanche, resulting in complex, three-dimensional impact dynamics. For the
design of such structures, engineers commonly rely on semi-empirical design formulae to
estimate key quantities such as avalanche impact pressure and run-up height (e.g. Margreth et
al. (2015), European Commission (2009)). These methods include simple analytical approaches
(e.g. Voellmy (1955)), supplemented by experience from field observations, experiments or
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engineering consulting (e.g. Salm (1990)). Although these tools have been shown to be effective
in many practical applications, they rely on simplified rheological models. This means that their
predictions can be inaccurate, which can be problematic in some cases.

Recent advances in numerical modeling, particularly in three-dimensional particle-based
methods, offer a more physics-based representation of avalanche processes and could support
more targeted, efficient structural design. For example, recent studies using the Discrete
Element Method (DEM), have revealed important rheological mechanisms that govern impact
pressures of avalanche-like flows (Kyburz et al. 2020; 2022a; 2022b). Nevertheless, DEM
simulations remain computationally intensive and are thus restricted to idealized or small-scale
scenarios.

To complement these developments, we adopt a continuum-based approach using the material
point method (MPM), which allows for a balance between physical detail and computational
efficiency. MPM is well-suited to simulate cohesive granular materials such as avalanching
snow and has been increasingly used both in avalanche dynamics (Gaume et al. 2018; Li et al.
2021; Kyburz et al. 2024) and granular impact studies (Mast et al. 2014; Kohler et al. 2024). In
this contribution, we present a dual approach that combines our 3D MPM model and a newly
developed small-scale experimental setup for process understanding and validation. We present
recent findings and outline how this approach could improve our understanding of the impact
of avalanches and inform future design practices.

2. METHODS

2.1 Physical Modeling

linear guide rails impact suspension incl. 4
linear guide carriage

base plate
rigid aluminium frame
transparent PC-plate

side wall . £ unit incl engine -
~15cm deep

Figure 1 ~ Schematic of the experimental setup

The experimental setup is located outdoors in a shaded area near Davos, Switzerland, at an
altitude of 1600 m. It consists of a rigid aluminum frame measuring over 3 m in length and 1 m
in width. The frame supports a laterally confined platform and a linear guide, powered by an
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electric motor. Attached to the carriage of the linear guide is a 4.4 cm wide, rectangular obstacle,
referred to as the impact unit. For each experiment, we sieve a 15 cm thick layer of snow onto
the platform and drive the impact unit through the stationary snow at a fixed speed. This
procedure is equivalent to considering that we are working in the moving Cartesian coordinate
system attached to the avalanche rather than a fixed coordinate system.

For each experiment, we record the impact pressure distribution on the impact unit across two
beams, each of which is supported by 2 uniaxial load cells. In addition, three video cameras
record the scene synchronously. Two of them are stationary, one provides an overview of the
entire setup, while the other captures images from beneath the snow layer through a transparent
polycarbonate (PC) plate. A third camera is mounted on the impact unit and moves with it,
capturing a top-down view of the interface between the snow and the obstacle. Figure 1 shows
a schematic of the experimental setup with its most relevant components. A photo of the
experimental setup is also shown in Figure 2a, which displays a video frame of a running
experiment.

2.2 Numerical Modeling

MPM is a continuum-based particle method that captures many aspects of snow avalanche
dynamics by accommodating large deformations, collisions, and fractures. Owing to its
continuum formulation, MPM is more computationally efficient than discrete methods such as
the DEM and enables the incorporation of sophisticated material models. In this work, we use
the elasto-plastic Modified-Cam-Clay model, originally developed by Roscoe and Burland
(1968) and extended to finite-strain and cohesive behavior by Gaume et al. (2018) for the
simulation of snow slabs.

The numerical setup closely follows the geometry and boundary conditions of the physical
experiment (see Figure 2b). The mechanical snow properties are estimated from density, grain
type, grain size and snow temperature measurements as well as from video footage of the
corresponding experiment.

a)

’ ’ ii i ﬂ@h&'\. N \\? ;‘

Figure 2  a) Video frame of a running experiment. b) Frame of the corresponding simulation

3. RESULTS AND DISCUSSION

To demonstrate the capabilities of our dual approach, we focus on a single experiment and
simulate it using our MPM model. The selected test involves depth-hoar-like snow with a bulk
density of approximately 480 kg/m* and an impact velocity of 0.75 m/s, corresponding to a
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Froude number of around 0.6. The ambient air temperature was approximately —1.6 °C, and the
snow temperature was —2.3 °C.

For the simulation, we estimated a cohesionless internal friction angle of about 25°, and
assumed a moderate cohesion level, resulting in an effective internal friction angle of roughly
32°. Given the already high initial density, excessive compaction was prevented by enabling
rapid material hardening, with the preconsolidation pressure set to 2 kPa. We used a Young’s
modulus of 1000 kPa and a Poisson's ratio of 0.25 and set the simulation resolution to 8.8 mm,
which equals 1/5 of the obstacle width.

In this contribution, we focus on the impact force within the initial height of the snow layer. A
comparison of the force—time histories from
the experiment and the simulation is shown
in Figure 3. The simulated curve lies
between the measured average and the peak
impact pressures. Notably, the simulation
yields a smooth force curve, whereas the
experimental data exhibit several pressure
peaks of short duration. These peaks may be
attributed to  stick-slip behavior, a
phenomenon commonly observed
experimentally in granular materials (Albert
et al. 2001) but also in full-scale snow
—— simulation avalanche impact measurements (Sovilla et
01 al. 2008).

0 1 2 3 4
time (s)

50 A

40

30 A

force (N)

20 A

mmmm measurement

At this preliminary stage, we are satisfied
with this match. Reproducing the observed
stick-slip behavior is possible with our
Figure 3 Comparison of the impact force time model, but would require more rigorous
history within the initial snow height parameter calibration, e.g. tuning the
between the experiment and the material parameters to produce a stiffer and
simulation more brittle behavior, which is subject for
future work.

Apart from progressing toward a quantitatively predictive tool for quantities relevant to
engineering, such as impact pressure, our model also allows us to better understand the physics
of impact. For instance, as it is based on continuum mechanics, it provides the stress tensor at
any Material Point. In Figure 4a, we visualize the principal stress directions as pressure and
tension trajectories for a representative simulation frame. This visualization reveals a striking
qualitative agreement with the conceptual model proposed by Haefeli (1939), for the load
transfer onto support structures in creeping snow, formulated at a time when spatial stress fields
could not yet be computed readily. This correspondence highlights the potential of modern
numerical methods to revisit and validate long-standing theoretical concepts in snow
mechanics.
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Figure 4  a) Pressure and tension trajectories of the simulation compared to b) Haefeli’s
(1939) conception of a support structure's mode of action in creeping snow

4. CONCLUSIONS

In this contribution, we have presented a combined numerical-experimental modeling approach
and a selection of applications to avalanche impact. Our goal is to enhance traditional empirical
methods by improving our understanding of the physical processes involved and enabling the
systematic validation of numerical models. With accurate mechanical material characterization,
the model captures the key mechanisms of impact pressure build-up. While the present study
focused on the impact force within the initial flow height, future work will address additional
variables such as run-up height. The fully spatially resolved numerical model provides detailed
insights into the main impact processes and can thus contribute to the refinement of current
engineering design practices. In the long term, this dual approach has the potential to establish
3D numerical modeling as a predictive and reliable method for avalanche engineering
applications.
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ABSTRACT

This study presents the application of a newly implemented p(I)-rheology module in
OpenFOAM/interFoam for simulating the three-dimensional interaction between the dense core
of snow avalanches and protective dams. The module was developed and integrated into the
OpenFOAM framework by Thetaframe Solutions in collaboration with the Icelandic
Meteorological Office. It was in part made to support the redesign of avalanche defence
structures above the village Flateyri, in the Westfjords of Iceland, after the fluidized heads of
two avalanches overran the existing dams in 2020.

The p(I)-rheology model, which captures the complex behaviour of granular flows, has been
validated using historical data from large natural Icelandic avalanches in different types of
terrain and avalanches interacting with defence structures. The model realistically reproduces
the three-dimensional interaction of avalanches with steep obstacles, forming granular jumps
at dams and capturing ballistic trajectories over smaller features such as mounds.

Simulations were carried out to evaluate the effectiveness of various design improvements
above Flateyri. These included steeper dams, the placement of braking mounds upslope of
existing structures, and the addition of a deflecting dam above the harbour. The final design
features three rows of steep, 10 and 11 m high braking mounds located upslope of the current
deflecting dams, a reconstructed catching dam with increased height and a steep upstream face,
and a new 5—7 m high, steep deflecting dam above the harbour.

The model was used to optimize the layout of the braking mounds—including aspect ratio,
spacing between rows, and distance to the deflecting dam—and to calculate time-dependent
loading on the structures.

1. INTRODUCTION

Avalanches are frequent from the starting zones above the village Flateyri, in NW Iceland and
there are records of numerous avalanche occurrences, most notable the catastrophic avalanche
of 1995 that claimed 20 lives. The defence structures above the village entail two, 14-19 m
high earth fill deflecting dams and one 10 m high earth fill catching dam. The main starting
zones above the village are Innra-Bejargil and Skollahvilft. Several avalanches have hit these
protective structures since their construction. In January 2020, two large avalanches from both
starting zones hit the protective structures (Hilmarsson et al., 2020). Both avalanches had
developed fluidized heads, that hit the deflecting dams. In both instances, the fluidized heads
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overran the dams, though the dams directed the denser core (approximately 90% of the
avalanche mass) successfully away from the town, see Figure 1. The overflow caused some
damage of houses and vehicles downstream from the dams, and a young child was buried but
saved from her bedroom. A large part of the avalanche from Skollahvilft entered the harbour
causing severe damage to boats and the surrounding harbour structures.

Innra-Badjargi Skollahvalft

Figure 1  Outlines of the two avalanches from January 2020. Blue lines indicate the path and
direction of the fluidized layer and red lines the path and direction of the denser
core.

The initial design of the dams was made by the companies VST (Verkfredistofa Sigurdar
Thoroddsen) and NGI in Norway. Following the events, VST (now Verkis Itd.) was tasked with
reviewing the design and functionality of the protection structures, submitting proposal for
improvement, and exploring possibilities to protect the harbour area.

2. IMPROVING THE PROTECTION STRUCTURES

A newly implemented p(I)-rheology module in OpenFOAM/interFoam (Jarosch, 2021) was
applied in the design process for improving the protection structures. The purpose of the p(I)-
rheology (Baker and Gray, 2017) module is to capture the complexity of the flow of the dense
core of snow avalanches (Jarosch et al., 2022).

Using this module, it is possible to simulate interaction between the dense core of snow
avalanches and protective structures in three dimensions. This is a certain advance from using
depth-integrated two-dimensional models.
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There are mainly two physical parameters in the p(I)-rheology module, dynamic friction
coefficient (u«) and static friction coefficient (us), that can be adjusted. To validate the choice
of parameters known avalanches, that included the two avalanches in 2020, were simulated
(Jarosch et al., 2022).

2.1 Improvement process

In this work, avalanche simulations at Flateyri were conducted for the two different release
areas, Innra-Bejargil and Skollhvilft, which are independent of each other. The same physical
properties were used for both situations. Design avalanches for different release areas were
established based on current hazard zoning (Hattumatsnefnd Isafjardarbajar, 2004) and
correspond to a frequency of 1 in 1000 years. This was verified by simulation on the terrain
without current protection structures.

Initially, the efficiency of the current protection dams was analysed and based on those results
various improvements were tested. These included a number of different structures and layouts,
e.g. steeper dams, the placement of braking mounds upslope of existing structures, different
geometry of flow channels along existing deflecting dams, and the addition of a deflecting dam
above the harbour.

3. NUMERICAL SIMULATION

3.1 Solver and numerical scheme

The simulations were made with InterFoam, a three-dimensional OpenFOAM solver that
simulates two incompressible, isothermal, immiscible fluids using the Volume of Fluid method
(VOF). The two phases that are simulated are the snow or dense core and the air surrounding
the avalanche. For the snow phase the p(I)-rheology module was used with the corresponding
parameters.

Friction parameters: uq = 0.11 and ys, = 0.75. Density psow = 300 kg/m?>.

Due to density differences between the two phases the air has negligible influence on the snow
phase. It was assumed that the air phase was laminar. To secure simulation stability a first order
upwind scheme was used.

3.2 Simulation geometry, boundary conditions and computational grid

A model of the current terrain was acquired through an aerial LIDAR scan. The area below
400 m a.s.l. was LiDAR scanned by Svarmi in autumn 2020 and the area above was based on
a courser scan by TopSCAN in 2009. The simulated terrain with current protection structures
for the two gulleys are shown in Figure 2. For the relevant suggestions for protection structures,
different protective constructions or modifications were added to the terrain.
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Figure 2 The computational domains of Innra-Bejargil (left) and Skollahvilft (right).
Current terrains with the corresponding release areas. Size of both domains is 2190
x 890 x 700 m (L x W x H).

The mesh of thle computational domain with the protective structures consists of around 8
million cells for the simplest case, that is when there are limited protection structures, to almost
10 million cells. The cells are primarily hexahedral. It should be noted that the computational
domains are in both cases relatively large.

Since many different layouts were simulated, a simple meshing strategy was implemented. A
more strategic refinement could have produced smaller domains with fewer cells and somewhat
shorter computational time. For this work, the adopted work flow was more effective.

Initially a relatively large (10 x 10 x 10 m) cells throughout the domain were used with a
refinement strategy close to the ground and around protective structures. Three refinement
levels were used, where the smallest cell was around 1.25 x 1.25 x 1.25 m in size. The length
and width of the refinement areas, as well as the height, depends on expected flow trajectories
and splashing. This is important around braking mounds as well close to both deflecting and
catching dams. Table 1 shows relevant information about grid size strategy and refinement
zones, Figure 3 shows an example of the refinement zone around a row of braking mounds.

Table 1 QGrid refinement

Terrain and dams

1.25x 1.25 x 1.25 m grid size From ground to 5 m height*
2.5x2.5x 2.5 m grid size From 5 m to 20 m height*
5x 5 x5 m grid size From 20 m to 50 m height*

Braking mounds

1.25 x 1.25 x 1.25 m grid size L: 135xB: Width of dam row + 24xH:60 m**
2.5x2.5x2.5m grid size L: 155xB: Width of dam row + 44xH:80 m**
5x5x 5 m grid size L: 175xB: Width of dam row + 64xH:100 m**

*Sizes cover the whole terrain. **L: length, B: width, H: height from ground.
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Figure 3 An example of mesh refinement zones around the uppermost row of braking
mounds below Skollahvilft gully.

4. RESULTS

In total, 10 different layouts were tested for Innra-Bajargil and >23 different layouts for
Skollahvilft. The situation below Skollahvilft is more complex due to the harbour and S6lbakki,
a residential house east of Flateyri. The proposed modifications in the protective structures
shows a significantly improved protection, both for the residential area as well for the harbour,
and the additional mounds play a key role in protecting the harbour (see Figure 4 and Figure 5
for Innra-Bejargil and Skollahvilft respectively).

In addition to all the different layouts that were simulated, various other scenarios were
investigated, e.g. one with uppermost row of mounds being completely buried by avalanche
deposits. Both to validate the results and to analyse the effectiveness of different protective
structures. Additionally, the mounds are assumed to dissipate energy in fluidized avalanches as
well. Fluidized avalanches where, however, not modelled in the study. Figure 6 shows an
example of the interaction of the dense core with braking mounds.
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OpenFOAM results of the dense core of the design avalanche from Innra-Bajargil.
Volume: 460 k m3. To the left is terrain in 1997, in the middle the protective
structures in 2020 and to the right the proposed improved protective structures.
Colors represent the velocity at the surface at 37 s and 57 s. Hazard lines from 2004
are on the left, revised hazard lines, with respect to structures from 2020 are shown
in the middle, and on the right are proposed revised hazard lines. Black lines show
outlines of the largest known avalanches with or without protective structures.
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Figure 5 OpenFOAM results of the dense core of the design avalanche from Skollahvilft.
Volume: 675k m3. To the left is terrain in 1997, in the middle the protective
structures in 2020 and to the right the proposed improved protective structures.
Colors represent the velocity at the surface at 40 s and 60 s. Hazard lines from 2004
are on the left, revised hazard lines, with respect to structures from 2020 are shown
in the middle, and on the right are proposed revised hazard lines. Black lines show
outlines of the largest known avalanches with or without protective structures.
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Figure 6 OpenFOAM results of dense core of the design avalanche from Skollahvilft at 26 s.

Showing splashing as the avalanche collides with the uppermost row of braking
mounds. Colors represent the velocity at the surface.

5. DISCUSSION AND CONCLUSION

When analysing three-dimensional interaction of avalanches with steep obstacles it is important
to use three-dimensional solver such as OpenFOAM. With OpenFOAM it is possible to capture
more complex flow structures than can be simulated with depth-integrated solvers. It should be
noted that only the flow of the dense core is captured in these simulations, currently other parts,
1.e. the fluidized regime and suspension cloud are not simulated.

The simulations gave a detailed perception of the flow of large avalanches from the starting
zones and seem to capture the highly three-dimensional interaction with barriers convincingly.
Splashing and ballistic jets resulting from the collision of the avalanches with braking mounds
were simulated, as well as the formation of hydraulic jumps along deflecting dams. Though not
shown here, it is possible to estimate time-dependent loading on relevant obstacles by the
simulations. A disadvantage is the computational time, which is significantly longer than for
depth-averaged models.
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ABSTRACT

Numerical simulations were conducted to assess the effectiveness of proposed protective
measures against slushflows released from the Stekkagil gully above the village of
Patreksfjordur in Northwestern Iceland. A devastating slushflow from the gully claimed three
lives and damaged sixteen buildings in January 1983. Series of small-scale laboratory
experiments and numerical simulations of flow interactions with various mound and dam
configurations have been conducted and documented over the past several years leading up to
the current design. This study presents an assessment of the final design which consists of two
rows of steep 4-6 m high braking mounds upstream of a steep 12 m high catching dam. The
assessment is achieved through three-dimensional numerical simulation of a 30,000 m?
slushflow coming from the gully. The flow was also simulated over the current terrain without
protective structures and its distribution compared to the flow marks of the 1983 flow. The
simulations predict satisfactory performance of the mounds and dam with no overflow. They
furthermore provide estimates of the hydrodynamic pressure load and its distribution on the
mounds, useful for their geotechnical and structural design. The slush is modelled as a Bingham
fluid, a non-Newtonian fluid exhibiting no movement under its yield stress threshold.

1. INTRODUCTION

During snowmelt periods and events of heavy rain a snowpack may become water-saturated
and begin to move. This is known as a slushflow. Slushflows typically occur in Arctic and
Alpine regions and have caused various degrees of economic and human harm and may become
more frequent with climate change (Hestnes (1998), Relf et al. (2015)).

In January 1983 a catastrophic slushflow was released from the Stekkagil gully above the
village of Patreksfjordur in Northwestern Iceland (Figure 1 and Figure 2). Three people perished
and sixteen houses were destroyed or damaged (Tomasson and Hestnes (2000)).
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Figure 1. Stekkagil gully above the village of Patreksfjordur, Iceland (photo: Hakonardéttir,
2006).

Stekkagil is a narrow and rocky gully that stretches from a bowl-shaped depression at the edge
of a 400 m high plateau down to a debris cone at an elevation of 70 m a.s.l., roughly 200 m
from the nearest houses (Figure 1). Slushflows are the primary natural hazard for the residents
below the gully but the steep slope on the east side of the depression above it is a known
avalanche release area where supporting structures have recently been placed. Small avalanches
had been documented coming down the gully prior to the instalment of the supporting structures
and all stopped before reaching the village (Tomasson and Hestnes (2000), Hilmarsson (2017)).

The volume of the 1983 slushflow is estimated to have been 30,000 m? and it’s the largest and
most consequential slushflow to have come from Stekkagil (Tomasson and Hestnes (2000)).
Other smaller slushflows have also been documented, as recently as 2023 (Helgadottir et al.
(2024)). Slushflows may start in the depression at the top of the plateau during heavy rain or
thaw events or in the gully itself, e.g. if snow accumulation or avalanche debris blocks water
discharge from the snowpack (SFL (2015)). Slushflows commonly entrain substantial amount
of snow, soil and other loose material in their path and can grow significantly in size on their
way down. The 1983 flow is believed to have started in the mouth of the gully (85 — 100 m
a.s.l.) and entrained most of its mass on the debris cone below (Tomasson and Hestnes (2000),
Gauer (2004)).

An appraisal study for defence measures from 1998 proposed a channel and deflecting dams
below Stekkagil to direct slushflows into the ocean (Figure 3). The channel would require the
removal of several houses and splitting the town into two (VST/NGI (1998)). The proposal was

07.3 - Page 187



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur Iceland, September 30 — October 3, 2025

rejected by the municipal council as it would cut off all road connection to the western part of
the village in a major flow event - an unacceptable scenario, especially in circumstances
surrounding a natural hazard of this kind which may be accompanied by bad or extreme weather
(Hakonardoéttir and Agustsdoéttir (2019), SFL (2015)).

Figure 2.  Aerial photo of Stekkagil and the village below after the 1983 slushflow (photo:
Omar Ragnarsson. From Morgunbladid, 25.01.1983).

VESTURBYGGP - SNJOFLODAVARNIR
FRUMATHUGUN, GEIRSEYRARGIL

PETUR JONSSON LANDSLAGSARKITEKT F.LL A =~
EIKNISTOFA FDA 17
SIMI 36777 37 FAX 5677736 UTLIT 10 ARUM EFTIR UPPGREDSLU 03

Figure 3. Sketch of previously proposed defence measures (reproduced from VST/NGI
(1998)).
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Stefan Margreth of the SLF in Switzerland consulted authorities on the matter in 2015 and
recommended investigating the feasibility of placing a catching dam below the gully to stop
slushflows (SLF, 2015). Following this recommendation a series of small-scale laboratory
experiments and numerical simulations were conducted to investigate this option
(Hakonardottir and Agtstsdottir (2019), Hakonardottir et al. (2024), and Pétursson et al.
(2019)). This work has led to the current defence proposal which consist of two rows of braking
mounds above a catching dam (Figure 4).

Figure 4. Proposed defence measures. View from the southeast.

Three-dimensional numerical simulations of slushflow were made to assess the effectiveness
of the proposed protective measures. The assessment is achieved through three-dimensional
numerical simulation of a 30,000 m? slushflow starting in the gully. The flow was also simulated
over the current terrain without protective structures and its distribution compared to the flow
marks of the 1983 flow.

2. SLUSHFLOW CHARACTERISTICS AND PROPOSED DEFENCE MEASURES
Slushflows are generally slow moving compared to dry-snow avalanches and can be released
from a relatively gentle slope. They most commonly start in drainage channels and streams
where inflow of water into the snowpack is often greater than the outflow causing the snowpack
to become saturated. Slushflows are, however, not limited to channels and streams as this
condition can also occur in other kind of terrain, such as open slopes (Hestnes (1998)).

Despite their lower speed, their momentum can be of the same order as for faster moving dry
snow avalanches due to the slush’s high density, which can range from 600 to over 1000 kg/m?
depending on the composition of ice/snow, water and debris (Jaedicke et al. (2022), Hestnes
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(1998)). Slushflows can be near laminar to fully turbulent and exhibit saltation layers and
airborne particles (Hestnes, 1998). Gude and Scherer (1998) characterized slushflow as being
either sub-critical minor slushflows that have Froude number less than 1, or supercritical slush
torrents that have Froude number greater than 2.

Expected speed and thickness ranges of slushflows from Stekkagil gully are 10-20 m/s and 1-3
m, respectively, corresponding to a Froude number between 2 and 5. Hakonardottir and
Agustsdottir (2019) report on small-scale laboratory experiments intended to find an
engineering design that effectively stops a slushflow of this magnitude upstream of an
approximately 10 m high catching dam. Their work was based on the experience with designing
mounds and dams for dry-snow avalanches, ocean breakwater, and obstacles in dam spillways
and bottom outlets of hydropower plants. Water was used in the experiment as a substitute for
slush. Slush composition can vary significantly in nature, and it is hard to re-produce in a small-
scale experiment in a consistent manner. They identified three stages of water impact with an
impermeable dam; first, a violent initial splash with a jet shooting twice as high as predicted by
energy conservation, alike strong wave impacts with harbour walls. Second, fountaining
follows the splash with height in accordance with energy conservation theory assuming no
energy dissipation. Overtopping is most likely during the fountaining stage. Third, the
formation of a hydraulic jump and its upstream propagation.

Further analysis and numerical simulations following the laboratory experiments were reported
by Hakonardéttir et al. (2024). They concluded that the most effective design includes two rows
of steep braking mounds upstream of a catching dam.

The design of the proposed defence measures to be located below Stekkagil is based on these
foregoing experimental and numerical investigations. It consists of two rows of braking mounds
above a catching dam (Figure 5). The braking mounds are earth-filled with a steep upstream
side and a height of 5 and 6 metres for the upper and lower rows, respectively. The catching
dam is likewise earth-filled and steep, with the height of its upstream side ranging from 10 to
12 metres. The dam is equipped with a 10 m wide steel grille for conveying water from upstream
of the dam to the existing brook below. An overflow spillway is located on the west end of the
dam.

The braking mounds serve to dissipate the flow’s kinetic energy before reaching the catching
dam, thereby reducing the risk of overflow and the necessary height of the dam. The flow over
and past the mounds exhibits strong turbulence and three-dimensionality. Therefore, 3D
simulations are needed to predict their performance as empirical or analytical models and depth
averaged 2D simulation methods fail to capture the relevant flow dynamics.
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3. NUMERICAL SIMULATION

3.1  Solver and numerical scheme

The simulations are made with interFoam, a three-dimensional OpenFOAM solver that
simulates two incompressible, isothermal immiscible fluids using the Volume of Fluid method
(VOF). Similar to the slushflow simulations by Hamre et al. (2024), the slush is modelled as a
Bingham fluid; a non-Newtonian fluid exhibiting no movement under its yield stress threshold.
This is achieved by using the Hershel-Bulkley viscosity model in OpenFOAM with the
dimensionless shear-thinning constant n =1 :

T
v = min <v0,70 + k)'/"‘l)

Where v is the viscosity, y is the shear rate, 7, is the yield stress, and k is the consistency index
and v, isthe threshold viscosity, effective under very low shear rates (CFD Direct Ltd. (2025)).

Here, a yield stress of 7, =1000 Pa is applied, and the density of the slush is 1000 kg/m>.

To secure simulation stability, the convective fluxes were calculated using a first order upwind
scheme. The k- SST turbulence model is used. We could not find any published studies on the
effects of turbulence models in slushflow simulations. Therefore, the question regarding the
applicability of the turbulence model, and which model in that case, remains open.

InterFoam returns a phase-fraction a which represents the fraction of the volume occupied by
the phases in each cell. In our analysis we consider the boundary between slush and air to be at
a = 0.5 (i.e. the cell’s volume is 50% occupied by slush). All visualisation of the slush surface
is based on this criterion.

Residential area

: West end overflow
Gap for steel grille . S
12 m high catching dam

g Lower 6 m high breaking mounds

Upper 5 m high breaking mounds

Gully / flow inlet

Figure 5. Overview of the proposed protective structures as they are in the simulation.

3.2 Simulation geometry, boundary conditions and computational grid
The simulated terrain with the proposed protective structures is shown in Figure 5. To reduce
the simulation time, the release area is not included in the computational domain. A 2.6 m high
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inlet boundary is applied near the gully’s mouth and set to release 30,000 m? of slush in 35
seconds into the domain. This corresponds to an inlet speed of 15 m/s and a Froude number of
3.0.

The model of the current terrain without the protective structures was acquired through an aerial
LiDAR scan (Figure 6). The extent of the computational domain is the same in all simulations
(Figure 6 and Figure 7).

The computational mesh with the protective structure consists of 14.2 million cells, primarily
hexahedral (Figure 7 - Figure 9). The mesh with the current terrain is 13.7 million cells and of
similar density. The mesh needs to be adequately fine near the terrain surface to capture the
velocity boundary layer as it affects the flow distribution significantly. A proper mesh study
was not performed; however, the resolution was kept as high as time and computational
resources allowed for.

Figure 6. Computational domain. Current terrain without protective structures.
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Figure 7. Computational mesh with proposed protective structures. Note the higher
resolution in the channel leading to the dam.

2t j’,,r_(&( /@v e

Figure 8. Closer view at the computational mesh. Left: top view of dam and steel grille gap.
Right: Braking mounds.
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Figure 9. A YZ-plane through the computational mesh, cutting through a braking mound.
Dimensions of cells in different locations in the flow path are shown.

4. RESULTS

In the simulation, 30,000 m? of slush flowed into the domain in 35 seconds, corresponding to a
15 m/s inlet speed and Froude number of 3.0, which does not correspond to the 1983 flow. The
1983 slushflow started at an altitude similar to that of the inlet boundary and entrained most of
its mass on the debris cone below. Entrainment is not simulated here. The simulated flow, while
similar in volume, is therefore greater in terms of potential energy and momentum. However,
the general direction and run-out distance are comparable between these two cases although the
simulated flow has wider distribution on the debris cone and in the residential area directly
below the gully (Figure 10 and Figure 11). This is likely due to its higher momentum, although
the absence of an existing snowpack in the simulation and/or an underestimation of the fluid’s
viscosity may also influence the distribution.

The braking mounds and catching dam effectively stop the flow in the simulation without any
overflow (Figure 10 - Figure 12). The steel grille is not included in the simulations, therefore
the outflow through the grille gap is overpredicted. A simulation with the gap completely closed
shows negligible difference in the flow dynamics around the braking mounds or impact with
the dam away from the gap and there is no overflow in either case.
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Figure 10. Velocity magnitude at slush surface. Time 34 s. Left: current terrain (the black
line marks the 1983 flow distribution). Right: terrain with protective structures.
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Figure 11. Velocity magnitude at slush surface. Time 60 s. Left: current terrain (the black
line marks the 1983 flow distribution). Right: terrain with protective structures.
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Figure 12. Maximum phase-fraction, a, on the surface of the mounds and dam. Red colour
indicates that surface has been wetted.

Roughly one mound height, or 5 m, upstream of the upper mounds, the flow depth is 0.8 m
(vertically), and the depth-averaged velocity is 21 m/s at the centre of the channel (Figure 13).
This corresponds to a Froude number of 7.6. The surface velocity is 23 m/s. It is possible that
the depth and width are underpredicted and overpredicted, respectively, as a result of an
underestimated fluid viscosity.

- ) ——

34m
U Magnitude (m/s)

L 0 1 2 3 45 67 8 91011121314 151617 18 19 20 21 22 23 24 26
|

xo L e e eeee—————— | e ——

Min: O Maix: 23

Figure 13. Vertical cross section of the flow 5 m upstream of the upper mounds. Time 6 s.

The slushflow forms quasi-stable jets, or ballistic flow trajectories, over the mounds of varying
shape and height depending on the mound (Figure 14). In the upper row of braking mounds, the
highest trajectory reaches 14 m vertically from the base of the mound. For the lower row this
reduces to 12 m (Figure 15).
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Figure 14. Slushflow at 23 s. Quasi-stable flow trajectories over mounds.
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Figure 15. Slushflow at 23 s. Quasi-stable flow trajectories over mounds.

The simulation shows a run-up at the dam on impact that does not exceed the height during the
fountaining stage (Figure 16). The maximum height occurs during that stage near the centre of
the dam (Figure 17) and is sustained as the hydraulic jump forms and begins to propagate

upstream (Figure 18).
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Figure 16. Slushflow at 15 s. Slush run-up at impact with the catching dam.

Time: 26.00 s U Magnitude

0O 2 4 6 8 1012 14 16 18 20 23
R N ——

Min: 0 Max: 23

Figure 17. Slushflow at 26 s. Fountaining and hydraulic jump visible. Maximum height
already achieved near the centre of the dam.
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Time: 40.00 s
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Figure 18. Slushflow at 40 s. Diminished fountaining. Hydraulic jump has propagated
somewhat upstream.

The recorded maximum pressure on the braking mounds varies but is generally significantly
greater than the pressure on the dam (Figure 19).

Figure 19. Maximum surface pressure on mounds and dam.

The largest force acts on mound 7 as it is directly in the flow path and receives slush deflected
by the upstream mounds (Figure 20). Nevertheless, the flow trajectory over this mound does
not reach the same height as the trajectories of the mounds above, as mentioned. Mound 8, west
of mound 7, experiences a similar force magnitude. However, this mound is larger and when
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normalized with the frontal area, the forces on the mound on either side of mound 7 are nearly
identical during the semi-quasi state (i.e. after 20 s).

—— Mound 1 —— Mound 3 Mound 5 —— Mound 7
—— Mound 2 Mound 4 —— Mound 6 Mound 8
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Figure 20. Left: Force on braking mounds. Right: Force on braking mounds normalized with
their respective frontal area. See Figure 5 for mound numbers.

5. DISCUSSION AND CONCLUSION

The simulations predict satisfactory performance of the braking mounds and catching dam with
no overflow. The flow dynamics are generally convincing and, interestingly, the flow structures
around the mounds highly resemble what Hakonardéttir et al. (2003) observed in granular flow
over a braking mound in laboratory experiment using glass particles (Figure 21).

As interFoam is a two-phase solver, the simulations also included an air phase surrounding the
slush. The air is believed to have negligible effect on the bulk of the slushflow, while the
airborne jets in the mound overflow might be somewhat affected. We, however, do not believe
that this effect is influential on the performance of the mounds.
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Figure 21. Left: Granular flow experiment. A quasi-steady jetting over a braking mound
(reproduced from Hékonardottir et al. (2003)). Right: a subsection of Figure 15.

The splash/run-up at first impact with the dam is not observed to reach as high as the splash
reported in the laboratory experiments by Hakonardottir and Agustsdottir (2019). The same is
true for the impact with the braking mounds; no higher splash is observed, and the flow reaches
its maximum height during the quasi-steady jet state. This could be due to insufficient mesh
resolution or insufficient sampling frequency of the results as the splash is very short lived. The
numerical diffusion of the 1% order scheme of the convective fluxes might also influence the
splash. It could also be due to an incapability of the two-phase solver to capture the flow
dynamics that produce a splash, although this must be considered unlikely given that previous
simulations by Pétursson et al. (2019) showed a high initial splash on braking mounds under
similar flow condition. They, however, simulated a Newtonian fluid, not a Bingham fluid. The
Bingham fluid may become highly viscous near the stagnation point at the base of the braking
mound, potentially affecting the initial impact splash in the simulations. This aspect was outside
the scope of this study and would need further work to conclude.

The highest recorded surface pressure on the mounds is roughly 250 kPa in the simulation.
Pétursson et al. (2019) recorded initial pressure peak of 620 kPa on a braking mound under
similar flow conditions (Froude number). However, this peak was associated with the initial
splash phase and was highly localized near the base of the mounds and only lasted a few
milliseconds. It is possible that peaks of higher pressure than 250 kPa occurred in the current
simulation but were too short for the sampling rate to capture.

Simulating slushflows remains highly challenging. Their flow dynamics are extremely complex
and there is a high uncertainty and variability in their composition and properties, release
location, and extent of entrainment. However, simulations of this kind are valuable in the
engineering design of protective structures. In this work for example, the simulations led to
adjustment of the width, spacing and location of the braking mounds as initial simulations
showed room for improvement.
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ABSTRACT

The municipality of Evoléne in the Swiss alps is exposed to high avalanche hazards and was
hit tremendously during the 1999 winter. The municipality consists of several villages located
below a mountain slope of 4.5 km length with an elevation difference of ca. 2000 m, with many
small avalanche paths threatening the inhabitants of the valley. A massive avalanche protection
and mitigation project has been set up over the last two decades to ensure the safety of the
valley. Different snow supporting structures were rapidly installed in the 2000s and in a new
project phase remote avalanche control systems (RACS) and radars are installed to further
control avalanche hazard. 5 RACS and two radars were installed in 2023, with about twenty
more RACS to be installed over the next years. The two radars were combined horizontally to
detect small avalanches (size 1 — 2) over the entire slope, in all weather conditions, at more than
5.5 km of distance. Geoprevent implemented a convolutional network artificial intelligence
model in addition to existing detection algorithms to improve the sensitivity of the system and
increase its accuracy. The avalanche experts of the valley actively use the system for avalanche
control operations and it provided key data during the critical week of mid-April 2025. While
there is still some potential for further improving the accuracy of the system, the data generated
will be helpful for validating the location chosen for the RACS to be installed.

1. INTRODUCTION

1.1  Whatis radar?

Radar stands for “radio detection and ranging”, a system used to detect and locate objects. The
radar transmitter generates radio waves, that are emitted in a specific direction. The radio waves
propagate through the air and as they travel, encounter objects. Upon hitting an object, a part
of the transmitted power is reflected towards the radar system. Receiving antennas of the radar
collects the reflected energy and processes the signal. As the radio waves travel at the speed of
light (ca. 200,000 km/s), objects can be detected in real-time. The frequency shift between the
emitted and received radio waves can be exploited using the Doppler effect to measure the
velocity of moving objects. Their position can be determined by measuring the travel time of
the radio waves assuming a constant travel velocity.
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Radar technology is widely applied in the military, aviation, marine and car industry. As it
measures continuously in a robust manner, in real-time and in all weather conditions, Doppler
radars have become a helpful tool for real-time avalanche detection.

More than 20 long-range Doppler radar systems for avalanche detection were installed in
Switzerland in recent years. These systems are used by avalanche forecasters to assess the
current avalanche situation. At certain locations, radars additionally close roads and railways
automatically or monitor slopes where RACS are installed to verify blasting results, thus
allowing efficient RACS operation independent of weather conditions and at any time of the
day.

1.2 Radar physics

Radio waves are dampened by the atmosphere while traveling (Nathanson et al., 1999). The
relationship between the power received by the radar (Pr), the distance between the detected
object and the radar (R), the transmitted power (P:), the antenna transmitter gain (Gy), the
antenna received gain (Gy), the wavelength transmitted (A1), object size (o) and diverse system
losses (Ls) is expressed by the following equation (1):

_ PexGexGriA2+o

k= (47)3%R%xLg (1)

When we unify the constant parameters that depend on the hardware (antenna gain, wavelength,
system losses) and the object size into the constant value C, we receive the simplified equation

(@): Py+C

PT = ;4 (2)

The received power from a radar decreases in a relationship to the distance with a power of 4.
The relation is symbolized in Error! Reference source not found.. It assumes power to be
100% at 1000 m distance It dropts to 0.16% at 5000 m.
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Figure I  Relationship between received power and distance of the reflected object to the
radar.

1.3 Finding the best radar location for a site
When considering avalanche detection, radars are optimally placed at the bottom of a slope or
somewhere low at the counter slope, as the frequency shift detection is best, when an avalanche
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approaches the radar in line of sight. However, the exact location a radar will be installed is
always a compromise of different boundary conditions, such as (not exclusive):

. Radar physics,
. Topography (e.g. blind spots, incised channels),
. Access (ground access, helicopter only),
Existing infrastructure (power, communication technology),

° Permission/landowner (e.g. national park, forest service, private person, sacred site,
etc.),

. Environmental conditions of the site (geology, vegetation, etc.),
° Hazards for the system (vandalism, rockfall, avalanche danger, animals, etc.),

. Project scope (e.g. at what elevation does an avalanche need to be detected in order to
close the road in time),

. Budget (difference in construction and operation costs),
. Purpose (e.g. rockfall detection, camera monitoring, etc.)

As aradar has horizontal and vertical opening angles, it can be desirable to mount it as far away
as possible to cover the maximal terrain possible. At Evoléne in southern Switzerland,
Geoprevent has for the first-time operated avalanche detection radars at distances above 5 kms,
hence working with a very high power reduction. At this distance, only 0.0016% of the
transmitted power is received back to the antennas. This is 59% less power compared to the
received signal at a distance of 4000 m.

2. MATERIAL & METHODS

Evonéne has been tremendously hit by avalanches during the 1999 winter. Consequently, the
entire ridge above the town has been subject to avalanche danger reducing measures. Among
snow supporting structures, RACS and radars are part of the project that is realized in different
phases over several decades. Here, radars serve to optimize the operation of RACS. As the slope
above town has a relatively flat terrain feature, the radar had to be placed at the other side of
the valley. Besides a road, power could be drawn and access by truck allowing a fast installation
of the radar unit (Figure 2).

N ——— -t

Figure 2 Installation of Doppler radar beside a mountain road in Evoléne.
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A critical factor is the distance between the radar and the release area, which for parts of the
slope exceeds 5000 m. To increase antenna gain, special radar antennas were used, to funnel
the power transmitted to the target area. Emitted radio waves use the X-Band, at a frequency of
10 GHz.

In order to detect avalanches for slopes located at more than 5 km from the radar, a
convolutional neural network (CNN) was trained on results of the radar and acts as a binary
data classifier. It evaluates an event after the other standard algorithms concluded that an event
is over and confirms that it was indeed an avalanche.

3. RESULTS & DISCUSSION

In winter 2023/2024 the radars recorded an activity of 81 avalanches in Evoléne (94 in the
2024/2025 season). The detections contain small to large avalanches at distances ranging over
5000 m at all times of the day and during snowstorms as well as during sunny weather (see
Figure 3).

Field reports from Evoléne mention small avalanches just outside/at the border of the detection
perimeter on slopes oriented in an angle of ca. 45° from the line of sight that were not detected
by the radar (ca. size 1 or smaller). There is no feedback that an avalanche of size 2 or larger
released without detection.

These observations can be described by the spatial distribution of the radar power. The
transmitted power decreases in distances from the source and from the center line. A simple
analogy can be made with a flashlight pointing to a wall at night. The center of the lightened
wall is strongly illuminated. A spot further away from the center vanishes increasingly.
However, A large object at the extremity of the light, where it is “half dark”, is still visible,
especially when at movement.

The CNN model allowed to substantially reduce the false positive detection rate and to thus
effectively increase the range of the radar.
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Figure 3 Detected avalanches in Evoléne. Large avalanche that starts at the top of the
release area, 4497m away from the radar (upper image). A small avalanche that
1s 4917 m away from the radar, triggered by RACS (lower image).

4. CONCLUSIONS

The avalanche radar in Evoléne demonstrated that even small avalanches can be well detected
at distances of 5000 m. This also applies to avalanches smaller size 1 and are of great benefit
to the local avalanche forecasters in operating their RACS and assuring safety.

It is crucial that the location of a radar installation as well as the radar orientation are carefully
assessed and planned to optimally detect avalanches of interest in the monitored terrain. The
choice of radar location is especially important when detecting avalanches over important
distances.

The implementation of a convolutional neural network allowed to increase the range of the
system effectively, thus combining the best of two worlds, configurable rule-based (white-box)
detection algorithms with the power of data-driven (black-box) artificial intelligence to discard
false alarms. Up to now the timescale on which artificial intelligence based rejection occurs is
of ca. 30 seconds, which remains quite long for real-time applications (on-site alarming or road-
closure) but is sufficient for activity monitoring.
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ABSTRACT

Detailed snow depth measurements immediately before and after an avalanche event are rare
but can provide valuable insights for avalanche forecasting and control as well as for the back
calculation of the events with numerical simulations. In this study, we present a unique dataset
from a slope near Davos in the Swiss Alps where an avalanche was artificially triggered as part
of avalanche control work for road safety. The release area was scanned hourly throughout the
winter with a low-cost terrestrial laser scanner (TLS), providing a high temporal and spatial
resolution record of snowpack changes before the event. In addition, we measured the snow
depth of the entire slope with a long-range TLS before the snowfall, and immediately before
and after the avalanche release, allowing for precise mapping of the release area, track and
deposition zone. After the event, we dug a snow pit close to the release zone including
observations of snow grain types, snowpack temperature and snow density measurements.

The before-and-after scans enable accurate volume estimates of the released snow and mass
distribution after the avalanche event. Measuring release and erosion conditions of avalanches
with high spatial and temporal resolution at locations with differing terrain characteristics will
substantially enhance the understanding of the formation, the prediction and the modelling of
potential destructive avalanche events.

1. INTRODUCTION

Avalanche forecasting and hazard mitigation heavily rely on an accurate understanding of the
snowpack evolution, spatial snow depth distribution, and the conditions leading up to avalanche
release. Among the various snowpack parameters, snow depth distribution is a critical input for
both operational forecasting and numerical avalanche modelling, as it influences loading
patterns, slab development, and snowpack stability (Reuter et al., 2016; Schweizer et al., 2003).

Over the past two decades, remote sensing technologies, particularly terrestrial laser scanning
(TLS) and photogrammetry, have revolutionized snow depth mapping by providing high-
resolution, spatially continuous datasets over large patches of complex terrain (Biihler et al.,
2015; Prokop, 2008). These tools allow for quantifying snow depths at the slope scale, offering
detailed insights into snow depth distribution and terrain-driven variability. Recent
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developments include high temporal resolution monitoring using low-cost lidar sensors,
allowing for high spatial, as well as high temporal resolution (Ruttner et al., 2025).

In particular, the ability to map pre- and post-event snow depth distribution allows for an
accurate estimation of release volumes, erosion patterns, and deposition characteristics, which
are essential for validating and calibrating avalanche dynamics models such as RAMMS
(Christen et al., 2010), SAMOS (Sampl & Zwinger, 2004) or AvaFrame (Oesterle et al., 2025).
Such detailed datasets are not only valuable for back-calculation of individual avalanche events
but also hold potential for improving data-driven avalanche forecasting systems, which
increasingly incorporate machine learning and simulation approaches (Mayer et al., 2023).

In this study, we present a unique dataset collected on a slope near Davos, Switzerland, where
an avalanche was artificially triggered during regular avalanche control operations. Using a
low-cost TLS system operating throughout the winter, combined with long-range TLS scans
taken immediately before and after the release, we document the snow depth evolution and
distribution at high spatial and temporal resolution. Additional in-situ snow pit data were
collected to validate snowpack layering and properties near the release zone. This dataset offers
a rare opportunity to analyze avalanche initiation and deposition, contributing valuable input
for both operational avalanche forecasting and the validation of numerical avalanche models.

2. DATA AND PROCESSING

2.1 Low-cost lidar

At the Braemabuel test site in Davos, south-eastern Switzerland we installed two stations in
November 2023, each equipped with a low-cost lidar (Livox Avia), camera and some
meteorological instruments (wind speed and direction, relative humidity, air temperature and
snow surface temperature). The lidars observe the same region of interest (Figure 1, light purple
line) from different viewing angles and together cover an area of approximately 14°500m?
(Ruttner et al., 2025). The acquisition interval is 1 hour, resulting in around 3000-4000 epochs
per season. After registration to the Swiss national coordinate system (LV95/LNO02), the
resulting point clouds are converted into gridded digital surface models (DSMs) with a spatial
resolution of 0.5 m. Snow depth, or the amount of new snow, is calculated as the height
difference between DSMs.

2.2 Long-range lidar

To acquire data over the entire slope of interest, we performed terrestrial laser scanning
measurements using a Riegl VZ-6000, positioned on the opposite side of the valley (Figure 1,
dark purple line; Figure 2). We acquired one scan on 07.11.2024, as a snow-free reference and
during winter we acquired three additional scans: one on 27.01.2025 (before a major snowfall)
and two on 29.01.2025 (after the snowfall and prior to the avalanche release and one
immediately after the avalanche). We processed the data using the same workflow described
above for the low-cost lidar.
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Figure 1 Overview of locations and extents of the acquired datasets (map source: Federal
Office of Topography).

Figure 2 Acquisition of the Braemabuel slope on 27.01.2025 (left) and on 29.01.2025 (right)
with a Riegl VZ-6000. The pink polygons indicate the scanned area.

2.3 Reference datasets

On the day of the avalanche event (29.01.2025), we conducted an aerial photogrammetric
survey using a Wingtra One Gen II drone, with a Sony DSC-RX1RII 42 megapixel camera
(Figure 1 orange line). We processed the data using Agisoft Metashape 2.1 (Agisoft, 2020),
resulting in an orthophoto with 3 cm resolution and a DSM of 10 cm resolution.

To supplement the dataset, we dug a snow profile next to the slope of interest, in flat terrain just
above the ridge, also at the day of the avalanche event on 29.01.2025 (Figure 1, yellow dot).
The detailed stratigraphy is shown in the Appendix (Figure 4).
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3. RESULTS AND DISCUSSION

The main outcome of the presented study is a set of snow depth maps of 0.5 m spatial resolution
covering the entire slope of interest at three different points in time: before the snowfall, after
the snowfall and before the avalanche and immediately after the avalanche. These maps allow
for accurate (low centimeter level) estimation of release volume, erosion and deposition. Data
from the Livox Avia scanner provide a time series of hourly snow depth maps, though over a
smaller area.

The difference between the scans on 29.01.2025 (before and after the avalanche) clearly shows
the outline of the avalanche release zone and path, as well as the release depth and deposition
(Figure 3). By comparing the release depth with the measured amount of new snow, we can
assess whether the weak layer was located at the boundary between old and new snow. The
mean release depth was 0.60 m, while the average amount of new snow in the release area was
0.30 m, indicating that the weak layer was deeper than the old-new snow interface. Snow pit
observations likewise suggest the presence of a weak layer at a height of 0.43 m, i.e. 0.63 m
below the surface.

Comparing the two snow depth maps also provides a means to validate the results from the low-
cost laser scanner against those from a more established high-end device. Although the low-
cost lidar does not capture the entire release area, it provides a reasonable estimate of the
average release depth.

[ release outline
HS diff [m]

1
0 25 50m
1 [ —

[ release outline | -
HS diff [m] \

] 1
-1
Figure 3  Differences of snow depth (HS diff) before and after the avalanche event on
29.01.2025. Left: HS diff, derived from Livox Avia measurements, right: HS diff,

derived from Riegl VZ-6000 measurements. The background image is derived from
UAV data from 29.01.2025.

4. CONCLUSIONS

This study presents a set of high-resolution maps of snow depth changes before and after an
artificially triggered avalanche, including long-range and low-cost TLS measurements, a drone
flight and snow pit observations. The combination of full-slope snow depth maps and a time
series of hourly scans provides detailed insights into snowpack evolution, slab formation, and
avalanche release dynamics under well-documented conditions.

The ability to accurately estimate release volume, erosion, and deposition, paired with
supporting snow profile data, offers valuable input for validating avalanche simulation models
and improving hazard assessment. Such datasets can support the development of more
accessible and data-driven avalanche forecasting tools.
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5. APPENDIX
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Snow profile, taken on 29.01.2025 14:00, in flat terrain next to the avalanche
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ABSTRACT

Low-cost lidar sensors (0.5k—20k EUR), initially developed for robotics and automotive
applications, are increasingly used for continuous snow monitoring. Their robustness,
affordability, and suitability for near-infrared wavelengths, where snow and ice are highly
reflective, make them well suited for permanent alpine installations. When mounted on fixed
infrastructure, the Avia sensor by Livox, combined with a custom datalogger, enables
continuous or scheduled 3D surface measurements up to 450 meters with a 70-degree field of
view. These data are valuable for hazard assessment and mitigation planning.

We present a system for deploying low-cost lidar units for avalanche risk management,
featuring multi-sensor integration, configurable scan intervals, and automated data processing.
Snow thickness data and visualizations are accessible via a REST API, supporting calculations
of snow depth changes between arbitrary time points. For further analysis, our open-source
Python package, pointcloudset, provides statistical evaluation, anomaly detection, and
additional insight from time-series point cloud data.

Long-term datasets produced by these systems support mitigation planning for snow fences,
dams, and controlled release systems. By mapping snow accumulation, detecting changes in
release zones, and quantifying deposition volumes, fixed lidar installations provide a basis for
evidence-based decisions on protective infrastructure.

We present data from four lidar installations: since December 2024 in Lech am Arlberg,
Austria, beneath avalanche blasting towers, and since March 2025 in Longyearbyen, Svalbard,
on a lift mast near a snow fence.

1. INTRODUCTION

Information on snow depth is currently sparse and discontinuous, often limited to isolated point
measurements that lack crucial data on wind redistribution and precipitation-driven variability.
The spatial distribution of snow is typically assessed using lidar sensors and photogrammetric
cameras, which can be deployed on mobile platforms or mounted in fixed positions. Among
mobile platforms, Unmanned Aircraft Systems (UAS) are the most common. While UAS can
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cover large areas, they currently need a human operator and are subject to weather limitations
and regulatory constraints. Recently, aerial lifts have also been evaluated as a novel platform
for lidar deployment (Dikic et al., 2024). In contrast, permanently installed sensors offer
continuous monitoring without disturbing the snowpack or endangering personnel. Lidar
provides the additional advantage of operating at night and in adverse weather conditions such
as heavy snowfall, although at a reduced range. Its performance is also independent of surface
texture, making it especially valuable in complex alpine environments.

Lidar has been used in snow-related research and monitoring for more than 17 years (Prokop,
2008). A wide variety of lidar systems is now available, each suited to different use cases. High-
performance instruments such as the RIEGL VZ-6000 are capable of capturing snow depth
across entire slopes or mountain sides, with a maximum range of up to six kilometers at a
wavelength of 1064 nanometers. However, capturing a single high-resolution scan with such a
system can take anywhere from several minutes to over an hour. These systems are expensive,
with costs of around €150,000. As an alternative, the automotive and robotics industries have
developed lidar sensors that are reliable, robust, and relatively inexpensive. These sensors are
particularly well suited for continuous slope monitoring applications (Goelles et al., 2022;
Ruttner et al., 2025).

Accurate information on the spatial distribution of snow is essential for both the planning and
operation of avalanche mitigation infrastructure (Deems et al., 2015). Avalanche triggering is
often more effective when shallow trigger points are located near deeper slabs, which can
facilitate fracture initiation and propagation (Guy and Birkeland, 2013). During the planning
phase, data collected from UAS flights can provide snapshots of the overall snow distribution
over large areas, which is useful for identifying zones where mitigation structures are most
effective without being snowed in. In contrast, permanently installed lidar systems, especially
when combined with weather stations, can provide detailed insight into how snow accumulates
and redistributes over time. Such data can be collected over multiple winters to inform the
placement and design of mitigation structures.

Once mitigation structures are in place, lidar can be used to monitor their effectiveness. It can
help determine whether roads need to be closed or reopened, support site-specific avalanche
forecasting, and assess whether artificial avalanche triggering has been successful. Lidar
systems also support the documentation of control actions, validation of snowpack and
avalanche models, planning of explosive placement, and monitoring of cornice formation
(Hancock et al., 2020).

In this study, we present preliminary data from four permanently installed lidar systems. Two
of these are located in Lech am Arlberg in the Austrian Alps, and the other two are in
Longyearbyen on Svalbard, in the High Arctic.

2. TECHNOLOGY

Our snow distribution monitoring system consists of the sensor (Livox Avia) and controller
together with a power supply, housing and mounting pole which is installed on a slope, a
server and a frontend which can be accessed by the end user (see Figure 1).
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Figure 1 Components of the lidar sensing solution and the data flow between them (blue arrows)
as well as the actual direct remote-control path with commands (yellow arrow) and
the improved future one via the server (dashed yellow arrow, Wallner et al., 2025)

Using the API, difference plots for any sensor can be generated between two timestamps. This
is done by sending a POST request to https://api.avalanchemonitoring.com/data/diff-plots/by-
search following a successful user login. The request requires several parameters, including the
sensor ID (sensor_location_id), a reference timestamp (datetime ref), a comparison timestamp
(datetime to compare), and the desired export format (e.g., "png"). Additionally, optional
parameters can be specified to customize the output, such as the coordinate reference system
(crs_to), the plot buffer size, and visualization limits for distance differences (vmin and vmax).
The API returns a job ID in response, which can then be used to retrieve the generated plots
once processing is complete.

3. CURRENT INSTALLATIONS

Two installed lidar systems are shown in Figure 2. Overall, more than 250 GB of raw data, i.e.
point cloud time series and Inertial Measurement Unit (IMU) data has been collected time-
synchronously on our server.
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AT - Lech am Arlberg NO - Longyearbyen

Figure 2 Setup in Lech am Arlberg (left, installed on 19.12.2024) with lidar sensor mounted on
a pole and the setup in Longyearbyen (right, installed 09.03.2025) mounted on a ski
lift mast with the measurement area highlighted in red.

According to the datasheet, the Livox Avia has a maximum range of 450 meters when
measuring a target with 80 percent reflectivity. We evaluated the actual maximum range every
12 hours from the time of installation until the end of March, as shown in Figure 3. In practice,
this theoretical maximum was not reached, most likely because the surfaces in the field of view
are not oriented at a perfect 90-degree angle relative to the sensor and due to the complex
topography. Among the four lidar systems, the average maximum range in the x-direction
varied between approximately 160 and 320 meters. The observable area per lidar results from
the max range and the horizontal field of view angle of 70.4 degrees and therefore ranges from
15727 to 62910 square meters. Note that this uses the full field of view angle while assuming
flat topography. The observable area can be increased by combining multiple lidars, which is
supported by the processing of the API server.

Figure 4 shows an example of a snow thickness difference map from Longyearbyen. In this
case, a snow fence is visible within the sensor's field of view. The map displays M3C2
distances, which correspond to snow thickness in the flat terrain, but not in the area around the
snow fence. The M3C2 algorithm quantifies differences between two point clouds by
calculating distances along surface normals derived from the local geometry of the reference
cloud. In addition, the plotting algorithm interpolates the data, which introduces artifacts in
areas with abrupt changes in surface geometry, such as around the snow fence. For most
applications, regions containing such structures should be excluded from visualizations and
further evaluation. We kept the snow fence in the plot to illustrate these effects. The white area
in front of the snow fence indicates locations where no M3C2 distance could be calculated
because one of the two point clouds lacks data in this region due to shadowing. This data gap
is a result of shadowing caused by the combination of topography and snow cover.
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2025).
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Figure 4 Change in snow depths from one sensor in Longyearbyen shown in a difference plot
(left), photo of the area where the lidar is installed on top of the lift mast and a snow
fence within its field of view. The arrow marks the snow fence in the photo which
is also visible in the difference plot. A histogram of the distribution of the snow
depth is at the bottom right.
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4. CONCLUSIONS

Permanently installed lidar systems can provide critical insights for both the planning and
operation of avalanche mitigation measures. To ensure optimal coverage and minimize
shadowing effects caused by low incidence angles, the position and height of the lidar must be
carefully planned.
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ABSTRACT

Avalanches can increase significantly in volume due to erosion of snow cover, leading to longer
runout distances, higher velocities, and increased impact pressures. Numerical avalanche
models including erosion, require initialization of the erodible snow layer. This is often based
on snow depth estimates from nearby weather stations. These estimates are commonly adjusted
for terrain factors such as elevation and slope. During snowfall events with wind, snow
redistribution can create highly variable snow depth patterns, making station-based assumptions
potentially inaccurate in complex terrain. To evaluate the impact of snow depth initialization
on simulation outcomes, we compare model results based on station data with those using
detailed field measurements. Our case study involves an artificially triggered avalanche in the
Bramabiiel region near Davos, Switzerland. Snow depth was measured at high spatial resolution
before the snowfall and both, before and after the avalanche event, allowing reconstruction of
the snow distribution along the entire track prior to release. Using this dataset, we conduct
avalanche simulations initialized with (1) the measured snow distribution and (2)
approximations derived from two weather stations. This study highlights the importance of
accurate snow cover initialization in improving the reliability of avalanche simulations,
particularly in complex alpine terrain.

INTRODUCTION

Numerical simulation tools for avalanche dynamics are widely applied to analyse avalanche
paths to support hazard mapping and risk assessment (Biihler et al. 2022). These models are
essential for predicting potential run-out distances, impact pressures, and affected areas.
Studies have shown that avalanches can run significantly farther than predicted by friction-
only approaches (Issler, 2020). These simplified models account for resistance from basal
friction but neglect additional processes such as snow entrainment, which increases avalanche
mass. Snow entrainment, which depends on the snow amount, density, and slope angle,
increases the avalanche’s mass and momentum, thereby influencing both its dynamics and
destructive potential. For some numerical simulation models, the initialization requires an
estimate of the amount of erodible snow available along the avalanche path. This parameter
strongly influences the simulated mass growth through entrainment (Glaus et al. 2025).
However, suitable datasets to assess the distribution and characteristics of the erodible snow
mass are barely existing. In practice, such estimates are often derived from measurements at
nearby weather stations, assuming only the new snow can be eroded. The snow depth
distribution within the terrain can be adjusted based on elevation gradient and local terrain
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steepness. While these approaches can provide useful first-order estimates, they are subject to
large uncertainties due to spatial variability in snowfall and wind redistribution as remote
sensing measurements demonstrate (Biihrle et al. 2023). In this study, we present a dataset of
snow depth measurements collected within days before a snowfall, after snowfall, and
immediately after an artificially triggered avalanche. We outline initial strategies for using
these data to calibrate and validate existing erosion models, providing a first step towards
improved representation of erosion in numerical avalanche simulations.

1. METHODS

1.1 Data acquisition and event description

In January 2025, an avalanche was artificially released as part of avalanche control operations
above the Dischma road. A scan using the VZ 6000 from the opposite slope was conducted
prior to the snowfall (27 January 2025), followed by another scan on 29 January 2025 at 6:53
o’clock, shortly before the release, and a final scan after the avalanche event at 7:40 o’clock.

Following the release, a photogrammetric drone survey with a Wingtra One Gen II drone was
carried out using structure-from-motion photogrammetry to generate a reference dataset of the
affected area. In addition, a snow pit was dug near the release zone to obtain additional
information on the snowpack. The snow pit revealed a weak layer located 60 cm below the
surface and around 30 cm of new snow. The average snow temperature in the weak layer was
—3.5°C (excluding the surface), with an average snow density of 250 kg/m?.

To initialise the erodible snow cover, snow depth and temperature are typically estimated
from weather stations. For this event, we focused on the last snowfall prior to the release,
which began on 27 January 2025 around 12:00. Comparing snow depth at the IMIS stations
Weissfluhjoch WFJ (2536 m a.s.l.) and SLF in the valley (1563 m a.s.l.) before the snowfall
(WEFJ: 86.6 cm; SLF: 49.9 cm) and just before release at 07:00 (WFJ: 116 cm; SLF: 59 cm)
results in a snow cover gradient of 0.021 m per 100 m elevation. As the snowpack near the
release zone was already relatively warm, a temperature gradient of 0°C per 100 m was
assumed.

1.2  Evaluation

For data evaluation, an Al-based algorithm was used to identify the avalanche outline, with
some manual adjustments (Hafner-Aeschbacher et al. 2024). To enable a comparison between
measured and simulated snow cover, a central flow line was established, referred to as the
main path. For the evaluation a 5 m resolution grid was used, matching the spatial resolution
of the simulation. To mitigate the impact of outliers from single-pixel measurements,
rectangular sampling areas with a width of 20 m were positioned perpendicular to the main
path, over which the mean snow depth values were computed.

The average snow depth along the main avalanche path was calculated by subtracting the
DEMs from the scans from the snow-free DEM acquired in October 2024 acquired with the
Wingtra One Gen II drone.
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1.3 Simulation of Erodible Snow

The erodible snow depth in RAMMS::Extended was initialised following the approach
described in Glaus et al. (2025), where the fracture height is estimated based on nearby snow
measurement stations. From the recent snowfall, an erodible snow cover gradient is derived,
as outlined in the event description. For each raster cell, the snow depth perpendicular to the
terrain is set according to this elevation gradient. Additionally, the erodible snow depth is
adjusted based on the local terrain steepness.

2. Results and discussion
2.1 Measured snow cover

The snow depth measurements from the laser scan taken from the counter slope are shown in
Fig. 1. The values represent vertical snow depth (not slope-normal). In the release area, a
reduction of approximately 60 cm in snow depth is visible after the avalanche released (46 cm
normal to slope for an average steepness of 40°). This matches the weak layer depth identified
in the nearby snow pit.

b) after snowfall ¢) after avalanche

release are
] avalanche outline

main path

Figure 1: Visualization of snow depth derived from scans taken from the counter slope. (a)
Snow cover before the snowfall began, (b) shortly before the avalanche release,
and (c) immediately after the avalanche event. Negative values represent NaN
entries, which occur in regions covered by forest or dense bush vegetation.
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Figure 2: Snow depth after snowfall and after avalanche, shown relative to the snow depth
before the snowfall—indicating new snow accumulation and snow
erosion/deposition, respectively. (b) Difference in snow cover height before and
after the avalanche, illustrating the net sum of erosion and deposition.

Fig. 2 shows the amount of new snow and the snow remaining after the avalanche relative to
the snow depth before the snow fall. Hence, we can conclude, that the avalanche released and
eroded deeper than the new snow layer (on average 30cm new snow in the release zone
measured).

In Fig. 2 the panel (b) depicts the difference in snow depth before and after the avalanche
event. This gives a rough picture where erosion and deposition happened. But we cannot
distinguish where both processes occurred simultaneously. By analyzing the net change, we
can approximate the maximum erosion depth, observed to reach approximately 0.5 m along
the initial segment of the avalanche path (between 50 m and 400 m), accepting the fact that
this also includes deposition that occurred along the avalanche path. At the end of the main
path (580 — 715 m), the deposition is visible.

To analyze the erosion pattern, we calculated the surface roughness along the avalanche path
using CloudCompare (CloudCompare, 2022). This method estimates roughness by measuring
how much each point deviates from a best-fitting plane based on its nearby points. In case of a
rough surface, we can conclude that the snow cover got eroded and in case of a very smooth
the avalanche was just sliding on the snow.
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2.2 Simulated snow cover

Applying the gradient approach based on weather station data to initialize the snow cover in the
RAMMS::Extended results in an avalanche with a release volume of 820 m? and a potential
erosion volume of 2732 m?. The distribution is shown in Fig.3 b). A direct comparison to the
measured erosion and deposition data set is not possible, as RAMMS simulates only the snow
cover that could potentially be eroded, excluding the underlying snowpack.

b) RAMMS Inizialization

3 AT ¥ - : \ -
A S oom | YR

Figure 3: Qualitative comparison between the measured snow distribution and the RAMMS
initialization based on the gradient approach. Panel (a) shows surface roughness,
where darker blue indicates higher surface roughness and white represents a more
homogeneous surface. Panel (b) depicts the RAMMS initialization of the erodible
snow cover; lighter areas indicate zones where more snow is available for erosion.

3. CONCLUSION

For numerical avalanche simulations, datasets capturing snow conditions before and after
avalanche events are essential to better understand mass balance and erosion processes. In this
extended abstract, we present an initial analysis of a snow depth dataset acquired around an
avalanche event. We outline a first approach for estimating the potentially erodible snow
volume, providing a basis for calibrating numerical simulation tools. Our method applies a
simple comparison of snow depth along the avalanche’s main path. Additionally, we
qualitatively demonstrate how surface roughness can provide insights into erosion and
deposition patterns. While our current measurement setup enables detailed observations, it has
so far only captured a relatively small avalanche event. Future work will focus on using the
measured snow cover directly for initializing simulation models.
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ABSTRACT

Dry mixed avalanches with a substantial powder component pose a significant hazard in alpine
regions. These avalanches typically consist of one or two denser core layers—the dense layer
and the fluidized layer—accompanied by a more dilute powder/suspension layer characterized
by variable density and flow height. While the denser cores travel rapidly and cause severe
destruction along the avalanche path, the powder cloud can extend well beyond and above the
main impact zone. This cloud exerts considerable forces on structures in its path and can affect
areas not directly hit by the dense flow.

The dynamic force from a 1-meter-high dense flow with a density of 100 kg m™ is equivalent
to that from a 10-meter-high powder flow with a density of 10 kg m™. Depending on how
pressure is distributed within the suspension layer, the resulting structural loads—especially
bending moments—can be dominated by the powder component. For structures such as free-
hanging power lines, it is often the powder cloud's force that governs risk assessment.
Therefore, accurately understanding the pressure distribution within the suspension layer is
critical for engineering design.

In recent years, avalanche simulation models that incorporate both the dense core and the
suspension layer have been developed to support engineering decisions. However, a key
challenge remains: the scarcity of quantitative field data for model validation.

This paper presents a comparison between historical measurements taken in the 1980s from a
power line assembly at the Ryggfonn avalanche test site and simulation results from three
avalanche models: SAMOS-AT, RAMMS::Extended, and MoT-PSA. RAMMS::Extended and
MoT-PSA use depth-integrated approaches to represent the suspension layer, while SAMOS-
AT fully resolves the powder component in three dimensions. The comparison offers insights
into each model’s ability to reproduce observed pressure profiles and highlights their respective
strengths and limitations.

1. INTRODUCTION

Dry-mixed avalanches are understood to consist of three distinct flow regimes (Gauer et al.,
2008): a dense core, a more fluidized intermediate layer, and a powder cloud or suspension
layer. Figure 1.1 presents FMCW radar measurements alongside a schematic illustrating the
three flow regimes.

Although the powder part typically has a density less than one-tenth that of the fluidized or
dense core, it can still cause significant damage. For instance, Figure 1.2 illustrates a case where
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Figure 1.1 a) Moving target identification plot from FMCW-radar measurements; The plot
shows relative intensity, where higher intensity indicates greater flow density. b) Schematic of
a dry-mixed avalanche showing the dense core, the fluidized (saltation) layer, and the powder
cloud (suspension layer, PSA). The three flow regimes become more or less pronounced
depending on the velocity and properties of the snow

the powder cloud was powerful enough to partially dislodge the wooden frame of a chalet from
its foundation.

The destructive potential of PSAs has long been recognized, as documented by early works
such as Coaz (1889), Flaig (1935), and Rohrer and Greber (1956). Despite this well-established
hazard, direct measurements of PSA properties—such as pressure profiles or density
distributions within the powder cloud—remain scarce. Most estimates rely on indirect
observations, with damaged flag trees commonly used as indicators of flow intensity and
direction. Some information has been obtained from dedicated avalanche test sites, such as that
reported by Turnbull and McElwaine (2007) from Vallée del Sionne, Switzerland or by Gauer
and Kristensen (2016) from Ryggfonn, Norway.

a) -
Figure 1.2 a) Example from La Fouly, Switzerland (1999), where the powder cloud exerted
enough force to partially dislodge a wooden chalet from its foundation. b) "Flag trees" observed
in the aftermath provide indirect evidence of the powder cloud's intensity and direction, offering
insight into the avalanche's dynamics.

On the other hand, over the past two decades, numerical avalanche models have been developed
that include not only the dense flow component but also the powder-snow cloud. These models
aim to support avalanche practitioners in hazard assessments related to dry mixed avalanches.
Most practitioners currently rely on the Austrian model SAMOS-AT (Sampl and Granig, 2009)
and partially, the pre-release version of RAMMS::Extended (Glaus and others, 2023). More
recently, the MoT-PSA model was introduced by Vicari and Issler (2023). While SAMOS-AT
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couples a depth-integrated dense flow with a fully 3-dimensional resolved powder part, both
RAMMS::Extended and MoT-PSA employ depth-integrated formulations for the powder-snow
cloud as well. Solving the depth-integrated balance equations for the field variables in both the
dense and powder layers requires assumptions about how these variables vary with flow depth
and boundary conditions at the interfaces. Typically, such assumptions rely on self-similarity
principles to define shape functions (Tochon-Danguy and Hopfinger, 1975; Schweiwiller,
1986). In practical applications, empirical relations—such as the one proposed in Statens
Vegvesen’s Handbook V138 (2014)—are also used. However, due to the lack of sufficient
validation data, it remains challenging to reliably assess the performance of both numerical
models and empirical approaches.

This paper presents a comparison between historical measurements taken in the 1980s from a
power line assembly at the Ryggfonn avalanche test site and simulation results from three
avalanche models: SAMOS-AT, RAMMS::Extended, and MoT-PSA as well the empirical
equation proposed in Statens Vegvesen’s Handbook V138 (2014).

2. OBSERVATIONS

Aside from a few indirectly derived datasets—such as those presented by Takeuchi et al.
(2011)—there is limited published data on direct measurements of forces within the PSA layer.
McElwaine and Turnbull (2005) and Turnbull and McElwaine (2007) reported flow heights
ranging between 18 m and 36 m and frontal velocities between 37 m s™! and 54 m s™! for seven
PSA events near the measurement mast in Vallée de la Sionne.

In the early years of the Ryggfonn site, a transmission line assembly was installed in the lower
part of the track. It consisted of three cables positioned approximately 8 m, 12 m, and 16 m
above ground (see Figure 2.1). Some summary information on the measurements can be found
in (Norem, 1995; Gauer and Kristensen, 2018; Gauer, 2023).

-~

a) e ik, : R ; L TR 3 > . ek
Figure 2.1 a) Power line assembly at the Ryggfonn test-site during the years 1983 to 1990. The
cables were aluminum-conductor steel-reinforced (ACSR) with a diameter D = 34 mm, a weight
of 3.0 kg m! and elastic modulus EAt = 750 GPa. b) The avalanche from 1989-04-03 reaching
the power line assembly. In this case, the frontal velocity at the assembly was about 22 m s™'.

A limited set of data was collected between 1983 and 1989, offering some insight into the likely
pressure distribution with height during avalanche events. The measurements generally showed
sinusoidal tension forces, with peak tension forces occurring early in the avalanche passage.
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Figure 2.2 a) Schematic of the powerline assembly as seen looking downstream. b) Definition
diagram for suspended cable used for the sag tension analysis. wysa represents the force from
the powder part on to the cable. c) Estimates of the avalanche widths and corresponding lengths
x1 and Xo.

Converting the measured tension forces into avalanche impact pressures on the cables is not
straightforward, as it depends on both the location of impact and the effective width of the area
affected along the cable. The latter remains particularly uncertain. Nevertheless, rough
estimates of impact pressure can be obtained through iterative sag-tension calculations (see,
e.g., Task Force B2.12.3, 2016). In the following the pressure derived from the peak tension is
used as a proxy for the PSA pressure.
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Figure 2.3 a) Estimates of the normalized pressure profile Ppsa(z-zi)/Ppsa(zi) based on
measurements from the RGF-site, where z; denotes the assumed height of the interface between
dense and powder layer. The gray lines depict the individual measurements, while the black
dashed line indicates a mean trend line. Boxplots illustrate the spread of the data at the three
cable heights. Note the log-scale of the x-axis. b) Estimated pressure Ppsa(zi) just above
dense—powder interface plotted against the velocity Urc. The red dashed line represents a trend
line according to P ~ 6 Urc?. The inset shows the corresponding density estimates at the
interface. ¢) The dashed lines show fits of Ppsa(z-zi)/Ppsa(zi) according to eq. (1) using the
frontal velocity as parameter varying from 10 to 60 m s™'. The gray area depicts an extrapolated
range spanned by the observational data.

Figure 2.3 shows the data from the 11 avalanches from which measurements were obtained.
The normalization and extrapolation of the data downwards suggest that the typical
dense—powder interface was about 4 m above the ground. This estimate is consistent with
observed snow heights and estimated dense-layer flow heights. The back-calculated density at
the interface ~12 kg m™, aligns with commonly accepted values for PSAs. Figure 2.3 ¢ shows
fits of the normalized pressure profile, where the pressure at the interface z; is given by:

PPSA(Zi)chp(Zi)U?fZ ’ (1)
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3. COMPARISON BETWEEN MODELS AND OBSERVATIONS
First, we compare the observations to the empirical formula proposed in Statens Vegvesen’s
Handbook V138 (2014):

Ppsa(z=0)=Cpps %2 (2)
and
PPSA(Z) hPSA -Z ’ (3)
Prsa(z=0) - esa

where the density at the interface is estimated to range between 4 and 10 kg m=, with 8 kg m™
as a best first estimate. The profile function additionally requires an estimate for the flow depth
of the PSA, for which 30 m is adopted as a first-guess value. With this fixed flow height, the
shape of the profile is assumed to be independent of velocity.

Figure 3.1 depicts a comparison of the empirical relation with the measurements from
Ryggfonn. In the lower 25 m of the powder part the empirical function the empirical model
tends to overestimate relative to the measured profiles, thus providing conservative estimates.
However, the suggested density at the interface, zi, appears lower than what was observed in
the field, leading to an underestimation of the expected pressures.
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Figure 3.1 a) Comparison of the observational data with the proposed empirical profile function
(red dashed line) given in eq. (3). b) Example of the proposed pressure distribution for the given
velocities and pr= 8 kg m3, compared with observational data.

In the second part of this section we compare the observations with a series of simulations with
three models that are in use by practitioners for hazard assessments: 1) MoT-PSA (Vicari and
Issler, 2023); 2) RAMMS::EXTENDED (Glaus et al 2023; 2025); 3) SAMOS-AT (Sampl and
Granig 2009) with an adapted bottom-friction inspired by Gauer (2020) and Gauer et al. (2023).
Both MoT-PSA and RAMMS::EXTNDED must be regarded as pre-release versions.

The scope of this paper is not to perform a back-calculation of a specific event, nor to verify or
validate the models. Rather, it aims to test the type of results a practitioner might obtain as a
best first estimate, and how those results compare to actual measurements. To this end, the
models were run using commonly proposed parameter values for relevant avalanches, i.e.
avalanches of relative size > R3. While no specific observed event was selected for back-
calculation, the avalanche event of 2021-04-11 was kept in mind as a representative reference.
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Figure 3.2 Simulated pressure profiles at a reference point in the main avalanche track,
corresponding to the original location of the power assembly. Shown are peak pressures over
time. For comparison boxplots of the observational data are included. a) MoT-PSA b)
RAMMS::Extended ¢c) SAMOS-AT

Figure 3.2 presents the tests of the three models, each with simulations with slightly changing
parameters. The version tested for MoT-PSA corresponds to the one presented in Vicari and
Issler (2023). It is evident that the pressures in the lower section of the powder part are
consistently underestimated, while pressures above approximately 12 m above the interface
tend to be overestimated. A significant portion of the underestimation at the interface can be
attributed to the predicted densities being relatively low—typically less than 2 kg m=—and
only weakly dependent on avalanche velocity. At the same time, the predicted flow height of
the powder part remains around 30 meters. This underestimation of interface pressures is also
evident in Vicari and Issler (2023, Fig. 7 d).

The first back-calculations using RAMMS:EXTEND for the power line assembly at the
Ryggfonn test site were conducted by Gorynina and Bartelt (2023). They focused on the event
1987-02-28, which, by coincidence, was the fastest event recorded at the power line and
produced the highest PSA pressures in the measurements (marked in the figure). These pressure
values were reproduced in the simulations. Additionally, three simulations from a sensitivity
analysis (NGI, 2025) are presented. In terms of pressure, all these simulations tend to fall on
the higher end—or even exceed—the observed values. Some of the simulations also indicate
elevated pressures at significant heights. Moreover, certain simulations suggest flow densities
for the powder-snow component that are higher than commonly assumed. The simulations
further reveal that the model is sensitive to variations in certain input parameters.
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The simulations using SAMOS were conducted with a Coulomb friction coefficient of p=10.28,
which allowed the avalanche to reach the dam in the valley bottom approximately 49 seconds
after initiation—consistent with observations from the event on 2021-04-11. For testing
purposes, only the parameters "ParticlesSuspensionCoeff” and "ParticlesDiameter", which
influence the suspension behavior in SAMOS, were slightly varied. Under these conditions, the
simulated pressures generally fell within the range expected from measurements. However,
slightly higher pressures may be present at elevations above 12 m from the dense flow-powder
interface.

4. CONCLUDING REMARKS

This paper presents a comparative analysis of unique historical pressure measurements from a
power line structure at the Ryggfonn avalanche test site and simulation outputs from three
powder snow avalanche models: SAMOS, RAMMS::Extended, and MoT-PSA—the latter two
being prerelease versions. The comparison offers valuable insights into each model’s ability to
replicate observed pressure profiles within the suspension layer and highlights their respective
strengths and limitations. However, due to the limited availability of suitable data,
comprehensive model validation remains incomplete. A visual impression of the powder cloud
alone can be misleading, as even a snow concentration as low as 0.001 can reduce visibility to
range of approximately 1 m (cf. Mellor and Mellor, 1988).

These models can serve as valuable tools for practitioners, providing essential input for hazard
assessments and the design of mitigation measures. To be truly effective in practical
applications, they must deliver fast and reliable first-guess results, even when input data are
limited. At the same time, the growing complexity of avalanche dynamics models demands a
deeper level of understanding from users, as well as increased awareness of their sensitivity to
key input parameters.
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ABSTRACT

Doppler radars have proven highly effective for real-time avalanche detection in road safety
alarms system, avalanche control verification, and forecasting. However, current radar systems
often rely on radar hardware not originally intended for avalanche-detection, leading to
limitations in spatial coverage, robustness, power requirements, reliance on experts, processing
power, off-season applicability and ultimately costs.

To address these challenges, we developed a compact, fully modular and purpose-built Doppler
radar system for avalanche detection, with the goal of simplifying radar-based monitoring and
expanding its applicability.

The system features a 90° horizontal x 40° vertical field of view and up to 10 km range,
optimized for monitoring of multiple avalanche paths with a single unit. It operates in the 9-11
GHz band and offers flexibility for frequency licensing in different regions. The radar unit has
improved antenna geometry and optimized real-time algorithms to reduce false alarms, while
faster processing allows for shorter reaction times. Power consumption is significantly reduced
compared to conventional systems, enabling solar-only operation in most environments.

The compact, shoebox-sized modules allow for plug-and-play setup, rapid deployment and
seasonal relocations without expert support, e.g. spring road clearance or summer rockfall
detection. Trailer-mounted, the system offers flexible use and is well-suited for road agencies
engaged in multi-hazard monitoring. A weather station is also integrated to support Al-based
forecasting by identifying avalanche-related patterns in growing event datasets.

In this contribution, we present initial field results from pre-series (C-sample) deployments
conducted during summer 2025 on ice avalanches in Switzerland.
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ABSTRACT

The SM4 snowsensor has been produced and developed by a small innovation company POLS
Engineering in {safjérdur since the year 2004. The aim was to create an instrument that would
perform well during periods of heavy snowdrift and icing and would be relatively easy to install
in steep mountain slopes.

The SM4 snow sensor consists of a cable with thermistors mounted at 20 cm interval. The basic
output is a temperature profile and an algorithm calculates the snowdepth. The data from SM4
are displayed in various ways on www.snowsense.is. The website was redesigned in 2024 and
the hardware of the SM4 is now being upgraded as well as the transmission unit, working
towards an instrument that is simpler in production and more robust.

The SM4 snow sensors are currently installed at 32 locations in Icelandic mountains for the
purpose of monitoring avalanche danger. It has evolved to be one of the most important
instruments for the avalanche forecasting team at the IMO, which uses data on snow depth, air
temperature and, no less importantly, the temperature gradient within the snowpack.

1. PRODUCTION OF SM4 AND RECENT UPDATES

Automatic snow-depth measurements are important for avalanche monitoring since the rate of
loading is one of the most important variables for predicting triggering of avalanches. Following
avalanche catastrophes in Sudavik and at Flateyri in 1995, avalanche monitoring in Iceland was
strengthened. Snow stakes were installed in avalanche starting areas making it possible to read
the snowdepth with binoculars. At a few selected locations, acoustic snow-depth sensors were
installed in steep mountains on 5—6 m high aluminium masts.

The acoustic sensors worked well most of the time, but during periods of heavy snowdrift or
icing, the measurements would often be disrupted. The aim with SM4 was to create an
instrument that would perform well during these periods and would be relatively easy to install
in steep mountain slopes. The SM4 snow sensor consists of a cable with thermistors mounted
at 20 cm interval, a data logger and a data transmitter. The cable is mounted on a pole and an
algorithm calculates the snow depth based on fluctuations of the temperature, which is greater
in the air than within the snow. The data is transmitted via the GSM system.

Since 2004, the SM4 snow sensor has been installed at 32 locations in the Icelandic mountains.
Most of the sensors are operated by the Icelandic Meteorological Office (IMO) while the Road
Administration (IRCA) owns some of them.

In 2024 and 2025, a new version of SM4 has been developed. The new type has a simpler, yet
more comprehensive control unit, which makes the construction of the instrument easier and
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results in a more robust sensor. It also facilitates the addition of different types of sensors to the
instrument. All new SM4s have a laser sensor as an additional way of measuring snow depth,
and it is possible to add anemometer as well. It is possible to programme and control the
instrument remotely in a better way than before. The older version was running on the 2G
system, which will be shut down in Iceland at the end of the year 2025. Therefore, new data
transmission units have been developed running on 4G, using the NB (NarrowBand) and LTE
(Long Term Evolution) systems.

A new version of the snowsense.is website was launched in 2024 and continues to be developed
in cooperation with the avalanche monitoring group at the IMO. The data are displayed in
various ways, giving information on snow depth in real-time, the temperature profile in the
snow, rough depth of possible weak layers and air temperature. The web site also contains
photos of the installation of each instrument and a log of maintenance and malfunctions.

2. UTILISATION
The SM4 sensor and snowsense.is have been developed in cooperation with the avalanche
monitoring group at IMO from the beginning, to ensure the usability of the data.

The data from SM4 are used in various ways:

e The direct output from SM4 is a temperature profile which implicitly shows the
temperature gradient in the snow cover. Steep gradient is favourable for the formation
of weak layers.

e Information on snow depth is derived from the data. Scrolling the temperature profile in
time gives information about the snow depth because the temperature fluctuates more
in the air than within the snow cover. An algorithm calculates the snow depth, which is
displayed in a graph.

e Wet snow is constant at zero degrees Celsius and, therefore, the data give indications
on how far into the snow cover the effect of thaws reach, which is useful when predicting
wet snow avalanches or slushflows.

e Snow that has been through melt—freeze cycles is also at zero degrees Celsius. In
Iceland, thaws and rain-on-snow events are common throughout winter. This means that
the snowpack becomes wet throughout and then refreezes. A typical snowpack
condition in Iceland consists of a melt—freeze crust at the bottom which may be up to a
few meters thick in some places, with layered snow cover on top. The thick crust is
stable, but the layered snow needs attention. The temperature profiles from SM4 show
clearly the amount of layered snow and the thickness of the crust at the site where they
are installed.

e An algorithm calculates a faceting index based on the temperature gradient. The
algorithm is based on the snow model Crocus. Lines of different colours appear on
snow-depth graphs where the temperature difference between two sensors matches the
criteria for faceting, showing the calculated faceting index and the approximate depth
of the possible weak layer.

e The air temperature is also useful output. It provides information about the temperature
at different hights in the mountains, since SM4 are installed close to various potential
starting areas.
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3. CONCLUSIONS

The SM4 sensor was developed by a small innovation company in Isafjordur to fulfil the need
for a robust and simple instrument that could provide valuable information on the snowpack for
avalanche forecasting. It was developed in cooperation with the avalanche monitoring team at
the IMO and has become an important instrument for avalanche forecasting in Iceland.
Recently, a new version of SM4 was built and is now being tested in the mountains. A few
papers on SM4 are listed in the references section below, providing more detailed description
and graphs.
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ABSTRACT

The Norwegian Geotechnical Institute, NGI, has collaborated as a subcontractor to Aas-
Jakobsen, a construction consultancy in Norway, on a project for Bane NOR, the Norwegian
railway authority responsible for the infrastructure. This project focused on designing
mitigation measures to protect the northernmost section of the Norwegian railway,
Nordlandsbanen, from gravity-driven mass flows, including debris- and slushflows.

As of today, the project has included the design of eight debris flow nets, each equipped with a
secondary finer mesh behind the primary retention net, to mitigate both debris- and slushflows
along the railway. The recommendation was based on the developing approach that a secondary
mesh with smaller mesh sizes will better retain slushflows, which mainly consist of water-
saturated snow, compared to using a single net with larger mesh sizes.

Debris flow nets were recommended due to their cost-effectiveness, minimal space
requirements, and ease of transport by helicopter to remote locations. However, there is limited
data and experience on the effectiveness of using debris flow nets against slushflows. Our
concern is that for slushflows with high water-to-snow ratio, a debris flow net with a secondary
mesh might not be able to retain the slushflow sufficiently enough. While debris flow nets have
proven to retain debris and reduce the velocity, a snow- water mixture may continue downslope,
as observed in an event in Straumen (Nordland County/ Northern Norway). To date, five of the
nets have been constructed, but have not yet been tested. The presentation will include a
summary of our experiences regarding designing mitigation measures against slushflows for
the Norwegian railway authorities.

1. INTRODUCTION

“Nordlandsbanen” is the longest railway line in Norway, measuring 729 km. The line runs
between Steinkjer and Bode (Figure 1). The railway line is an important part of the Norwegian
infrastructure, serving as the primary land-based transport route for freight between northern
and southern Norway. Traffic delays are therefore highly critical and must be avoided, even at
significant cost.
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Figure 1 The railway line “Nordlandsbanen”, shown as a black line, located between Steinkjer and Bode, Norway.

The railway line is located in complex terrain exposed to rockfalls, snow avalanches, landslides,
debris flows and slushflows. The climate in the region adds to the complexity, particularly
regarding slushflows, which are strongly dependent on specific weather conditions.

The project presented is a continuation of a hazard mapping conducted by NGI and
commissioned by Bane NOR, the Norwegian railway authority responsible for the
infrastructure, in 2022. The hazard mapping included a risk assessment of rockfalls, snow
avalanches, landslides, debris- and slushflows, as well as icefalls, originating from natural
terrain along the railway. The mapping serves as a foundation for quantifying landslide risk
along the railway and evaluating safety measures to mitigate hazards along exposed sections of
the railway. A cost-benefit analysis of the proposed measures was carried out to enable Bane
NOR to prioritize those offering the greatest risk reduction relative to their cost. Measures were
proposed where the annual probability of landslides was considered to exceed 1/200. Based on
the cost-benefit analysis, NGI has provided preliminary designs of mitigation measures from
the priority list given by the analysis. Several of the recommended mitigation measures against
debris- and slushflows ended up high up on the priority list. Thus, some of the measures
recommended against these natural hazards have already been finalized.

In the following sections, a literature review, along with NGI’s experience in the process—
from recommending solutions to calculating loads—is presented.

2. METHODOLOGY

NGTI’s role as the subcontractor to Aas-Jakobsen, was to perform site inspections, model flow
dynamics, recommend optimal mitigation measures and calculate the expected load on the
structures. Aas-Jakobsen was responsible for drawing and describing the structures for the
tender competition organized by Bane NOR for the construction of the mitigation measures.
General rules regarding requirements and principles for safety and durability of structures were
followed. In cases where existing standards did not cover the dimensioning of special structures,
relevant guidelines from Alpine countries were adopted (Berger et al., 2021).
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2.1 Mitigation aim

To calculate the appropriate type and required strength of the mitigation measures, a mitigation
aim was selected by Bane NOR. The mitigation aim was to protect the railway line against
debris- and slushflows with a nominal annual probability of 1/100.

2.2 Modelling

Several aspects of slushflow dynamics are poorly understood, including velocity, flow depth
and pressure (Barbolini et al., 2024). Currently, there are no dynamic models specifically
tailored for slushflows (Hamre et al., 2024; Jaedicke et al., 2022; Skred AS, 2021). And only a
few attempts have been made to back calculate slushflows (Ragulina, 2015; Gauer 2004, Skred
AS, 2021, Barbolini et al., 2024). Dynamical models tested for modelling slushflows include
among others RAMMS::AVALANCHE, RAMMS::DEBRISFLOW, SAMOS, REEF3D and
OpenFOAM. Although the models are not developed for modelling slush flows, the models can
simulate various snow-related flows by adjusting friction parameters (Barbolini et al., 2024;
Hékonardéttir, 2024; Hansen et al., 2024; Herberg, 2021; Jones, 2019; Pétursson, 2019; Skred
AS, 2021).

When dimensioning the mitigation measures in this project, SAMOS was used for modelling
flow dynamics such as velocity and height (Hamre et al., 2024; Barbolini et al., 2024). The
mitigation aim provided guidance on the design impact magnitude that the structures need to
withstand. Among other, SAMOS was used due to its ability to simulate flow interactions with
mitigation measures.

2.3 Mitigation measures

There is limited empirical understanding of the dynamic interaction between moving slushflow
masses and large-scale structural elements within the flow path. However, a few small-scale
experiments have been conducted to investigate slushflow structure interactions (Herberg,
2021; Hakonardottir, 2024; Jones, 2019; Pétursson, 2019) and recent efforts have explored the
application of flexible net barriers as a mitigation strategy (Herberg, 2021; Skred AS et al.,
2021). Such nets have for example been installed along ravines susceptible to slushflows. For
instance, along the railway west of Voss, and along a road in Straumen, Nordland. Additionally,
in Vannledningsdalen, Svalbard, 14 nets have been put up to mitigate large slushflows in the
valley (Skred AS et al., 2021).

To mitigate debris and slushflows in several ravines along the railway, NGI recommended
flexible net barriers equipped with secondary mesh featuring smaller openings than the primary
retention net. Although using nets to mitigate slushflows has certain limitations, the use of
permeable barriers is intended to capture larger debris and reduce flow velocities, thereby
limiting potential damage to the railway line. Excessive water escaping through the barrier is
assumed to have reduced velocities compared to upstream the net, thus the erosive potential is
reduced. This approach was recommended due to its cost-efficiency, minimal spatial
requirements, and logistical advantages, particularly its suitability for aerial transport via
helicopter to remote or otherwise inaccessible locations.

2.4 Design criteria

The practical guide for debris flow and hillslope debris flow protection nets by Berger et al.
(2021) served as a basis for the design of the mitigation measures. The height of the nets was
calculated based on the expected snow height in the area and the calculated flow height of
slushflows with a nominal annual probability of 1/100. However, in some cases the mitigation
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aim was reduced to a nominal annual probability of 1/50 by request from Bane NOR due to
cost constraints. Static and dynamic loads on the nets were calculated based on the modelling
results in SAMOS. In most cases, the planned foundation sites were located on bedrock with
only a thin soil cover, allowing the foundations to be anchored directly into the bedrock.

3. RESULTS

In total, NGI have dimensioned eight mitigation measures against debris- and slushflows within
the project (NGI, 2023; NGI, 2024). As of May 2025, Bane NOR has finalized five of the debris
flow nets along “Nordlandsbanen”. As far as we know, none of these systems have yet been
subjected to full-scale debris- or slushflows. Bane NOR, together with the net-manufacturer,
made modifications to NGI’s proposals. The flexible barriers that ended up being installed were
the TECCO-SL-100 delivered by Geobrugg (Figure 2). Instead of a two-net system, a singular
net with mesh sizes of 6,3 cm, typically used to mitigate shallow landslides, was installed.

S > 3 - 4 " . x - . - ]
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Figure 2 One of the flexible barriers installed along the railway line (Photo: Bane NOR).

4. KEY POINTS TO BE SOLVED AND OUTLOOK

As stated by Gauer (2004) and still holds true, no direct measurements of velocity or pressure
are currently available for slushflows, and flow dynamics remain poorly understood (Jaedicke
et al., 2022). Due to scale effects, small-scale modelling has limited applicability (Herberg,
2021), underscoring the need for full scale experiments (Jaedicke et al., 2022). Further
investigation into slushflow mitigation interaction is warranted (Herberg, 2021). Testing of
protection measures in frequently affected areas is suggested. Additionally, small-scale tests
using water saturated snowpacks may support evaluation of drainage and vegetation-based
mitigation (Jaedicke et al., 2022).
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ABSTRACT

Slushflows are a gravitative flowing mass movements that are most commonly found in Artic
regions, and which pose a significant hazard to human life and infrastructure. Despite the clear
general classification, a unique definition of the process is lacking among the scientific
community. The prospect of enduring climate change and the subsequent increased likelihood
of slushflows posing a serious hazard also to people and infrastructure in regions of lower
latitude requires clarity on this process and calls for effective mitigation measures. In this study,
we aim to shed some light on the main properties that characterise slushflows and the processes
involved by reviewing the available literature. Next, we analyse the various protection and
mitigation measures that can be used to counteract and mitigate this phenomenon. These range
from traditional dams to more advanced solutions such as flexible nets and early warning
systems. We elucidate how cutting-edge numerical simulations, precise hazard mapping, and
effective protective measures help to advance the understanding of slushflows, contributing to
the protection of communities and infrastructure, as well as mitigating the risks associated with
these flowing mass movements.

1. INTRODUCTION

The terminology slushflow indicates a multi-phase flow consisting of a mixture of liquid and
solid composed of the same material that is partially solidified (Reynier et al., 2010). When it
comes to natural hazards, slushflows are gravitative mass movements composed of water
saturated snow flowing downhill. These events are mostly found in arctic and subarctic regions,
but are increasingly present also at lower latitudes as consequence of climate change (Jaedicke
etal, 2007; Furdada et al., 1999; Hestnes and Jaedicke, 2018; Barbolini et al., 2024). Slushflows
can come in different size and, besides snow and ice, carry along a variety of other components,
ranging from rocks and soil to wood and, more generally, vegetation (D’ Amboise et al., 2024,
Fig. 1), making them a highly complex phenomenon to understand and model (e.g., Gauer,
2004).

Compared to well-known gravitational mass movements, such as debris flow or avalanches,
slushflows can generate also on very shallow and gentle slopes, which can be way below 30°
(e.g., Bozhinskiy et al., 1998, Gude and Scherer, 1998; Hansen et al., 2024; Jaedicke et al.,
2024; Sund et al., 2024). While there is an obvious similarity with avalanches, slushflows share
also several characteristics with debris flows, one of which is outlined in Jaedicke et al. (2007):
slushflows move in surges, sharing thus an important movement characteristic with the debris
flows. Additionally, slushflows result in higher impact forces than dry avalanches of similar
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size and velocity, outlining the importance of slushflow-specific design criteria when planning
protective measures (Jaedicke et al., 2007).

Water
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Inundation / Flooding

Debacle 4

Slushflow
Debris Flow
Slushflows mixed with
debris / topsoil / trees
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Figure 1  Classification of rapid gravitational mass movements, depicting the complex nature
of slushflow events according to Hestnes and Jaedicke, 2018.

Despite many efforts to clearly identify the driving processes and the typical release areas of
slushflows (e.g., Gauer, 2004; D’ Amboise et al., 2024; Jaedicke et al. 2024), many uncertainties
concerning these phenomena remain. Generally, slushflows occur during the snowmelt period
or during heavy rains in wintertime, where the water inflow in the snowpack is higher than its
outflow, leading to an increase of water saturation and lower grains attraction in the snow,
creating, thus, perfect conditions for an abrupt release of a mass of slush (Gude and Scherrer,
1998). Similarly to the influence of snow-water content, coarse-grained snowpack also provides
favourable conditions for the development of slushflows (Hestnes and Bakkehei, 2004). Apart
the hydraulic and snowpack characteristics, to meet ideal conditions for a slushflow to be
released, terrain topography plays a crucial role. Terrain features leading to pooling of water in
the snow cover can be ideal release areas for slushflows (Jaedicke et al., 2024). In their study,
Jaedicke et al. (2024) concluded that although the majority of slushflow events happen in
streams and depressions, open slopes and bogs cannot be neglected as starting zones. Despite
identifying an overall trend, slushflows release areas characterisation remains difficult and a
direct combination with weather, hydrological, and snow data is necessary to reduce possible
starting locations to a reasonable number (Jaedicke et al., 2024). Uncertainties in the driving
physics and in typical release areas lead to a reduced efficiency and accuracy of hazard
mitigation measures.

To mitigate natural hazards, numerical models are widely used in spatial planning and the
application of protection measures. Despite specific tools for debris flow, avalanches, and other
flowing mass movements, no specific numerical tool for slushflow events has been entirely
developed yet (Hansen et al., 2024). The high complexity of the slushflow process, coupled
with the uncertainties and high sensitivity of the input parameters, makes accurately modelling
of impact pressures and runout zones of flowing slush extremely difficult (Gauer P., 2004;
Hansen et al., 2024). This calls for more and better data to calibrate numerical models and to
develop new cutting-edge numerical tools that can accurately model such gravitational events.
Thereby, spatial planning and application of protective measures improve significantly.
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As of today, several measures are already applied to mitigate the slushflow hazard, such
comprehend early warning systems (e.g., Sund et al., 2024), and technical protective measures
(e.g., Hestnes and Sandersen, 1998). Despite their widespread use, these measures are mostly
taken directly from those used to counteract other types of gravitational mass movement. While
most systems are suitable for slushflows, several protective measures require adaptations and
specific designs for this purpose. In this short study, we aim to show some key aspects that need
to be considered in the design of protective measures against slushflows. We focus on different
mitigation measures along the flow path of slushflows and point out where suitable measures
can be installed and show the constraints of the measures.

2. APPROACH

2.1 General applied mitigation concept

The general concept applied to technical mitigation measures of flowing mass movements, and
thus also slushflows, are subdivided into three main technical principles: conveyance, retention,
and deflection. The first, avoids any direct action against the hazard. Instead, conveyance
involves keeping the path clear, ensuring that infrastructure is not in the path of the hazard (e.g.,
building of galleries), and directing the flow in the desired direction and along the desired path.
This can be achieved by proper area and land use planning aspects. This principle is especially
suitable when the other two are disproportionate or impossible. The retention principle aims to
reduce the menace directly at the source zone, along the flowing path or at the runout zone by
a number of structural measures, such as retention basins, barriers, or landscape measures.
These structural measures focus on reducing energy and/or volume of the moving mass before
reaching the protected objects. Deflection tries to deliberately deflect the incoming flowing
material by deflecting dams, embankments, or walls, away from the sensitive zones and
endangered areas. This principle is often used when retention measures are not practicable or
when the application of the conveyance principle would lead to severe damages and losses.

In practice, an effective mitigation measure is often the result of a combination of different
principles. The best choice of these technical principles depends on the risk to be mitigated,
technical feasibility and cost benefit of protection measures.

2.2 Location of mitigation measures

The technical measures for gravitational mass movements are spatially distributed along the
flowing path in three main sections: release area, transition zone, and deposition zone.
Depending on the hazard type and the local site conditions, it is more suitable to mitigate the
hazard in the release area, transition zone, deposition zone, or eventually in several zones
combined.

Mitigation measures in the release area are purely active measures, such as flexible or rigid
support structures for the snowpack, or rigid walls, and serve to prevent the release of the hazard
itself addressing directly the source of it. On the other hand, passive measures are widely used
in the transition and deposition zone, where galleries, reinforced earth dams, walls, catchment
basins, and flexible netting is used for guiding the flowing mass on a certain path, slowing it
down, or stop it and catch the released mass.
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2.3 Slushflow mitigation measures classification

Construction and technical mitigation measures are classified based on Hestnes and Sandersen,
(1998) according to the zone in which they operate and the variable/process they control (Fig.
2), or to the technical principles of mitigation measures: conveyance, retention, and deflection
(Fig. 2). Most of the mitigation measures listed in Fig. 2 are well-known measures, which are
used for avalanche and debris flow hazard mitigation measures. With the appropriate adaptation
and consideration for the different physics and parameters, those well-known measures can be
easily transposed to use them against slushflows. Early warning systems can be used, also in
combination with protective mitigation measures outlined in Fig. 2, but they are not further
addressed in this study.

-1 RELEASE ZONE |
| Controlling water content / drainage | | Controlling snowpack stability | I Controlling slushflow size |

Manually carried out | Technical Biological | Technical Technical | Manually carried out

» Ditches in snowpack » Ditches > Protective forest » Snow fences (ridged) » Artificial release > Remove / reduce

» Channels » Afforestation » Snow fences (flexible) amount of snow

> (Stone) Walls (ridged)
-l TRANSITION ZONE |
l Controlling velocity and runout | | Controlling direct objects | I Controlling infrastructure lines | | Controlling slushflow size |
1 Technical l Technical l Technical 1
»  Braking bumps / obstacles » Reinforcement of constructions Concrete gallery Flexible protection nets

Check dam
Slitdam

Debris flow breaker
Diversion channel
Diversion dam

Tunnels

Elevate bridges

Enlarged culverts

Buried power- and pipelines

> Debris flow breaker (backwall, windows, etc.)
> Artificial levees Wedge
» Deflection dam

Y

VVVVY

Y VVYVYYVY

--Pl DEPOSITION ZONE
| Controlling velocity and runout I | Controlling direct objects | | Controlling infrastructure lines
l Technical l Technical l Technical
» Retention basin » Reinforcement of constructions » Concrete gallery
(concrete/steel/flexible protection net) (backwall, windows, etc.) » Tunnels
> Earthdams > Wedge > Elevate bridges T't[f:[‘;’]';“s:”c'p :
» Water by-passing system » Deflectiondam > Enlarged culverts > Conveyance
» Buried power- and pipelines

Figure 2 Slushflow mitigation measures classified by the variable/process they control.
2.3.1 Release zone

In the release zone, mitigation measures based on the retention principle, as well as some
conveyance measures, are appropriate. Three control variables are identified to manage the risk
of a slushflow release and its potential release volume. These are controlling the water content
and drainage, controlling the stability of the snowpack, and controlling the size of the slushflow.
The latter includes artificial release, which has not yet been fully effective for slushflows, and
reducing the amount of snow, which must be carried out by someone on site. Trenching the
snowpack must also be carried out by someone on site as for example it was done in
Vannledningsdalen Valley (Longyearbyen, Norway). Protective forest and afforestation are
non-technical measures. However, this requires that the climate zone remains suitable for
forests. It can be said that protective forests and afforestation, ditches, channels and supporting
structures (rigid and flexible) are considered as effective mitigation measures to use in the
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release zone, provided that the climate, topography, construction access, and maintenance
conditions are suitable.

2.3.2 Transition zone

All technical mitigation principles, such as conveyance, retention and deflection, are applied in
the transition zone, where four control variables are outlined. These are controlling the size,
velocity and runout of the slushflow, protecting direct objects (e.g. buildings) and infrastructure
lines (e.g. roads, railways, power lines and pipelines). To mitigate using the deflection principle,
wedges, deflection dams, diversion channels and dams are used. Retention mitigation is only
used to control the size, velocity and runout of a slushflow. To achieve this, flexible protection
nets, check dams, slit dams and drainage with a steel grid known as a 'debris flow breaker' are
effective. Conveyance is used to control infrastructure lines with concrete galleries, tunnels,
elevated bridges, enlarged culverts and buried power and pipelines. In addition, artificial levees
can help control runout. Direct objects are controlled by reinforcing constructions (e.g.
backwalls and windows) and by deflection measures such as wedges or deflection dams.

2.3.3 Deposition zone

Most of the mitigation measures classified for the transition zone can also be applied to the
deposition zone. In addition, retention basins and earth dams are installed to control the velocity
and runout. Due to the high liquid water content of slushflows, a water bypass system or
drainage outlet is required when designing these structures.

2.4 Dimensioning slushflow mitigation measures

In order to identify an appropriate load case and model to determine the pressure acting on a
mitigation structure, it is necessary to understand the slushflow process and its physical
parameters. The main load cases for slushflow mitigation measures consist of static snow loads
and high dynamic impacts. Design parameters addressing static snow loads, such as those for
supporting structures, are well established and are defined in situ using guidelines (e.g.
Margreth, 2007). However, design parameters for the dynamic impact Py, (Eq. 1) acting on
mitigation measures (dams, wedges, protection nets, etc.) depend on the drag coefficient c,4,
flow density p, and velocity v and are not as well established as those for the static snow loads.

denzcd'p'v2 (1)

The main driving design parameter is the velocity. Slushflows can occur at velocities of up to
30 m/s (Gauer, 2024), which exceeds the 15 m/s velocity range of debris flows (Berger et al.,
2021). Another critical design parameter is the drag coefficient cq. Most of the debris flow
impact approaches for flexible mitigation measures with nets propose a drag coefficient value
between 0.7 — 2.0 depending on the mesh size, flow density of the debris flow (granular, viscous
or muddy) and the flexibility of the obstacle (Berger et al., 2021). For avalanches a new
approach came up in Kyburz et al., 2022 through large scale tests at Valle de la Sion. The drag
coefficient for avalanches depends on the Froude number. This new approach for avalanches
should be proven for slushflows as well by testing instrumented obstacles.
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3. DISCUSSION

The classification of slushflow mitigation measures presented in Fig. 2 should provide a simple
overview of technical measures for mitigating slushflow risk combined with the mitigation
principles. Mentioned control variables can help to address the hazard and plan mitigation
measures along the flow path. Nevertheless, limitations in the design of protective measures
and use of them have to be considered.

Unfortunately, identification of release areas is associated with high uncertainties. This results
in limitations in applying appropriate mitigation measures (Jaedicke et al., 2024). In most areas
it is almost impossible to implement effective mitigation measures in terms of cost, technical
feasibility, and coverage, as the area to be covered would be enormous. Therefore, channelised
and already known release areas, such as debris flow channels, avalanche paths/channels, and
lakes or pooling locations, where slushflows were already observed are appropriate for
measures. On the other hand, mitigation measures in release areas would lead to simpler designs
and dimensioning, as only static load, some gliding effects or drainage must be considered,
instead of a combination of static and dynamic loads in the transition or the deposition zone.
Furthermore, design parameters can be “easily” retrieved and several guidelines on such
support structures already exist (e.g., Margreth 2007). Nevertheless, differences in the
snowpack between different snow regions (e.g., alps vs. artic sphere) must be considered
carefully, when approaching the design of supporting structures in release areas.

In most cases, effective protective measures in terms of cost, technical feasibility, and coverage
will be implemented in the transition and/or deposition zones. Despite an easier zone
identification, design and dimensioning of structures tailored for slushflows are complex. The
distribution of velocity, drag coefficient and thus impact pressure, run-up height, and water
content is broad and rarely known with precision. This makes it difficult to approximate the
design input parameters resulting in challenging mitigation measures design, and great
uncertainties in the effectiveness of the measures. Often, existing measures, such as dams and
flexible nettings are implemented to counteract the effect of slushflows and protect people and
infrastructure. However, these already well-established solutions for other gravitational mass
movements, need careful attention and important adaptations. Compared to debris flows higher
velocities, run-up heights, and impact pressures must be considered in the design of deflecting
and catching dams. Similarly, drainage of the large amount of water present in slushflows must
be taken into account as well. Slushflows exhibit surge-like behaviour similar to that of debris
flows (Jaedicke et al., 2007). This behaviour must be considered carefully in the design and
dimensioning of structures based on avalanche protection since subsequent surges can be as
powerful and destructive as the first one.

In future, the most decisive factor in classifying slushflows may be the water content or
debris/snow content of the mixture. The debris-to-snow content ratio may influence internal
friction values, like in debris flows, where particles are impacted together. Therefore, more
process studies carrying out lab testing, large-scale testing and field observations are necessary
in order to calibrate simulation models carefully.

Recently, flexible net barriers have been applied as slushflow mitigation measures in
Longyearbyen, Norway (Jonnson et al., 2024). Based on classic debris flow barriers, these
solutions were adapted to withstand static snow loads, a different filling process, and a different
flow behaviour than encountered in classic mixtures of debris and water. Very high velocities
were given by the RAMMS simulation for the barrier design. These high velocities result in
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high impact pressures (Eq. 1). In this project the drag coefficient for muddy debris flows was
used. These aspects of design values should be investigated further with field tests as well as
through measures of impact pressure and density to improve the understanding of the slushflow
process and to calibrate numerical models. Modelling of the flow process and the flow-barrier
interaction will help to improve the design of flexible nets for slushflow mitigation.

4. CONCLUSION AND OUTLOOK

Although slushflows share several characteristics with both avalanches and debris flows, they
should be considered as a distinct hazard. Specific mitigation measures and mitigation
guidelines/handbooks should be developed for this hazard. Besides, clear guidelines for
protective measures against slushflows, as presented by Nordang and Jonsson, 2024, more lab
and field tests are required to improve accuracy and effectiveness of such measures and to
define the relevant design parameters. In addition, a more comprehensive understanding of
these destructive yet poorly understood events is required, along with a unique and definitive
classification. Therefore, further work is necessary to develop specific design parameters,
resulting in guidelines and standards for decision-making workflows for mitigation measures.
This will improve and unify the approach to mitigating slushflow-related hazards, and to
improve protection and risk reduction for people and infrastructure, not only in Nordic
countries, but in all affected regions.
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ABSTRACT

Snowdrift events present a persistent and significant challenge to transportation safety and
winter road maintenance in Iceland. Current forecasting methods, largely based on simplified
empirical models, often lack the physical fidelity to accurately predict the complex, non-linear
dynamics of wind-driven snow. This report details a project that evaluates the efficacy of a
modern, physically-based modeling framework, CRYOWREF, in comparison to a traditional
empirical approach. The advanced model integrates high-resolution meteorological data and
simulates detailed snowpack properties, including aging, wind transport, and vertical
redistribution.

2. THE PHYSICALLY-BASED MODELING APPROACH WITH CRYOWRF

2.1. CRYOWREF: A Coupled Atmospheric and Cryospheric System

The project's advanced approach is centered on CRYOWRF, a new modeling framework that
represents a significant advancement over existing land surface schemes. CRYOWREF achieves
this by coupling the widely used atmospheric model WRF with the detailed snow cover model
SNOWPACK. This is an online coupling, which means the two models are fully integrated and
exchange data in real-time throughout the simulation.

The modeling philosophy of CRYOWREF is fundamentally different from that of empirical
models. Instead of relying on statistical correlations, CRYOWREF is a physically-based system
that uses fundamental physical laws to simulate the dynamics of a large number of snow layers,
governed by grain-scale prognostic variables. This sophisticated approach makes it possible to
perform multiscale simulations, capturing phenomena from large-scale synoptic conditions to
small-scale turbulent processes. The online coupling is a critical innovation that directly
addresses the limitations of legacy models. Previous climate and weather models often had a
simplistic representation of snow, failing to capture the strong, two-way interaction between
the snow surface and the atmosphere. CRYOWRF's tight coupling allows it to simulate
complex feedback loops, such as the enhanced sublimation of snow due to wind, which in turn
cools and moistens the near-surface air, a crucial detail that simpler models cannot resolve.

2.2. Advanced Model Physics: Key to Improved Forecasting
2.2.1. Snow Aging and Metamorphism

The ability to accurately model the evolution of snow is central to effective snowdrift
forecasting. The SNOWPACK component of CRYOWREF excels in this area by simulating the
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detailed stratigraphy and metamorphism of the snowpack over time, a clear contrast to
simplified models that rely only on bulk properties like snow age. Accurate simulation of snow
aging is critical because it directly affects the "transportability" of the snow, with aged snow
being less susceptible to wind-driven drifting.

This process is a key differentiator between the two modeling approaches. For example, a fresh
snowfall might be followed by a period of calm, with strong winds developing a day or two
later. During this period, the snow undergoes metamorphism, which increases its shear strength
and reduces its driftability index. In contrast, CRYOWRF's physically-based approach can
account for the evolution of snow grain characteristics, density, and shear strength, providing a
more accurate forecast of the drift potential for aged snow.

2.2.2. Wind Transport and Redistribution

It is necessary to improve the modeling of wind thresholds for transport. The CRYOWRF
framework directly addresses this with the introduction of a new, detailed blowing snow
scheme. This scheme models the three primary processes of snow transport: creep, saltation,
and suspension. Saltation, the bouncing of snow particles along the surface, is a key focus as it
is widely considered to contribute the most to the total volume of transported snow. To
accurately capture this process, CRYOWRF employs a "fine mesh" of multiple vertical levels
situated between the surface and the lowest atmospheric grid level, which is necessary to
resolve the strong vertical gradients of particle concentration near the ground.

The ability of a model to account for the interplay between wind speed, temperature, and
snowpack properties is paramount for accurate predictions. The CRYOWRF model’s advanced
physics allows it to simulate complex phenomena like airborne snow walls and the
redistribution of snow from windward to leeward slopes.

2.2.3. Vertical Snowpack Dynamics

Beyond surface-level phenomena, the vertical dynamics of the snowpack play a direct role in
road safety. The SNOWPACK model allows for the simulation of a large number of vertical
layers, from 1 to 50, with their properties such as temperature, density, and liquid water content
tracked dynamically. The online coupling with the atmospheric model facilitates both fast mass
exchange (e.g., precipitation, blowing snow) and slower thermal processes (e.g., heat
conduction and phase changes) between the atmosphere and the snowpack.

3. DATA INPUTS AND FORCING FOR HIGH-RESOLUTION MODELING

3.1. The Need for High-Resolution Forcing Data

The use of a physically-based model like CRYOWRF comes with a significant dependency on
the quality and comprehensiveness of its input data. Unlike simpler models that can operate on
minimal inputs, physically-based models require a more complete set of meteorological forcing
data, including wind, humidity, shortwave radiation, and longwave radiation. These variables
are often not available at standard automatic weather stations, especially in remote regions. The
analysis shows that a lack of crucial data, particularly longwave radiation, can lead to
substantial errors in model outputs, including discrepancies in snow disappearance timing by
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weeks. This highlights a fundamental challenge: the superior predictive power of physically-
based models is only realized when they are fed with a rich, high-resolution dataset.

3.2. Leveraging Reanalysis Datasets: CARRA

To overcome the data sparsity challenge in Iceland, the project leverages a high-resolution
reanalysis dataset as a primary input source for the models. The Copernicus Arctic Regional
Reanalysis (CARRA) is an optimal choice. Reanalyses combine historical observations with
advanced models to create a best estimate of historical weather at locations where direct
measurements are sparse. CARRA offers a high-resolution, 2.5 km grid spacing for the
European Arctic, which is a significant improvement over the coarser resolution of global
reanalyses like ERAS, which have a grid spacing of around 31 km. This high spatial resolution
allows CARRA to more accurately represent near surface temperature and wind speed,
particularly in regions with complex topography and coastlines, which are precisely the
conditions that define Iceland's landscape. The CARRA dataset is available from 1990 to near
present, making it a perfect fit for the historical case studies in the project.

4. AVALANCHE FORECASTING WITH CRYOWRF

In addition to its applications for snowdrift and road forecasting, the CRYOWRF model can be
used to assess avalanche conditions. The SNOWPACK model, which is a component of
CRYOWREF, was originally developed for avalanche warning purposes and simulates the
detailed layering and microstructure of the snowpack. This model has been used in an
operational capacity in the Alps, where it runs on a network of around 160 automatic weather
and snow-measuring stations throughout Switzerland. It provides supplementary information
on snowpack conditions, including new snow amounts, settling rates, and the metamorphic
evolution of snow grains.

Avalanche forecasting is often a human judgment process, but snowpack simulations can
provide an independent perspective and add value by offering quantitative links between
weather, snowpack, and hazard characteristics. The model can be used to track snow layers
across time and space, allowing for the calculation of spatial distributions of key avalanche
problem characteristics, such as storm and persistent slabs. This capability can assist forecasters
with difficult decisions, like the removal of persistent slab avalanche problems. While
SNOWPACK is fundamentally a one-dimensional model for a soil/snow/vegetation column,
its coupling with the atmospheric model in CRYOWREF allows for the use of terrain models to
estimate snow transport on steep slopes, which is crucial for avalanche assessment.

5. CONCLUSIONS AND RECOMMENDATIONS
5.1. Key Findings

The CRYOWRF modeling framework, with its advanced physical representation of snowpack
dynamics, including the nuanced effects of snow aging, wind transport, and vertical
redistribution, is a significant advancement for snow forecasting. This detailed, physics-driven
approach allows the model to capture the complex, non-linear processes that are oversimplified
in legacy models, resulting in more accurate and reliable predictions.
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5.2. Recommendations for Future Implementation

Based on the capabilities demonstrated by the CRYOWRF model, the following
recommendations are proposed:

* Phased Implementation: It is recommended to proceed with a phased adoption of the
CRYOWREF modeling framework for operational snow forecasting.

= Actionable User Interfaces: The outputs of the CryoWRF model are complex,
physics-based simulations. A key next step is to develop user interfaces that translate
the detailed, physics-based outputs (e.g., maps of snow accumulation and erosion,
predicted road-surface conditions) into clear, actionable intelligence for road crews
and other stakeholders.
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ABSTRACT

For decades, the authors have observed how wind shapes drifting snow around structural
measures intended to prevent or stop avalanches. Often, these structures were not designed
considering wind or snowdrift. This oversight may have led to challenges as snowdrifts can
accumulate in ways that compromise the effectiveness of these structures. Incorporating a better
understanding of wind dynamics and snow behaviour into the design process could improve the
reliability and safety of avalanche mitigation measures. In regions where trees do not obstruct
wind flow, the wind is a critical factor for the effective functioning of mitigation measures.

In 1996, a group of experts discussed the layout of a catching dam in Neskaupstadur, Iceland.
Concerns were raised regarding the draft of the dam layout, specifically about potential
excessive snow accumulation above the dam due to snowdrift. The layout was later modified
to reduce snow accumulation. Generally, wind and snow drift have not been prioritised during
the design phase in Iceland or Norway but recently wind simulation has been incorporated into
the design of two large ongoing projects in Honningsvdg and Mosjeen, both in Norway. Before
these projects, two wind simulations were conducted for a large project in Longyearbyen,
Svalbard. The examples presented here discuss the experience with wind and snowdrift in
northern Norway, along with wind simulation (CFD) at the same locations. While the cost of
wind simulation can be significant, the potential benefits may justify the expense.

1. INTRODUCTION

For several decades, the authors have been engaged in the design of infrastructure projects,
including roads/highways, transmission lines as well as the development of mitigation
strategies for rapid gravitational mass flows, with a particular focus on snow avalanches. In
many of these projects, wind was either given very little attention as a design factor or even
ignored in some cases. Still, there was clear understanding that drifting snow events could
result, e.g., in road closures.

The term drifting snow is here used for drifting- and blowing snow and they refer to the
suspension- and saltation processes; for further reading see (Tabler, 1994).

In recent years wind problems have gained more attention in planning mitigation measures
against snow avalanches. Supporting structures are often partially or fully covered with snow
during typical winters, raising concerns about their performance in unusually snowy winters.
Frequently, the underlying cause is unanticipated drifting snow that has not been adequately
considered.
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Snow drift fences can help reduce snow build-up in avalanche starting zones but installing them
can be challenging in complex alpine terrain (Prokop and Procter, 2016). Gathering detailed
snow condition data in winter is essential and can for instance be achieved through photos,
aerial imagery, or lidar scanning. Detailed climate data matters, but it is rarely available for the
specific site of interest. With current tools, it is possible to obtain information about wind
conditions at locations of interest by transposing wind roses. The questions have been raised
about how to interpretate the wind data from wind simulations and if it is worth the spendings.
The following text highlights recent work by the authors and their colleagues.

The table below shows some of the projects where wind simulations have been used since 2002:

Table 1 The table below shows a list of some wind simulation projects in Iceland (IS) and
Norway (NO) since 2002 till now.

Location Type of project | What?

Blafjoll, IS Ski area Wind map showing maximum and minimum wind across the
area.

Klettshals, IS Road Analysis of wind patterns and snow accumulation along the

roadway: How do steep slopes and roadside excavations
affect snow buildup?

Fljotsdalslinur, IS | Transmission How are the wind fields in wvalleys crossed by the
lines transmission lines in east Iceland? Where can we expect snow
accumulation?
Mt. Hafnarhyrna, | Mitigation What factors contribute to the formation of the snowpack at
IS measures the summit of Hafnarhyrna in Siglufjérour, and can wind
simulation provide an explanation for this phenomenon?
Mt. Bjolfur, IS Mitigation How is snow likely to accumulate in the mountain side above
measures Sey0isfjorour?
New road Road Where is snow accumulation likely to occur along the new
Melrakkaslétta, IS road alignment in northeast Iceland?
Mounds in Mitigation How does snow accumulate near mounds, and which wind
Isafjordur, IS measures direction is most influential?
Bitsfjord, NO Village What are the wind field characteristics in Bétsfjord and its
surrounding regions?
Longyearbyen, Mitigation 1) Wind fields on Mt. Sukkertoppen. 2) What are the wind
NO measures conditions along the proposed deflecting dam at Haugen
residential area?
Honningsvdg, NO | Mitigation What are the wind field characteristics at Storefjellet prior to
measures and following the installation of supporting structures and
snow drift fences?
Mosjeen, NO Mitigation How do Qyfjellet's wind fields differ before and after adding
measures supporting structures and snow drift fences?
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2. WIND SIMULATION

Wind simulation uses numerical analysis and algorithms to simulate and analyse fluid flows
such as wind movements and particle transport. This field, known as Computational Fluid
Dynamics (CFD), has undergone significant development over several decades.

Below are two recent examples of wind simulation used in the design of mitigation measures
in Norway in which two different models were used for the simulations.

2.1 Examples of wind simulation use
2.1.1 Longyearbyen, Svalbard

Following two avalanche incidents that resulted in the loss of two lives, Norwegian authorities
made the decision to implement mitigation measures for the community of Longyearbyen. Mt.
Sukkertoppen, Lia, and Vannledning valley are the main locations that present risks to both the
town centre and the residential areas. For the former two snow avalanches are the main threat
and for Vannledning valley slush-flow is the main threat. The landscape is open and lacks trees
or shrubs, resulting in minimal reduction of snow drift. Wind significantly influences snow
accumulation patterns on Mt. Sukkertoppen and within the Vannledning valley.

The mitigation project was divided into multiple phases. During the initial phase, Lia, wind
simulations were conducted for the two primary boundary wind directions of 130° and 310°,
resulting in the development of a simple wind velocity map (Windsim AS, 2017). Comparing
the wind velocity maps to photos showing snow distribution, we found relatively good
correlation between high wind speed and little snow and low wind speed and snow accumu-
lation.

During slush-flow mitigation project at Haugen near the Vannledning valley outlet, a plan was
made to build deflecting dams along the stream. A wind simulation was conducted for three
wind directions—40°, 220°, and 340°—using boundary wind speeds of 10 m/s, 20 m/s, and 25
m/s (WindSim AS, 2018). This wind simulation is also briefly described in (Jonsson et al.,
2019, p. 153). The client later selected an alternative mitigation approach for Vannledning
valley, so the simulation results are not being further evaluated.

2.1.2  Mosjoen northern Norway

At Oyfjellet, situated above the town of Mosjoen in northern Norway, snow avalanche
consultants are working on a preliminary plan for mitigation measures. This plan includes the
installation of supporting structures on the mountainside as well as snow drift fences and wind
baffles at the mountain top. Due to significant snow accumulation in many of the avalanche
release zones on the mountainside, one strategy is to implement measures that reduce the
buildup of snow in these areas.
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Fig. 1 The figure shows phase 1 of wind simulation for boundary wind from northwest

(315°, yellow arrowhead in figure). The wind simulation is both shown as coloured
background map and as arrow heads showing wind direction and intensity. Wind
speed (m/s) for background map is shown at upper left corner. Mitigation measures
from the preliminary design phase are shown as coloured lines and dots; note that
final location might be different. Black star shows location of calculated/transposed
wind for the period November to April with precipitation and temperature below
+1°C.

The Norwegian Water and Energi directorate (NVE) engaged experts in wind simulation and
weather analysis to:

(1) analyse weather conditions before and during three major avalanche events from
Oyfjellet.

(2) Conduct a climate analysis for @yfjellet and examine wind conditions at three
locations.

(3) Study wind fields on Qyfjellet by analysing eight wind directions at constant wind
speeds and at 1 m elevation above the terrain; for phase 1 without mitigation measures,
and for phase 2 with mitigation measures (work in progress). Also, study wind profiles
for four locations.

Wind simulation was conducted on snow-free terrain using a 2 m grid for the lowest three
vertical layers of the model. The consultant used a cylinder model (5 km radius, 3 km height)
centred on the mountain top; for a full description of the methods see (Norconsult Norge AS,
2025). Boundary wind speed was set at 20 m/s at 10 m elevation, with surface roughness values
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of 0.000075 m for snowy ground, 0.0007575 m for lake/sea, and 0.3 m for urban areas. The
structures will be assigned the following porosity values: 1) rigid steel bridges, 50%; 2) snow
and rock-fall nets, 85%; and 3) snow drift fences, 50%. The height of all structures is specified
as 4 meters even though the height varies from 3.5 to 7.0 m; we are only looking at wind fields
approximately 1 m above ground.

NVE recognises that winter snow fills low-lying terrain and changes its shape and wind fields,
and that wind fields at Qyfjellet are complex because of the terrain roughness. The impact of
wind on snow accumulation on mountain slopes, as well as the influence of structures on snow
drift (work in progress, here we refer to other projects), is challenging to quantify; however,
analysis of wind patterns offers valuable insights into potential outcomes.

Three snow scans of Qyfjellet are available: a terrestrial scan from the town centre that covers
only the mountain side, and two UAV photogrammetry scans that include the entire area of
interest. Data from these scans is relevant for interpreting the wind simulation results.

The wind rose presented in Fig. 1 illustrates the challenges involved in optimally positioning
snow drift fences to minimise snow transport into the release zones in the mountain slope.

The preliminary design is still in progress, and the placement of snow drift fences may be
subject to modification.

3. DISCUSSION

Since the beginning of wind simulations over complex terrain to support the planning for
mitigation measures against rapid mass movements, both the methods and tools have undergone
significant improvements. Similarly, the requirements and expectations for these simulations
have evolved accordingly. CFD simulations of drifting snow have also evolved significantly.

The examples above show that all projects prioritize wind (CFD) simulations over simulating
drifting snow, since wind patterns in complex terrain are crucial to understanding snow drift.
Accurate drifting snow simulation requires knowledge of both wind behaviours and snow
properties, as well as how wind alters snow accumulation across varied surfaces. Snow property
variations can have a significant impact on form and size of the snow drifts and is still a large
challenge to incorporate.

When preparing for wind simulations, several factors or boundary conditions must be
considered:
(1) What are the wind simulations for?

(1) Wind field studies, such as 45° sectors, 8 wind directions, 0°-360°.
(i1)) Wind field studies for known avalanche incidents
(111) Transpose of wind roses to locations of interest

2) Plan for large enough plan area outside the area of interest to consider the
disturbance from complex terrain, see Fig. 2

3) Plan for high enough model (top of volume) for stable boundary conditions

4 Boundary conditions for incoming velocity profile (and turbulence intensity), for
example at certain reference height.

®)) Mesh size will vary within the model volume. Dense mesh is close to the observation
site and thinner to the boundaries. In the horizontal plan the grid size has often been
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Vindhastighet [mvs]

Color code terrain:

Brown: snow covered terrain
Light blue: water/sea
Grey: residential area

Fig. 2 Model domain for the Mosjeen project. It illustrates the boundary conditions and a
profile with wind velocity. Red arrow shows north direction. The wind direction is
from west, yellow arrow. Source: Norconsult Norge AS.

2 m and 1 m for the lowest three layers in the vertical plane. The higher resolution
the longer is it to run and process the model and the more it costs.

(6) The variations in air density are often neglected as the height of the observation site
is small compared to the atmosphere

7 Coriolis forces can normally be neglected
(®) Atmospheric conditions are considered neutral
) Air humidity, condensing and heat transport is neglected

(10) A fixed height above terrain should be used for presenting results; in our projects, 1
or 2 metres have been selected. Note, the terrain is without snow.

When evaluating structural mitigation measures in a windy environment, it is important to
define the porosity of the structures and height for simulation. Similarly, consideration should
be given to the amount of snow surrounding the structures. During early winter, when there is
minimal snow on ground, the entire structures remain exposed to wind. In contrast, by late
winter, typically only sections of the structures are left uncovered. We can argue that early
winter with little snow on ground is the preferable situation to understand the effects of wind
even though we acknowledge that snowy terrain is also of importance.

So far, our analysis has focused on a constant height of 1 or 2 meters above ground, which suits
the structures involved. Multiple wind profiles are also used to assess wind conditions.
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The porosity values are typically determined based on the geometric characteristics of the
structures rather than experimental measurements. The following values have been used in
recent analyses:

(1) Steel bridges: 50%
(2) Snow nets/rock-fall nets: 85 — 90%
3) Snow drift fences: 50%

Fig. 3 These figures are from the design phase for mitigation measures in central
Honningsvag, northern Norway. In the left figure, red and green lines indicate
supporting structures, while purple lines denote snow drift fences. The figure on
the right presents early-stage location of mitigation measures (purple lines) and the
background map displays wind simulation at 2 m distance from ground. The
boundary wind originates from the north (top of the figure). Red ellipse indicates
two snow drift fences with 50% porosity. A wind velocity scale (m/s) is provided
on the right side.

Returning to our main question: Can wind simulation help optimize the function of snow
avalanche mitigation measures?

Wind simulations are useful for understanding wind fields especially in complex terrain as can
be seen in Fig. 1, and they are intended as a supplement to on-site observations and practical
judgment rather than a replacement. Fig. 3 shows an example of design work where wind
simulation was used in early stage to help understand the wind fields in planned area with
supporting structures and snow drift fences. A wind simulation for the site depicted in Fig. 3,
conducted without mitigation measures, was cross-compared to a photograph taken following
northerly storm. Some adjustments of the snow drift fences were made during the final design
but supporting structures have other boundary conditions than wind and reorganizing them
partly follows other rules.

In our case wind maps were used to assist with estimation of snow cover thickness especially
extra snow cover thickness caused by drifting snow.

4. CONCLUSION

Wind simulations for mitigations measures have been carried out for years in various locations
in Iceland and Norway. Although improved models aid planning and mitigation, verification of
these simulations remains limited. This is primarily due to limited funding, as after the design
and construction phases are finished, clients—often municipalities—may lack the financial
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resources to continue the work. Additionally, clients typically cannot assign the follow-up work
to a specific consultant and must instead conduct a tendering process which can be costly and
in worst case be awarded according to lowest price instead of best snow drift knowledge.

In a recent project, the wind simulation results were cross-checked using photographs taken
after stormy weather and in an ongoing project we see strong correlation between wind
simulation and aerial photos of the snow cover.

Wind simulation and snow drift simulation are expected to receive wider recognition in the near
future. However, it is also necessary to communicate to clients the importance of subsequent
follow-up work to verify the wind- or snow drift results.
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ABSTRACT

Remote avalanche blasting systems and traditional mitigation structures play vital roles in
reducing avalanche risks in mountainous areas. While their environmental impacts differ, both
offer effective solutions for managing avalanche hazards.

Traditional mitigation structures, while more resource-intensive, are proven to provide
reliable and long-term protection against avalanches. They can be effective in managing
avalanche risks in areas with consistent and predictable conditions. However, they do require
land alteration, which can impact local flora and fauna during installation and maintenance.

Remote avalanche blasting systems offer advantages such as minimizing the need for
permanent infrastructure, reducing soil erosion, and preserving wildlife. These systems can be
more adaptable, with technology-driven solutions that respond to real-time conditions,
reducing the need for continuous human intervention. Flexibility makes them an appealing
choice for areas where traditional mitigation structures might be less practical or
environmental preservation is a priority.

In conclusion, both remote systems and traditional mitigation structures contribute to
avalanche risk management, each with its strengths. Remote systems present a more adaptable
and eco-friendly approach, while traditional structures provide long-established, effective
protection. Combining both methods where appropriate can provide a comprehensive and
sustainable solution for avalanche risk reduction, balancing safety with environmental
conservation.

Keywords: Avalanche mitigation, environmental impact, carbon footprint, societal
acceptance, rapid mass movements, structural control, explosive control.

INTRODUCTION

Settlements in alpine regions face persistent risks from snow avalanches and related rapid
mass movements. Mitigation strategies have evolved from traditional structural
approaches to modern active control systems. While technical effectiveness has been
widely studied (Margreth et al., 2000), comparative evaluations of environmental and
societal impacts remain scarce. But first, let's take a brief look at the past and the origins
and necessity of avalanche protection.

Avalanche protection in the Alps has a long history dating back to the 19th century. In
Austria, the Forestry Service for Torrent and Avalanche Control was founded in 1884 and is
responsible for ongoing avalanche protection. However, the development of modern support

1. Waltl, J. P. Eyjélfsson P1.1 - Page 264



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur Iceland, September 30 - October 3, 2025

structures as we know them today was significantly influenced by the avalanche disaster in
Galtiir in 1999 and the catastrophic winter of 1950/51, which led to a rethink in avalanche
protection.

Between 1950 and 1997, almost all avalanche control measures involved the construction of
permanent avalanche protection structures. The first manually operated blasting
cableways came into operation in the mid-1960s. A good 30 years later, the first
avalanche blasting systems, such as those sold today by Inauen-Schitti, were developed.

The system was revolutionary at the time, as a primary charge was used to throw the main
charge into the desired slope, where it was detonated. The explosive charge was only armed
when it left the magazine.

After many years of successful use of avalanche blasting systems, the system was further
developed with the avalanche mast. The sequence and process of ejecting the charges was
retained, but the system was optimized so that the magazine was now placed on a 7-metre-
high mast, enabling more effective above-snow blasting. Overhead blasting releases up to
25% more energy than in-snow blasting.

Not only in Central Europe, but also in Iceland, the history of avalanche protection has
gradually gained awareness through a series of devastating disasters, ultimately leading to a
modern, multi-layered safety approach.

EARLY RESPONSES AND THE TURNING POINT

The threat of avalanches has long been a part of life in Iceland, with historical accounts of
devastating events. However, the initial response to these disasters was limited. The 1974
avalanche in Neskaupstadur, which killed 12 people, was a pivotal moment for research
and planning. It led to the creation of Iceland's first avalanche hazard maps but did not result
in the immediate construction of protective dams. The political and public will for such large-
scale, costly projects was not yet present.

The year 1995 marked the true turning point. Catastrophic avalanches in Sudavik and
Flateyri, which killed 34 people in total, shocked the nation and led to a fundamental shift in
policy. A nationwide program was launched to assess avalanche risk and build
permanent, passive defense structures.

A NATIONWIDE PROGRAM OF PROTECTIVE STRUCTURES

Beginning in the late 1990s, extensive construction projects were initiated in high-risk areas.
e Flateyri: Between 1996 and 1999, deflecting and catching dams were built to protect
the town.

e Neskaupstadur: Following the 1974 disaster and the new national directive, dams and
braking mounds were constructed in the late 1990s and early 2000s.

e Other High-Risk Areas: Similar projects were undertaken in Siglufjérdur, fsafjordur,
Seydisfjordur, and Bildudalur, with construction continuing into the 2000s and beyond.

These projects primarily focused on "passive" measures defecting and catching dams—
designed to divert or stop avalanches before they could reach settlements.
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EVOLUTION TO ACTIVE CONTROL MEASURES

While the construction of passive dams continued, the approach to avalanche safety also
evolved to include "active" control and mitigation strategies. These measures are particularly
important in recreational areas like ski resorts.

e Forecasting and Evacuation: The Icelandic Meteorological Office (IMO) is central to
this effort, providing critical avalanche forecasts and warnings that can lead to the
evacuation of at-risk areas.

e Snow Management: Ski resorts began using snow groomers not just to maintain slopes,
but also to compact the snowpack and eliminate weak layers, thereby reducing the risk
of avalanches on marked runs.

THE INSTALLATION OF MODERN AVALANCHE CONTROL SYSTEMS

The final piece of this modern safety strategy is the use of advanced, remote-controlled systems.
The most significant example is the installation of the Inauen-Schétti Avalanche Master
LM5400 system in Hlidarfjall around 2020. This system of remotely detonated explosives,
strategically placed in avalanche starting zones, allows ski patrols to proactively trigger
controlled avalanches from a safe distance, making the ski resort a safer environment for
everyone. This marked a major step in Iceland's shift toward a comprehensive, technologically
advanced approach to avalanche control, moving beyond just passive defenses to include
cutting-edge active measures.

ADVANTAGES AND DISADVANTAGES OF AVALANCHE BLASTING SYSTEMS
AND PERMANENT AVALANCHE PROTECTION STRUCTURES

The combination of avalanche blasting systems and other avalanche protection measures is
more widespread than it might appear at first glance. As history shows, people have always
used the resources available to them to protect themselves against avalanches. But why not
combine tried-and-tested avalanche barriers and steel structures with automatic avalanche
blasting systems?

Traditional mitigation structures, while more resource-intensive, are proven to provide reliable
and long-term protection against avalanches. They can be effective in managing avalanche risks
in areas with consistent and predictable conditions. However, they do require land alteration,
which can impact local flora and fauna during installation and maintenance.

Remote avalanche control systems offer advantages such as minimizing the need for permanent
infrastructure, reducing soil erosion, and preserving wildlife. These systems can be more
adaptable, with technology-driven solutions that respond to real-time conditions, reducing the
need for continuous human intervention. Flexibility makes them an appealing choice for areas
where traditional mitigation structures might be less practical or environmental preservation is
a priority. Avalanche blasting systems can be used to guide snow down into the valley in
portions, thus preventing damaging avalanches. If triggered at the right time, there is no need
to wait until heavy snowfall and an unstable snow cover cause snow masses to descend
uncontrollably into the wvalley or onto roads, causing considerable damage. No
environmentally

L. Waltl, J. P. Eyjolfsson P1.1 - Page 266



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjordur Iceland, September 30 - October 3, 2025

harmful agents or materials are used to protect the environment. Both the explosives Rimon
T1 and Ladin have a water quality class of 1 and are classified as non-harmful to the
environment.

The charges are also made of environmentally friendly materials such as wood and cardboard
and rot overtime.

In the Swiss ski resorts of Leukerbad and Andermatt, as well as in the Austrian ski resorts of
Silvretta Montafon, S6lden, Serfaus and others, combinations of permanent installations and
avalanche blasting systems are already in use. Avalanche blasting systems can be protected by
steel structures, particularly in areas that are susceptible to rockfall and snow pressure from
above.

METHODS

We reviewed existing literature and technical documentation on avalanche control measures
in Andermatt and Leukerbad (Switzerland). No original field data was collected. The study
relied on published information about the history of avalanche protection structures,
avalanche mitigation and control. We reviewed existing data about carbon emissions,
operational requirements, environmental disturbance, and social integration.

RESULTS AND DISCUSSION
3.1 Carbon and Operational Impacts

Permanent dams show high initial embodied emissions but low maintenance emissions
(construction phase and installation). Active control systems such as explosive mast systems
from Inauen-Schiitti (e.g., in Andermatt and Leukerbad) emit CO2z annually and require

logistical support such as helicopter transport and charge handling. LM32 and LM5400
systems can store and remotely detonate up to 32 explosive charges via GSM/4G-controlled
platforms (ATMS), improving safety and operational responsiveness. These systems eliminate
the need for major terrain alteration and carbon emissions during construction of permanent
dams and its modern designs use biodegradable materials to minimize environmental waste.

3.2 Environmental and Landscape Effects

Dams significantly alter terrain permanently and viewsheds. Active systems have
minimal footprint but temporary disruption to wildlife and noise pollution.

3.3 Societal Acceptance and Perceived Safety

Communities are historically more exposed to permanent structures than active systems. In
Andermatt for example, complex terrain requires both types of measures, with the
public becoming more aware of the benefits of active systems.

CONCLUSIONS

No single solution fits all. Permanent structures excel in long-term, high-risk zones with
stable topography. Active systems are more flexible. Sustainable planning must
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environmental, economic, and social dimensions. Combining both approaches where suitable
can provide comprehensive and resilient avalanche risk reduction strategies. Both blasting
systems and traditional mitigation structures contribute to avalanche risk management, each
with its strengths. Blasting systems present a more adaptable and eco-friendly approach, while
traditional structures provide long-established, effective protection. Combining both methods
where appropriate can provide a comprehensive and sustainable solution for avalanche risk
reduction, balancing safety with environmental conservation and with reducing cost.
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Avalanche Monitoring in Flateyri using Doppler Radar
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EXTENDED ABSTRACT

Flateyri, located in the Westfjords of Iceland, is a village prone to avalanches. To protect
Flateyri from such hazards, deflecting dams have been constructed.

In order to gain more insight into the avalanche activity in the five avalanche paths originating
from the mountains behind Flateyri, Cautus Geo installed the Cautus Avalanche Radar in 2021.
The radar is positioned near the harbour and has a clear view of all five paths. The Cautus
Avalanche Radar is a Doppler radar with scanning capabilities, large field of view and high
resolution. Cautus Geo has employed Doppler radar technology since 2014 for monitoring and
detection of avalanches. A camera that documents the detections is also integrated into the radar
system.

The radar in Flateyri has recorded several avalanches each winter. Avalanches have been
detected in all five avalanche paths. Information about all events are available in Cautus Web.
Cautus Web is a cloud-based data management system for processing and presenting data. For
each avalanche event, basic information such as time, duration, intensity, velocity and location
are displayed in Cautus Web. Additionally, a heatmap and video of the event are also available,
along with the option to replay the raw data. Most of the events in Flateyri have occurred at
night or during stormy weather, which has limited the usefulness of video documentation due
to poor visibility. The heatmap is showing the outline of the avalanche on a map. The data from
the radar measurements are used to create the heatmaps. If visibility is too low to verify the
event on video, the heatmap is as a highly valuable product.

Due to the radar's location near the harbour, reflections from vessels initially interfered with the
radar signals. Different approaches were developed and tested to filter out these strong
reflections. Cautus Radar now uses a robust method to avoid being affected by vessels in the
harbour. It also utilizes functionality to remove the influence of weather phenomena occurring
between the radar and the mountainside.

Cautus Radar has also functionality for dividing the mountainside into zones, enabling it to
identify in which zones avalanche activity is occurring. When the radar is used to close the road
upon detecting avalanche activity, these zones can be used to determine whether the road should
be closed and, if applicable, whether it should be automatically reopened.

The presentation will give information about the monitoring and early warning of avalanches
in Flateyri from 2021 to 2025.
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ABSTRACT

Samuelsberg a small fishing and agricultural village in northern Norway faced a challenge with
snow avalanches threatening its outskirts. A 325-meter catching dam was constructed in 2019,
designed to use tunnel rock from a nearby highway project. The dam's height ranged from 5 to
12 meters, with drainage trenches planned for stability. The facing material was gabions filled
with stone material, taken from the tunnel project. However, in August 2020, heavy rain led to
the collapse of two sections of tens of meters. An investigation found that the geogrid
reinforcement was improperly installed and had only one third of the required capacity. The
drainage could also have been more extensive.

The damaged sections of the 12-meter-high dam and transition to 5 meters high dam were
removed and the material stored nearby for later use. A new plan was created for rebuilding
using different facing material and reinforcement methods. Additionally, the storage capacity
above the dam was increased, and larger ditches and culverts were planned. Reconstruction
began early summer 2022 with the foundation work and connections to existing gabions. The
construction work of the dam was completed in late 2024 but work with ditches and culvert
will wait until summer 2025.

A significant learning outcome is enhanced coordination and improved information flow among
various stakeholders during the construction process.

1. INTRODUCTION

The residential area in Samuelsberg (seen to the left in Fig. 1) is threatened by snow avalanches
from two main avalanche paths in Mt. Juvravarri. Since 1882 six avalanches or debris flows
have passed the residential area and reached the sea. Two residential houses and one hut are
inside the hazard zone 1/100 and seven more are inside hazard 1/333 (Norges vassdrags- og
energidirektorat NVE, 2013, 2015). The initial plan for protecting the residential area was made
in 2013 when one deflecting dam and one catching dam with mounds were proposed (Norges
vassdrags- og energidirektorat NVE, 2013). The deflecting dam was built shortly after, but the
catching dam waited as the authorities planned to use rock mass from a new tunnel under
construction nearby.

The project was a joint work between Kéfjord municipality, the Norwegian road authorities and
NVE.
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ONVE/Anders/Bjordal

Fig. 1 This figure shows the catching dam at Samuelsberg Troms county northern Norway
and the two locations of failure of the 12 m high facing side. Photo Anders
Bjordal/NVE.

2. THE PLANNING AND DESIGN OF THE CATCHING DAM

According to the initial plan (Norges vassdrags- og energidirektorat NVE, 2015), a 12-meter
high and approximately 325-meter-long catching dam with steep impact face was required to
protect the area. Since a new tunnel would serve the municipality, the existing road was
considered unnecessary, leading the road authority to abandon the roadside in favor of the
construction of the catching dam. During the design phase the height of the catching dam was
reduced to 5 m for approximately 80 m at the southern end.

The main part of the highest part of the dam was planned located at the existing road as it was
thought to be well compacted and stable but the supporting fill at lee side stretched over a
farmland downslope. Geotechnical investigations were carried out prior to the work, and it
showed some silt close to the toe of the planned fill but otherwise the ground conditions were
block-rich moraine and partly coastal debris. Test drilling showed depth to rock between 10 —
20 m (Norges Geotekniske Institutt NGI, 2014).

NVE conducted the preliminary and detailed designs of the dam, with assistance from NGI for
the geotechnical aspects (Norges Geotekniske Institutt NGI, 2017). The initial design of the
dam indicated very limited space for avalanche debris accumulation above the dam.
Additionally, the landowners-imposed restrictions that would effectively reduce the dam's
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Fig. 2 The figure shows a typical cross section of the catching dam. Boxes in the front
show gabions and dotted lines show planned geogrid. As can be seen the area
above the dam (to right) is very limited and allows only relatively small machines.

capacity. The plan was to build the impact face of gabions filled with rock and reinforce the
steep face with geogrid. The supporting fill downslope was planned material from the tunnel.

The dashed lines in Fig. 2Error! Reference source not found. indicate the existing surface
and the old road beneath the geogrid. The stability of this road section was deemed adequate,
given its prolonged use over several decades. It was crucial to drain the site to the left of the
road before starting any filling operations.
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Fig. 3 Blue dashed lines in the figure show the drain system mainly under the supporting
fill but also for part of the area around the geogrid. The existing road is visible
above the blue dashed lines as a grey area. The distance between the crosses 1s 50
m. Drawing from the report.

Two main streams flow down the hillside through culverts in the dam. If the culverts become
blocked, water can escape south (to left in Fig. 3) via the excavation above the dam. Drainage
ditches were also established above the dam to help divert ground water from the dam.

A permeable geotextile was laid out on the foundation prior to the layout of gabions and filling
to ensure drainage and soil stabilization.
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3. THE CONSTRUCTION 2017 -2019

The dam's construction began in 2017 by NVEs mechanical department and subcontractors.
Despite its small size, completing it in two years is reasonable for Samulesberg, where work is
limited from late May to October due to harsh winter conditions.

4. THE COLLAPSE

Precipitation
Wednesday, July 28-Thursday, Aug. 27

7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
60 Incident

Il Precipitation mm

Fig. 4 Dayli precipitation in July 2020 at Lekvollen station some 1.3 km away from the
catching dam. From MetNo and (Multiconsult AS, 2020).

Just one year after the construction of the dam part of it collapsed during heavy rain. Shortly
after the initial collapse the second collapse occurred, see Fig. 1. These collapses occurred at
the 12 m high section of the dam, the 5 m part seemed unaffected. NVE hired Multiconsult AS
to investigate the dam collapse and recommend actions. They identified several causes:

. People passing just before the collapse notice bagging at the bottom gabions
. Heavy precipitation and assumed insufficient drainage seem destabilizing
o Information on local bad ground conditions during construction

. Geogrid laid out in wrong direction; it had only one third of necessary capacity.

Multiconsult AS did not explicitly conclude the reasons, but heavy precipitation and incorrect
geogrid direction are likely the main causes.

During the initial phase of reconstruction, it was observed that the geotextile was fully
impermeable and did not allow water to pass through. This observation was not included in the
Multiconsult AS report.

S. THE REBUILT

The catching dam in Samuelsberg was constructed to protect the residential area below it. With
the dam no longer functioning, a plan was made to rebuild it the dam and to monitor avalanche
risk during construction time. Avalanche warning systems were reinstated, and a plan was
established to dismantle the 12-meter-high dam and reconstruct it. Although the existing
gabions of the 5 m high dam were not visually appealing, it was decided to retain them while
constructing a new 12-meter dam using steel baskets, a system that has proved to be robust and
reliable in many Icelandic dams. The remaining 12 m dam was excavated in 2021, and materials
were stored nearby for later reuse. During the planning of the reconstruction new ground
investigations were carried out. Most of the test pits were shallow as very compact and stable
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moraine was found in many of the pits. That indicated that the excavation above the dam was
quite stable and could not vibrate as was stated shortly after the collapse.

Steel baskets and strips from the company Geoquest were used for the facing and reinforcement
of the steep face. The rebuild, starting in 2023 and finishing late 2024, involved challenging but
successful connections between the old 1.0 m high gabions and new 0.5 m high steel baskets,
Fig. 5.

The construction process was labour-intensive, requiring manual placement of stones (100-200
mm in size) at the front of the steel baskets. This also resulted in downtime for the machines
operating on site. However, the result looks good and demonstrates craftsmanship.

Due to the 12 m height, the work was conducted from a lift in accordance with Norwegian
regulations. No accidents were reported during the construction.

(©Arni Jonsson =

Fig. 5 The figure shows the 12 m high dam under construction. To the right is the 5 m
high gabion wall. Photo taken in August 2023.

6. KEY TAKEAWAYS

This work provides several important conclusions, which are summarized. Most of them are
general but some apply to this project:

. In general, there are only a limited number of contractors in Norway with expertise in
constructing dams or barriers using steep facing materials. While the mechanical
division of NVE has considerable experience in building erosion protections systems
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and levee systems for rivers, their expertise is not specifically suited for constructions
aimed at mitigating rapid mass movements in steep terrains.

. Construction documents and drawings must be clear to ensure contractors understand
what to build and how to build. Good documentation should include drawings and
checklists.

. Contractors should be mandated to either employ a technical assistant or provide
education to their staff on the complexity and functionality of various materials used
in earthen dams.

. Supervisors should have education in geotechnical engineering to understand the
functions of various materials.

. During a startup meeting, the principal designer or engineer and the client should
clearly explain to the contractor how the construction works and the functions of
various materials in the construction.

. Ditches above the upstream excavation limit are essential for diverting ground and
surface water.

. Monitoring the salinity and chemical composition of the filling material is important
for maintaining the longevity of steel baskets.

. Graded gravel (20 — 120 mm), making up about 15% of the fill, was added to decrease
the amount of fine material.

L 2 2 P

Fig. 6 The figure from July 2025 shows completed catching dam above the residential
area in Samuelsberg. Photo: NVE/Anders Bjordal.

A. Jonsson, A. Bjordal P1.3 - Page 275



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjorour Iceland, September 30 — October 3, 2025

7. LIST OF REFERENCES
Multiconsult AS. (2020). Skredvoll Samuelsberg. Befaringsnotat og drsaksvurdering.

Norges Geotekniske Institutt NGI. (2014). Grunnundersokelser i Samuelsberg I Kdfjord
kommune Geoteknisk datarapport (K. Kasin, Ed.; 20140665-01-R).

Norges Geotekniske Institutt NGI. (2017). Skredsikring ved Samuelsberg, Kdfjord kommune.
Detaljprosjektering av sikringstiltak (A. Jonsson & Z. Liu, Eds.; NGI rapport 20170137-
01-R).

Norges vassdrags- og energidirektorat NVE. (2013). Dimensjonering av sikringstiltak for
Samuelsberg (O.-A. Mikkelsen, Ed.; Vol. 15). Norges Vassdrags- og Energi Direktorat
(NVE).

Norges vassdrags- og energidirektorat NVE. (2015). Tiltaksplan. Skredsikring ved Samuelsberg
(H. Strand, A. Bjordal, & O.-A. Mikkelsen, Eds.; 201404173).

A. Jénsson, A. Bjordal P1.3 - Page 276



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass
Flows Isafjorour Iceland, September 30 — October 3, 2025

Adapting and using active rigid modules in a passive way against
avalanches

Rémy Martin,'” Nadia Hassine'! and Philippe Berthet Rambaud

" ONF-RTM 9 quai Créqui 38000 GRENOBLE FRANCE
? Engineerisk 690 route de la Motte Servolex 73160 St SULPICE FRANCE
*Corresponding author, e-mail: remy.martin(a)onf.fr and pbr(a)engk.fr

ABSTRACT

Snow supporting structures used to stabilize avalanche starting zones benefit interesting
operational feedback regarding structural resistance and durability, manufacturers availability
and installation experiences. Using these characteristics in a different passive way can bring
new solutions for specific situations. Two cases are presented: the first one concerns the access
road to Gourette ski resort in the French Pyrenees, which was completely closed during winter
2015. To secure this road, the ‘’Mountain terrains restoration’’ (RTM) service, part of the
national forestry office, has proposed a combination of artificial release systems and rack-type
modules located downhill for an additional braking effect. This choice is adapted to the context
of the Pyrenees where snow conditions change very quickly, moving from cold snow conditions
(favorable to effective triggering) to wet snow conditions (with frequent natural avalanches).
The paper presents the solutions proposed to achieve the corresponding design from a very
classic model of active rack. The second case also adapts the design of existing active models
but in a different context: the asset is the bottom station of the new gondola of famous “’Mer
de Glace’ glacier at Chamonix-Mont-Blanc which is located near the exit of a narrow gully.
Due to its steepness surrounded by rocky slabs, recurrent small flows accumulate downhill,
creating a potentially prejudicial new terrain shape in case of larger event. Only four modules
were installed, mono-anchored and reinforced types, mostly to change the geometry of the
deposit by increasing lateral natural accumulation able to influence a subsequent event.

1. INTRODUCTION

Structural avalanche defenses in the starting zone (Margreth 2007) are not designed to
withstand snow avalanches. Their use requires the stabilisation of the upstream zones and if,
for reasons of heavy snow cover, it is desired to trigger an avalanche within the structures,
major damage can occur. Unexpected snow avalanches are even listed as the main reason for
damages (Harada et al. 2018)

However, it is sometimes necessary to protect nearby issues without necessarily equip an entire
slope or install kind of obstacles for specific purposes. In such cases, it is possible to design
adequate structures, but the idea here is to adapt existing structures to limit development (and
therefore costs).

Two different applications are presented hereafter which show different possibilities and
different approaches, all based on the adaptation of existing supporting structures models.
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2. ROAD PROTECTION : A SNOW BRIDGE WHICH CAN RESIST TO
TRIGGERED AVALANCHES

2.1 Context

During the winter 2015, the road #918 linking the village of “Les Eaux-Bonnes” to the ski resort
of “Gourette” (Pyrénées Atlantiques) was closed due to avalanches, and the resort had to be
evacuated. As a result, the local road administration decided to make the route safer.

&

A

Figure I ~ February 2" 2015, left : snow avalanche of “la cascade de Goua” (©D. Oulié),

right: snow avalanche “des Blanques” (©D. Oulig¢).
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Figure 2 overview of the site (February 1978) and the different starting zones (ONF-RTM
2022)
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A study carried out by ONF-RTM and Meffre (2018) enabled the road manager to adopt a
protection strategy for its route using various solutions, concluding in a combination of Remote
Avalanche Control Systems (RACS) and rake-type supporting structures. This design was then
refined and sized in a project study (ONF-RTM, 2022): the rakes are designed to laminate/brake
the snow flows within a combined strategy where avalanches from the upper panels are released
(left avalanche in figure 1), while flows from the slopes downbhill (just above the road — right
in figure 1).

This choice stems from the context of the Pyrenees, where snow conditions change very rapidly,
from cold snow (favourable for effective triggering) to wet snow. Almost during the same
avalanche period, passive structures at the bottom of the slope can be subjected either to snow
flows resulting from artificial shootings, but also from the spontaneous release of wet snow.

Thanks to their intrinsic resistance, passive structures are initially made from a ‘classic’ metal
snow rake with a buried bar whose sizing had to be adapted to withstand the actions of the flow.

2.2 Snow load for the design

The design of the structure required the definition of the project situations and the action values
to be taken into consideration for the structural calculations (metal assembly and foundation of
the structure). These action values include the creep of the snowpack, for which a standard
exists in France (NFP95-303, 2020) and the possible dynamic impact of snow
flows/avalanches. The design situations will also depend on whether the structure has been
previously filled with snow or not.

The calculation of the dynamic impact pressure is subject to a large number of parameters,
including significant random uncertainties (which cannot be reduced). A precautionary
approach has been chosen. The dynamic characteristics of the flow were assessed by modelling
them using the RAMMS software. Among other hypotheses, the design is based on the
propagation of a 100-years return period volume, as if artificial releases were ineffective.
Finally, the most pessimistic case is assumed to be a speed of 15m/s and the corresponding
pressure against this “’obstacle’’ is calculated following usual equations (Barbolini et al. 2009).

MAGHE BRI

Figure 3  design of the snow rake
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2.3 Adaptations of an existing snow supporting product

It was decided to adapt an existing steel buried-upstream-bar rake structure (Figure 3). The
design was guided by two main constraints: The feasibility of heli-lifting and the reasonable
feasibility of foundations. The thickness of the steel was increased (values of 6 mm instead of
4 mm were required), and the inclination was increased (20°) to better distribute resultant
forces. To reduce them on the foundations, the width of the module was also limited to 4m and
the surface area of the downstream plates has been increased.

2.4 Consequences in terms of construction

The foundation arrangements involved major earthworks (see Figure 4). Their feasibility will
depend on the amount of machinery that can be brought to the site. Heli-lifting meant that the
structure had to be lightened, and the crossbeams were assembled on site (see Figure 5).

The cost of the structures (supply and installation) was around 4,000 euros/ml, which is 2 to 3
times more expensive than ‘conventional’ structures.

&

R

e

Figure 5 Snow bridge for Heli lifting (the crossbeams were removed to reduce weight) and
view of the finalised structure.
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3. MONO-ANCHORED SNOW BRIDGES AS DEVIATING OBSTACLES

With the retreat of the glacier, a new gondola has been recently installed to access the Mer de
Glace and its famous ice cave in Chamonix-Mt-Blanc. One of the specificities of the site is the
coexistence of avalanches and rockfalls, each requiring structures that may have to "withstand"
the other phenomenon.

Firstly, rockfall risk management required the installation of two superimposed dynamic falling
rock protection kits, E1 and E2 (Figure 6) which are partly threatened by potential avalanches.
However, this type of dynamic structure is not designed to withstand repeated pseudo-static
pressures and/or the continuous loading of a large filling of snow. From this point of view, their
installation on a relatively high point was an initial advantage that had to be further improved
by channelling the main avalanche flow line and "breaking" its incident dynamics.

1851 Aot

1.750 et
1,500 Aot
1.250 4ot

1,000 4irs

250 1

Figure 6 Left, snow avalanche potential intensity above the gondola station (ropeway in
black). Right, view of the two main rockfall kits (red lines) and location of the
staggered arrangement of the active-passe modules (in yellow)

To achieve this, rather than considering a complex, exploratory prototype structure, which
would be all the more ambitious the higher it was on the slope, the reasonable choice was to
use known structures in mountainous context, able to resist a certain pressure, from whatever it
finally comes. From this point of view, the design of a normalised snow bridge is interesting as
it effectively includes such a defined loading, all the more important the model is tall and
considered as isolated. The ER50 size in accordance with the latest version of standard NF P
95-303 (2020) and under an individual modular approach, gave a first basis to obtain these new
active-passive structures then to position them in such a way as to induce a lateral deflection of
the flow.

To maximise the resistance, the frame based on ER50 steel profiles was furthermore reduce to
a 3m x 3m panel with a strong connection to a rigid drawbar, itself assisted by cables braced to
the corner of the structure (Figure 7). Apart from the main anchorage, no other fastening devices
were permitted: each module must be able to slide and find its natural position in the event of
an avalanche. Finally, a curved tube was added at the bottom to play the role of "ski" and
facilitate lateral movements in the scree.
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The desired deflecting effect, in order to extend the existing natural corridor, could be achieved
by placing a series of modules globally close together in a frontal position and staggered
transversely on the slope (Figure 7). By allowing small lateral movements thanks to a certain
length of cables from the anchors made at the foot of the upper cliff where the ground resistance
1s maximum (unlike the lower scree), this ensures the best ‘’natural’’ positioning. It gives also
a certain flexibility to provide better resistance to impacts from blocks, additionally to an
acceptable "damageable" or even replaceable characteristics of crossbeams.

e P, 7
sl : ' R i : B 5. - e

Figure 7  Left, view of the four modules located above the gondola bottom station (right)

4. CONCLUSIONS

The existing design of normalised active supporting structure models is interesting as it already
takes into account pressure loadings which, with minimum adaptations, can withstand (small)
snow-avalanches to influence them: two applications are presented but with only a reduced
existence period : they need to be followed during the coming winters to verify that the
underlying concepts and hypotheses were correct.
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ABSTRACT

Liquid water accumulation at the snow—ground interface is a key factor influencing glide snow
avalanche activity. In this study, we use a calibrated capacitive sensor to detect the liquid water
content (LWC) in snow during a series of controlled snow block sliding experiments. These
experiments aim to assess how water accumulation affects the angle of dynamic friction at the
snow—ground interface.

The LWC sensor module enables continuous, real-time measurements and was actively used
throughout the experiments. Snow blocks were exposed to a radiant heat lamp to induce melting
until sliding occurred. We analyze the relationship between LWC accumulation and the onset
of sliding, characterized by the dynamic friction angle.

Preliminary results are presented for melting snow blocks sliding over two different substrates:
smooth plastic glass and a low-friction geotextile surface.
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ABSTRACT

Snow accumulations on photovoltaic (PV) systems installed on sloped roofs present structural
and safety challenges in alpine regions. This study investigates the environmental and
snowpack conditions associated with slab-like roof avalanches on a PV installation equipped
with a reversely biased heating system. In this configuration, the temperature at the snow—panel
interface can be increased to induce controlled release of accumulated snow.

A rooftop sensor module recorded panel surface temperature, snowpack temperature, snow
depth, snow mass and density, and liquid water content within the snow. These measurements
were complemented by local weather data, including air temperature, humidity, wind speed and
direction, solar radiation, and precipitation. Thermal imaging was periodically conducted to
assess the spatial distribution of surface heating across the installation.

The dataset enables identification of key physical parameters influencing roof snow avalanches
on PV surfaces and supports the development of automated snow load mitigation systems for
solar installations. Through this approach, the goal is to improve operational safety and energy
production by regularly and safely clearing snow before it can accumulate dangerously
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ABSTRACT

In Japan, in addition to the increasing frequency and severity of natural disasters, the aging of
the infrastructure and the decline in the working-age population have been progressing year-
by-year, making efforts to maintain sustainable avalanche mitigation measures increasingly
important. In October 2024, the Avalanche Mitigation Subcommittee of the Japan Society of
Snow Engineering organized the first working group to examine the current status, challenges,
and future perspectives of engineering approaches to avalanche mitigation in Japan. Based on
understanding avalanche-prone sites through direct observation, the action plan of the
subcommittee is to gather the approaches of domestic and foreign organizations engaged in
avalanche mitigation through the working group in order to share insights and
recommendations through a comprehensive report on the future of avalanche mitigation efforts.
This paper presents the key findings and discussions generated through the activities of the first
working group, along with an overview of the historical development of avalanche mitigation
measures in Japan.

1. INTRODUCTION

In Japan, in addition to the increasing frequency and severity of natural disasters, the aging of
the infrastructure and the decline in the working-age population have been progressing year-
by-year, making efforts to maintain sustainable avalanche mitigation measures increasingly
important.

Japan is one of the most snow-prone countries in the world, with approximately 70% of its land
consisting of mountainous and hilly terrain. Although countermeasures against avalanches
affecting roads, railways, forested areas, and settlements have progressed, unexpected
avalanche events still cause damage to infrastructure and result in road closures. This indicates
that protective measures remain insufficient in certain areas. To reduce avalanche-related
damage, it is essential to enhance both avalanche research and practical implementation of the
findings.

In October 2024, the Avalanche Mitigation Subcommittee of the Japan Society of Snow
Engineering organized the first working group to examine the current status, challenges, and
future perspectives of engineering approaches to avalanche mitigation in Japan (Harada, 2025).
Based on understanding of avalanche-prone sites obtained through direct observation, the
action plan of the subcommittee is for the working group to gather the approaches of domestic
and foreign organizations engaged in avalanche mitigation in order to share insights and
recommendations through a comprehensive report on the future of avalanche mitigation efforts.
This paper presents the key findings and discussions generated through the activities of the first
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working group, along with an overview of the historical development of avalanche mitigation
measures in Japan.

2. AVALANCHE DAMAGE, COUNTERMEASURES, AND RESPONSES MAINLY
SINCE THE 20TH CENTURY

In Japan, changes in the social environment during the 20th century significantly influenced the
occurrence of avalanche disasters. Between 1867 and 2010, a total of 7,940 avalanche incidents
were recorded, resulting in 6,167 fatalities (Izumi, 2014). According to the Snow Research
Center of Japan (2000), the number of avalanche events and the corresponding number of
deaths and missing persons between 1900 and 1999 peaked particularly between 1955 and 1985.
Fatalities and missing persons were notably high between 1918 and 1963, with especially severe
disasters occurring around 1910 to 1930, and during that period individual avalanche events
caused over 80 deaths or designations as missing persons. These large-scale disasters were
primarily associated with damage to settlements, railway lines that extended into snowy regions,
and with field operations related to industrial expansion, such as mining and power
infrastructure development. Although the total number of avalanche events during this period
was relatively low, some individual avalanches resulted in particularly severe consequences.
Legislation was enacted in 1956 to ensure road transportation in snowy and cold regions.
Subsequently, the heavy snowfall event of January 1963 served as a turning point that prompted
the development of avalanche countermeasures. Numerous avalanches occurred during the
heavy snow years of 1981, 1984, 1986, and 2006. In January 1986, an avalanche disaster
destroyed or severely damaged ten houses and resulted in 13 fatalities. In recent years, both the
number of avalanche occurrences and the number of deaths or missing persons have shown a
declining trend. However, a relatively high proportion of avalanche-related casualties now
occur during winter mountain recreational activities such as mountaineering and skiing. This
trend has continued more or less consistently to the present day (Izumi, 1998; Akiyama, 2012).

In Japan, for avalanches affecting roads, railways, power infrastructure, forested areas, and
settlements, a combination of structural measures such as structural interventions based on
historical records and hazard assessments, and non-structural measures such as regulatory
controls have been implemented. As a result, large-scale avalanche disasters have rarely
occurred since 1986. However, damage caused by avalanches has still been reported in the
following cases:

e Large-scale storm slab avalanches caused by intense snowfall: Damage to bridges, dam
construction or inspection workers, and settlements.

e Avalanches caused by heavy snowfall associated with low-pressure systems: Repeated
avalanches that slipped through trees and existing snow bridges descended on roads and
settlements.

e FEarthquake-induced avalanches: Large and multiple slab avalanches occurred near the
epicenters, characterized by irregular fracture patterns in snowpack on slopes, and
accompanied by landslides.

e Large full-depth avalanches: Debris accumulated downstream of a snow shed; part of it
reversed course and flowed back through the opening site, reaching the roadway.

e Wet slab avalanches due to rain-on-snow: Damage to infrastructure facilities.
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e Slush avalanches: Damage to sediment control dams, roads, and bridges in the Mt. Fuji area.

3. AVALANCHE MITIGATION IN JAPAN: CURRENT STATUS AND
CHALLENGES

3.1  Structural Measures for Design and Construction
3.1.1 Current Status

e Avalanche mitigation design practices in Japan generally follow the Snow Protection
Handbook 2025 Revised Edition (Snow Research Center of Japan, 2025). In addition, the
guidelines for avalanche mitigation and protection (draft version) and a photographic
catalog of avalanche mitigation and protection structures (NPO Snowslide Disaster
Prevention Technology Forum, 2017), and avalanche countermeasure considering regional
characteristics of Hokkaido (draft version) (CERI, 2010) have also been published.

e The design snow pressure used for snow bridges in Japan follows the "Defense Structures
in Avalanche Starting Zones" in the Swiss guideline. In southern Honshu, where wet snow
predominates, the glide factor is set at 1.5 times the base value. While in northern Hokkaido,
where dry snow is dominant, the same values as those used in Switzerland are applied
(Takahashi et al., 2018).

e  When the design snow depth is small, the distance between structures in the line of slope
tends to decrease, resulting in overdesign. Field testing and discussions with domestic and
international experts have led to the proposal of a broader range of acceptable distance
between structures in the line of slope as a reference condition for design (Matsushita et al.,
2012).

e Snow bridges with mesh panel have been shown to effectively prevent avalanches from
flowing through gaps in the fence face and reaching roads. Their effectiveness has been
quantitatively verified. It serves as reference material for design guidelines (Matsushita et
al., 2010).

e Due to considerations such as cost-effectiveness and landscapes, suspended snow nets are
increasingly being installed in avalanche starting zones, while vertical net-type fences are
applied in deposition zones.

3.1.2 Challenges

e  When probabilistic evaluations of avalanche scale and loading are unclear, designs tend
to adopt conservative assumptions to ensure safety.

e There is ongoing discussion regarding the appropriate application ranges for avalanche
mitigation structures. It is also necessary to consider the possibility of introducing new
technologies to expand design options.

e Since the selection criteria and design approaches for avalanche mitigation measures
vary by region and by the type of asset to be protected, there is a need to systematize
these practices. While designs generally follow the guidelines presented in the
handbook, flexibility to accommodate site-specific conditions is also considered
important.
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3.2

Avalanche Management in Planning, Maintenance, and Monitoring

3.2.1 Current Status

In Niigata Prefecture, one of the snowiest regions in Japan, road administrators prepare
an avalanche patrol logbook before each winter season. During snow seasons, they
conduct on-site inspections and, when necessary, remove overhanging snow
accumulating above snow bridges to mitigate risk. The cost of such snow removal
measures amounts to approximately 400 million yen per year under average snowfall
conditions on managed roads by the prefecture. Avalanche-related damage has been
decreasing year by year, primarily due to the widespread installation of avalanche
protection structures and preemptive overhanging snow removal from above snow
bridges. In addition, conditions for the collapse of overhanging snow, including height
and projection length, have also been characterized (Harada, 2025).

Also, the Inspection Guidelines for Rock and Snow Prevention Facilities in Niigata
Prefecture (Draft, 2013 revised edition) have been published. In addition, an attempt to
create a soundness evaluation for snow bridges has been proposed (Harada et al., 2018).

Failures such as collapsed, loosened wires, and dislodged anchors have been confirmed
in snow bridges of the suspended type.

In some cases, trail cameras equipped with communication functions have been installed
on avalanche slopes along roads to allow remote monitoring. However, a fully
operational real-time avalanche monitoring system has not yet been established.

Conditions for avalanche occurrence in forested slopes have been considered, and a
simplified method for estimating their frequency has been proposed (Matsushita et al.,
2018).

In recent years, increased avalanche risk has been observed in areas where tree fall or
deforestation has reduced the glide-suppression effect of snowpacks on slopes.

3.2.2 Challenges

Key challenges include aging infrastructure, rising maintenance costs, and a shortage of
contractors available to conduct avalanche hazard inspections and remove overhanging
snow from the abovementioned snow bridges in the future, preserving technical
knowledge, and securing budgets. To address these issues, the use of machine learning,
ICT, and UAVs is expected to play an increasingly important role.

A standardized methodology for soundness evaluation of avalanche protection structures
needs to be established. Based on this methodology, condition assessments of avalanche
mitigation facilities should be conducted nationwide using consistent procedures and
criteria.

A balanced approach to avalanche management should be pursued through the integration
of probabilistic assessments of avalanche occurrence and runout, along with practical
discussions among administrative stakeholders.

4. AVALANCHE MITIGATION IN JAPAN: FUTURE PERSPECTIVES

In Japan, future avalanche mitigation must take into account several evolving challenges: the
intensification of hazardous events such as short-duration heavy snowfall and increased winter
rainfall, the impacts of global warming, the occurrence of earthquakes, and the decline in both
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the working-age population and available budgets. In this context, to protect lives and maintain
societal resilience, it is essential to develop new technologies and frameworks that address
changes in snowfall patterns and snow characteristics. The following considerations are
proposed:

e Continued efforts toward the long-term durability of existing structures through asset
management.

e Installing and updating avalanche countermeasures that take into account previously
unexperienced events, environmental impact, and landscape considerations, in addition
to establishing prioritization methods for handling slopes (e.g., inspection, repair, or
maintenance).

e Developing systems and technologies that enable broader area monitoring with fewer
personnel, while also enhancing rapid response capabilities for lifesaving, damage
assessment, and emergency measures. This includes the application of UAVs (for
surveying, emergency response, and avalanche control), machine learning, ICT, and
remote sensing technologies for purposes such as avalanche record accumulation,
damage detection, monitoring, and support systems.

e Enhancing real-time and forecast-based information to support decisions on pre-emptive
road closures, evacuation orders, and behavioral changes prior to avalanche events.

e Setting up teams to enable timely artificial avalanche release (e.g., via explosives) in
high-risk roadside slopes.

e Building cross-sectoral collaboration frameworks that promote knowledge transfer,
technical continuity, and enlightenment to reduce avalanche-related damage.
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ABSTRACT

Interstate 90 is a critical transportation corridor with over 30,000 vehicle trips per day that
connects the port city of Seattle, Washington with the interior U.S. The highway crosses the
Cascade Mountains at Snoqualmie Pass at elevation 921 meters. More than 1200 meters of Dk
3.0 to 4.0-meter snow nets were installed at the Slide Curve avalanche path about 9 kilometers
southeast of the pass to improve safety and reduce avalanche closures.

The project is in a maritime snow climate with heavy winter snows and mild temperatures.
Annual snowfall is highly variable. Continuous long-term records at Snoqualmie Pass record
an average annual snowfall of 11 meters. The maximum recorded snow height is 5.03 meters
in 1956. Deep snow, common rain-on-snow events, high snow densities, and high glide areas
required special designs for the project.

The Washington State Department of Transportation (WSDOT) installed instrumentation to
monitor loads, deformations and deflections in the snow net components and an on-site weather
station to measure snow heights, water content and other parameters. The purpose of the
measurements is to improve our understanding of snow net performance in this deep maritime
snowpack and to guide maintenance, repairs and future designs.

The measurement system has been operational for eight winters from 2018 to 2025. All years,
except 2021, were near or below average and median snow heights. Maximum snow heights in
2021 were about 60-percent of design heights. Measured loads and deflections in 2021 were
similar to below-average years. The largest snow net loads occurred in 2022, a below-average
snow year. The authors believe that a likely explanation for the relatively large loads was due
to a unique combination and sequence of rain, sleet, and snow accumulations.

1. INTRODUCTION

Interstate 90 is a critical transportation corridor that connects the port city of Seattle with the
interior U.S. (Figure 1). The highway crosses the Cascade Mountains at Snoqualmie Pass at
elevation 921 meters. Several avalanche paths can reach the highway near Snoqualmie Pass.
Snoqualmie Pass has a rich history of avalanche management, structural and operational
mitigation, and research (LaChapelle et.al., 1976, Schaerer, 2000). Closures often result in long
detours and significant disruptions to commerce and the travelling public. Much of the highway
follows the shore of Lake Kechelus, so consequences of avalanches can be severe to exposed
traffic.

Between 2009 and 2018, 1-90 was improved and widened from 4-lanes to 6-lanes. The Slide
Curve avalanche path on the east side of the pass presented a challenging avalanche mitigation
problem due to ground instabilities, steepness, high snow depths and densities, high glide areas,
rockfall and lack of runout zone above the highway.
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Figure 1 — Site location

Slide Curve was re-graded and rock-scaled, and over 1200 meters of Dk=3.0 to 4.0-meter snow
nets were installed between elevations 812 m and 920 m. Dk=4.0m snow nets were installed
on smooth rock surfaces at the upper elevations with artificial surface roughening. Dk=3.5m
and Dk=3.0m snow nets were installed at lower elevations. Snow nets in two rows were

instrumented to quantify snow pressures, deflections and structure performance. This paper
describes the instrumentation and measurements to date.

2. CLIMATE

The project is in a maritime snow climate with heavy winter snows, mild temperatures, common
rain-on-snow events and highly variable snow depths. Figure 2 shows the site and nearest
weather stations. Long-term weather records (95 years) at Snoqualmie Pass (el. 921m) have an
average annual snowfall of 11 meters and a maximum snow depth of 5.03 meters in 1956.
Figure 3 shows the historic maximum snow heights at Snoqualmie Pass. Table 1 presents snow
height data from the long-term weather station at Snoqualmie Pass. Snow depths at Slide Curve
are about 30-percent lower than Snoqualmie Pass. Weather stations at Stampede and Ollalie
indicate average snow densities of 400 to 450 kg/m? in deep snow years. Similar high snow
densities have been described in Norway and Iceland (J6hannesson and Margreth, 1999).
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Figure 2 — Site with nearest weather stations
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Figure 3 — Historic snow depths at Snoqualmie Pass
The red symbols are the 8-years with snow net instrument data.

Table 1 — Snoqualmie Pass snow depth statistics

max. |median| avg | stddev
95 yrs* 5.03 2.50 2.54  0.86
30 yrs 4.24 246| 239 0.87
8 yrs** 3.40 222 231 0.86
* period of record

**snow net measurement period

3. TERRAIN & VEGETATION

The site is below timberline, but has sparce vegetation due to historic landslides, rock scaling,
construction activities and avalanche mitigation with explosives since the mid-1970s. Figure 4
shows the site prior to snow net construction. Complex non-planar terrain and non-uniform
roughness at upper Slide Curve may cause variable creep flows and snow net pressures.

Figure 4 — Pre-construction site topography & vegetation
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4. INSTRUMENTATION

WSDOT installed instrumentation to monitor loads, deformations and deflections in the snow
net components. In addition, an automated weather station was installed at the upper elevations
of the site to measure snow heights, water content and other weather data. Figure 5 shows the
instrumented locations on a topographic map and Figure 6 shows the placement of the sensors
on the structure. A moisture sensor was installed on the ground near site 2-1.

Instrument No.
400 kN Tension
200 kN Tension

Post strain gage \
& Inclinometer

Inclinometer

[

ACCESS
PLATFORM
AND SUPPORTS

L
e

BASE PLATE

Component Range/Capacity
I Remote Data Logger
2 Solar Panel 20 Watts
3 Biaxial Tiltmeter on posts. 110 deg.
4 Biaxial Tiltmeter on nets 110 deg.
5 T'ension load cells uphill anchor 50-ton (500 kN)
6 _Tension load cells uphill anchor 50-ton (300 kN)
7 _Iension load cells for downhill guys [30-ton (300 kN)
8 Full bridge strain gages on posts 1200 ep

Figure 6 — Snow net instrument schematic
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5. RESULTS

Due to the lack of deep snow years during the monitoring period, the forces on the system are
small compared to the design loads. Figure 7 shows representative load measurements. Table 2
lists the largest loads and deflections for each instrumented location with the corresponding
dates. Interestingly, while the maximum snow height and snow-water equivalent year was 2021,
the maximum forces were recorded in mid-January 2022 during an average snow depth year.
Unfortunately, the moisture sensor stopped working in 2021 prior to the largest loads and
deflections.
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Figure 7 — Tension forces in the upper elevation high glide area 2-1 (left) and post compression
force at 2-1 from strain gage measurements (right). Four plots correspond to strain
gages installed 90-degrees apart.

Table 2 — Maximum loads and deflections with occurrence dates

post tilt net tilt post compression net tension

2-1 1/15/22 | 1deg | 1/14/22 | 11deg | 1/11/22 | 115kN | 1/12/22 | 65 kN
2-2 112/20/20 | 2deg | 1/18/22 | S5deg | 1/12/22 | 113 kN | 1/18/22 | S5kN
5-1 1/17/22 | 2deg | 1/14/22 | 8deg | 1/12/22 | 151 kN | 1/17/22 | 46 kN
52 | 3/18/23 | 2deg | 1/15/22 | 11deg | 1/11/22 | 116 kN | 1/11/22 | 49 kN
2i-N | 10/23/22 | 17 deg
2i-S 9/6/22 | 34 deg

6. DISCUSSION

Snow loads on the Slide Curve snow nets are expected to vary primarily depending on
accumulated snowfall (HS), average snow density and precipitation type. Water flowing at the
base of the snowpack is also an important factor affecting snow loads. The maximum loads and
deflections over the 7-year measurement period occurred in mid-January 2022. Prior to
maximum loads, the snow height at Snoqualmie Pass increased from 132 cm to 225 cm over a
5-day period ending January 6. Between January 6 and January 22, temperatures warmed to
above freezing and 20 cm of rain fell, while snow height decreased by 70 cm. The
measurements indicate that rain-on-snow resulted in the maximum snow loads and deflections
for the snow nets.
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Significant swivel post deflections were measured at the location where planar slopes of
differing roughness converge near tiltmeters 2i-N and 2i-S. These deflections indicate the need
for field assessment of post inclinations and possible adjustments.

The design snow heights for the snow nets relied on historic climate data without adjustments
for climate change. While high variability in snowfall and snow heights characterize this
maritime climate, long-term trends indicate lower probabilities of extreme snow heights in the
future.

7. CONCLUSIONS & OUTLOOK

The lack of deep snow during the 7-year measurement period limits our ability to evaluate the
performance of the snow nets under conditions that approach the 100-year design loads.
Variability of measurements to date and the lack of strong correlations with snow heights appear
to support the design assumptions of higher snow densities and elevated glide potential in this
maritime climate. Future measurements will provide an opportunity for capturing above
average snow heights and improving our characterization of snow net performance in this
climate.

8. REFERENCES

Rainer, E., Rammer, L., and Wiatr, T. (2008). Snow loads on defensive snow net systems. In
International Symposium on Mitigative Measures against Snow Avalanches Egilsstadhir,
Iceland.

Margreth, S.: Defense structures in avalanche starting zones; Technical guide as an aid to
enforcement, Environment in Practice no. 0704, Federal Office for the Environment,
Bern; WSL Swiss Federal Institute for Snow and Avalanche Re-search SLF, Davos, 134
pp, 2007.

Johannesson, Toémas and Margreth, Stefan, Adaptation of the Swiss Guidelines for supporting
structures for Icelandic conditions, VI-G99013-UR07 Reykjavik, July 1999

Stimberis, John & Rubin, Charles M., Glide avalanche response to an extreme rain-on-snow
event, Snoqualmie Pass, Washington, USA, Journal of Glaciology, Vol. 57, No. 203,
2011

LaChapelle, E.R., Bell, D.B., Johnson, J.B., Lindsay, R.W., Sackett, E.M., and Taylor, P.L.,
Alternate Methods of Avalanche Control, Final Report to WSDOT, July 1978.

Schaerer, Peter, Snow Avalanche Control Snoqualmie Pass East Shed Area, prepared for
WSDOT, unpublished report, 15 May 2000.

9. ACKNOWLEDGEMENTS

The authors acknowledge the important roles, contributions and support of the WSDOT
Geotechnical Group, the installation contractor, Hi-Tech Rockfall Construction, Inc., the
contractor’s snow net consultant, Dr. Roberto Castaldini, the project geotechnical engineer
Kane Geotech, Inc. and the project instrumentation specialist Erik Mikkelsen.

C. Wilbur, J. Stimberis P2.2 - Page 296



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Isafjorour Iceland, September 30 — October 3, 2025

New experiments and measurements to improve operational
practices for preventive avalanche triggering

Philippe Berthet-Rambaud'-*, Jean-Frangois Bellin?, Eric Viallet}, Amandine Molinier!,
Sonam Bourlon de Rouvre', Fanny Bourjaillat' and Stéphane Bornet*

! ENGINEERISK, 690, route de la Motte Servolex, 73160 Saint-Sulpice FRANCE
2 Compagnie du Mt Blanc, 35 Place de la Mer de Glace 74400 Chamonix-Mt-Blanc FRANCE
3 ADSP, French association of ski patrols director,73450 Valloire FRANCE
* ANENA, National Association for the Study of Snow and Avalanches 38000 Grenoble FRANCE
*Corresponding author, e-mail: pbr (at) engk.fr

ABSTRACT

After decades of implementing PIDAs (“’Plan d’Intervention de Déclenchement
d’Avalanches’’, French avalanche control plan), the French Association of Ski Patrols Directors
(ADSP) still faces questions regarding certain operational practices: with a bomb tram, can a
high overflight height be compensated by a larger quantity of explosives? Can the individual
mass of each charge be optimized? For this reason, new experimental campaigns were
organized first to measure the air shock waves generated by conventional explosives in different
situations (positions, combinations, mass) and as a function of distance: do not considering the
interaction with the snowpack might appear as a strong limitation but allows objective
comparisons. However, this interaction was still considered with simple explosion tests in a
very homogeneous spring snowpack: here too, different positions and configurations are tested
with trends sometimes opposite to the effects in the air. At the same time, the database of these
shock waves is being supplemented by measuring the pulses generated by gas exploders,
considering both historical and innovative systems. The aim is to include these various results
in the ANENA (National Association for the Study of Snow and Avalanches) program as
national training center for new ski patrollers.

1. INTRODUCTION

If several thousands of artificial releases of avalanche are performed every winter in the French
Alps ski resorts, habits can indirectly lead to a loss of knowledge to finally forget why things
are done in such a way and progressively see wrong ideas emerging. That’s why the French
Association of Ski Patrols Directors (ADSP) have re-initiated new experiments since a few
years to feed a database and use corresponding results in the initial and refresh trainings of ski
patrollers in cooperation with ANENA (National Association for the Study of Snow and
Avalanches) which faces the same questions as national training center: efficiency of products
and methods including emerging systems, safety of operators.... Making it directly without
using only the existing literature or commercial communications of provider is important to get
a direct and independent interaction with what is done. In practice, most experiments were
performed by La Flégére ski resort staff at Chamonix, using a bomb tram to hang solid charges
and measurements (Walter 2004) being done by Engineerisk. If the main phasis focused on
solid explosives, an additional one is being processed on gas exploder, “’invented’’ and largely
used in France with continuous and recent developments.
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2. SOLID EXPLOSIVES

Although explosives have been used for much longer (the recipe for black powder was
mentioned as early as the 10th century, nitroglycerine was discovered in the mid-19th century,
and Alfred Nobel patented dynamite in 1867), it was only in the 1950s and the work of Ed
LaChapelle (1956) that their civilian application on snow in 1939 (explosives) and 1949
(military cannons) was mentioned.

However, it was mainly during the 1970s that this field saw multiple developments: in France,
the "Dynaneige" program supported various research projects mainly carried out by the
Laboratory of Special Applications of Physics (ASP) at the Grenoble Nuclear Research Centre
(CENQ). This "program" was also directly connected with ANENA, CTGREF (now INRAe),
the Snow Research Centre of Météo France and pioneers of the "eldorado" development of ski
resorts (Bon Mardion and Cattelin 1972). With the "Bangavalanches" experiments, they went
so far as to test the effect of sonic bangs on avalanche triggering, but without any real success
(Alléra et al. 1973).

At the international level, equivalent research and experiments were conducted and H. Gubler
(1977) 1s still considered a reference, especially regarding the maximum effect of a solid
explosive charge a few meters above the snowpack.

From this background and recent contributions (Meier 2024), the main ideas were to focus first
on the “’in the air’’ situation (corresponding to a bomb tram use) and to test additional
configurations directly connected with practical operations and emulsion charge (named
Emulstar): position of the charge (vertically, horizontally) to distinct axial and lateral effects,
position of the detonator (upper or lower extremity, middle of the charge), combination of
different charges attached together. Then, equivalent declinations were carried out with
explosion experiments in a homogeneous spring snow cover.

The reliability of the measurements process was also confirmed by comparing results from
equivalent experiments.
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Figure 1  Left, comparison of a 4.8kg charge explosion with Simioni and Schweizer (2018)
results including correction related to the initial deflection of the hanging (bomb
tram) cable. Right, main results regarding charge mass, distance and direction
(axially and radially).
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At the same time, interpretations are sometimes complex, especially as they can show
contradictory and even counterintuitive trends between the situation in the air and in the snow
(with a huge attenuation in this last case and so a limited size of the initial influence zone). It is
therefore important to apply these results as best as possible depending on the desired effect.

Indeed, and beyond physical aspects, there are also operational aspects and contexts in which
the various techniques are applied. Thus, the main practical lessons that could be learned are:

. Overall, the effect of a greater mass is limited in any case, especially if the aim is to
achieve an effect over a longer distance or over a larger area. In the air as in snow, the
difference will be relatively small and, more than just power (unless enormous
quantities are considered), the careful placement of the charge remains the main
keypoint.

. With regard to mass, the difference between the 1.4 kg and 1.9 kg charges is minimal
and does not justify the extra weight of the latter. Their axial effect is even virtually
identical.

. With regard to placement, where possible, this includes the general orientation of the
charge and the position of the detonator:

e In the air (Bomb tram or charges fixed on a stick), the effect is greater in the axis
of the charge on the opposite side of the detonator. Depending on the case, it may
therefore be useful to use this "property" to maximise the effect on the slope in
question.

¢ Inthe snow (handcharges, helicopter bombing), results (Figure 2) and the literature
show the advantage of a sufficient burial, particularly at the extremity where the
detonator is placed. In fact, more than the burial itself (which directly allows to
reach greater depth in the snowpack), the confining effect of the explosion plays
surely the greatest role in maximising the effect... but which depends on the snow
property and density. Further experiments should be done with (more) fresh snow.

. . Diameter Diameter ||
Position vs snow Detonator Position

semi-buried top 55 cm 110 am

semi-buried at the bottom 61 cm 136 am

surface End 120 am

surface middle top 57 om 132 an 106 cm

surface middle bottom 64 cm 134am 110cm

surface top 52 cm 144 cm 134cm

P

Figure 2 Left, partial view of the different situation tested in the snow. Right, example of a
pear-shaped crater corresponding to the 3™ test in the table.
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3. GAS EXPLODERS

In parallel to the versatile use of solid explosives for avalanche control, Remote Avalanche
Control Systems (RACS) based on gas explosions have become a pillar of ski areas, roads and
infrastructures safety management against avalanches. Their main advantages are all-weather
all-time availability, power and safety for operators.

The first historical step was the Gazex system (Lieberman et al. 2002) initially patented by J.
Schippers at the end of the 1980s through his company Technology Alpine de Sécurit¢ TAS.
Since that, several thousand were installed worldwide combining either standards, inertia or
flex foundations. With the end of the validity of certain patents, Gazex-type exploders are now
also produced freely by other companies like SAM-montagne in France, SATS in Austria. The
gas mixture remains made of propane and oxygen, still using the well-known elbow-terminated
tube installed near the top of the avalanche starting zone with the open extremity directed to the
slope.

Avalhex (Duclos and Senabre 2002) was the first to compete in this market at the beginning of
2000s in France including a helicopter-borne prototype. It was itself competed with by the
Avalanche Blast system developed initially in the Dolomites around 2003. Both were based on
a latex balloon to contain the gas mixture before ignition and using hydrogen in combination
with air (for Avalhex) or Oxygen (for Avalanche Blast). Facing different limitations, Avalhex
systems (a few dozen was installed) progressively disappeared. From 2007, TAS, then part of
MND group, started to develop a new family of systems still based on a steel explosion chamber
(instead of a balloon) but adapted to a hydrogen+oxygen gas mixture: the shape of the Gazex
(slightly inclined upwards) evolved towards a cone, directed rather vertically downwards and
adapted to this lighter-than-air mixture. This cone was initially equipped for daily helicopter
bombing mission with the DaisyBell system and was converted as the autonomous fixed but
removable RACS O’Bellx (Berthet-Rambaud et al. 2010), recently combined with a '+
option’’ consisting in a cylindric section on its foot to extend its cone.

Recently, new technical and patented developments are emerging: the BW "Boom Woosh"
exploder from Alpine Infrastructure company is the first RACS device designed and made in
North America. The first units have been installed in Alta (UT), Jackson Hole (WY)) and Wolf
Creek (CO). They use an almost straight pipe closed at the top and inclined downwards as
explosion chamber fixed on a tower. According to the system description, the key words are
reliability thanks to standard components, possibility of longer-distance gas supply to optimize
installation configurations without helicopter refills need and single point foundations.

In France, Avenir Protections is developing the APeX system with 2 successful prototypes last
winter at Les Arcs and Méribel ski resorts and a dozen foreseen for the next season. The
company came back to the propane-oxygen mixture and aims at improving two main topics: an
efficient use of the gas volume to obtain more powerful shockwaves with less gas thanks to an
innovative steel explosion chamber which promotes multiple-reflections and therefore
successive and superposed shockwaves. In terms of functionalities, the APeX system is
composed of this explosion chamber on which a removable (by helicopter, mainly for summer
maintenance and storage) technical module is simply placed: This module provides the power
supply, remote control, and ensures the mixing, injection and ignition of the gas mixture thanks
to its interface with the explosion chamber. The assembly is simply vertically stacked under the
action of gravity without vertical fixing, making it possible to significantly limit tearing forces
and therefore reduce the footprint of the foundation.
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In this context, it is also interesting to complete the previous database to better know the main
characteristics of each system in terms of shockwave: amplitude, duration, single or multiple
peaks, direction in comparison to the usual steepness of a starting zone, lateral diffusion....
New measurements are progressively performed in addition to the existing literature. For now,
they are first focused on the initial power of the explosion in the air at a few meters
corresponding more or less to its maximal impact with the snowpack in usual situation. It is
more objective for comparisons as long-distance measurements on the ground are also directly
influenced by the terrain relief and cover.

Main findings (Figure 3) confirm a shorter peak shown by a rapidly decreasing impulse curve
(area underneath the pressure - time curve) with hydrogent+oxygen mixture than with
propanet+oxygen. In the same way, a simple explosion chamber with direct straight exit is
producing single peaks whereas more complex (Gazex pipe but especially that of the ApeX
which was specifically designed for this purpose) are able to superimpose them with successive
waves from internal reflections. The combination of these two physical parameters (type of
mixture, shape of the explosion chamber) directly explain the lower power of configuration like
DaisyBell / O’Bellx also demonstrated by Seitz (2021). On the contrary, the fact that the initial
internal stage of the explosion is facing high compressive phases highly improves the overall
efficiency : for instance and if Gazex remains a reference in this field, APeX system obtains
an equivalent explosion but with 2 to 3 time less gas volume: less gas is lost by ejection and
pushed outside from the growing explosion.
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Figure 3  Graphs of different positive parts of shockwaves for different RACS (+1.4 kg
Emulstar charge) at 4m distance: aerial pressure (solid lines) and corresponding
impulse curves (dashed lines)
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4. CONCLUSIONS

Studying RACS and solid explosives shockwaves and their interaction with the snow is
important for both professionals and manufacturers/providers: it should improve the way
artificial releases are performed for the reliability of avalanche control plan, including the right
choice of RACS with the right power in comparison to the corresponding avalanche starting
zone. The database initiated by ADSP is an on-going process which will continue also to include
more experiments with snow and other types of explosives (for instance deflagrating instead of
detonating).
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ABSTRACT

In 2018, a free-standing structure, known as a Snow Catcher, was installed in a gully at the
monitoring site in Ranalt, Austria. It is instrumented with several load pins to measure forces
at the hinges of the steel support structure (so-called “Lambda Frame”) and load cells for
measuring tension forces in the bearing and middle ropes. The site relies on the natural
avalanche events that occurred multiple times in recent years in the time span between
November to April.

Over the years, many small avalanches have impacted on the structure and resulted in the
collection of data that has enhanced our understanding of how these structures function under
dynamic and static snow loads. During this time, it was also noted that several small debris flow
events occurred within the avalanche track, some of which have reached the barrier.

Heavy rainfall in the night between 21.06.2024 to 22.06.2024 triggered a significant debris flow
event that impacted the structure and completely filled the 5 m high barrier. Deposited material
caused the flow to divert around the barrier and eroded the lateral anchoring and interrupted
data lines of the monitoring setup, while the area directly behind the structure stayed unaffected.

Presented herein is a summary of the events, the effects on the structure during the impact of
June 2024. Furthermore, an outlook on the future of the monitoring site Ranalt will be given.
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ABSTRACT
As a part of efforts to improve avalanche defenses for the village of Flateyri in northwest of
Iceland following avalanches in January 2020, a pilot project was initiated to evaluate the
effectiveness of snow fences. The fences are situated in a large snow catchment area on top of
Eyrarfjall mountain above the village and are intended to reduce snow transport into avalanche
starting zones.

In the summer of 2022, two 150-meter-long, and 5-meter-high steel fences were installed in the
catchment area on the mountain perpendicular to the prevailing winter winds. Snow
accumulation has been monitored over three winters. Results show substantial snow capture,
although drift volumes are somewhat lower than predicted by Tabler’s empirical formula.

The study focuses on fence performance under high-wind conditions, including the influence
of ground clearance, an important factor given the deep snowpack on Eyrarfjall.

Snow accumulation and drift patterns were analyzed using drone-based photogrammetry and
weather station data. The observed drift volumes reached about 220 t/m, slightly lower than
predicted by Tabler’s empirical formulas but consistent with the design expectations of 200—
250 t/m. Reduced performance for one winter was attributed to atypical wind conditions and
burial of fences. The results of the pilot study demonstrate the effectiveness of snow fences for
avalanche mitigation in Iceland, with design adaptations such as increased ground clearance
recommended before full-scale implementation.

1. INTRODUCTION

Flateyri, a village in the Westfjords of Iceland, lies at the base of the steep Eyrarfjall mountain.
Two prominent gullies, Innra-Bajargil and Skollahvilft, which are located directly above the
settlement, are the primary avalanche starting zones threatening the village. The settlement at
Flateyri was hit by many avalanches prior to the construction of two deflecting dams in 1997
following the catastrophic 1995 avalanche that claimed 20 lives and damaged numerous
buildings.

Despite the construction of protective dams, the January 2020 avalanches demonstrated
continued vulnerability. Although no fatalities occurred, the avalanches reached the residential
area, buried one individual, and damaged homes and vehicles, revealing the limitations of the
existing passive defenses.

These events reignited discussions on how to further reduce the avalanche risk. In response, the
avalanche flow channel along the deflecting dam below Innra-Bajargil has been deepened and
widened, and work is ongoing to construct steep braking mounds above the dams to decelerate
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avalanches descending from both starting zones. Among the additional mitigation strategies
under consideration is the installation of snow fences on the plateau of Eyrarfjall. These
structures are designed to control wind-blown snow transport and modify deposition patterns,
with the aim of reducing snow accumulation in the avalanche starting zones, especially at the
start of the winter.

Snow fences have been used in Iceland for road safety purposes, primarily by the Icelandic
Road and Coastal Administration (2000). However, their use in avalanche mitigation remains
largely unexplored in Iceland and international experience of those structures in high-wind
conditions, as on Eyrarfjall, is limited. The theoretical basis for snow fence design in lower
wind speeds has been established, particularly the empirical work of Tabler (1991, 1994 and
2003), who provided insight into snow drift formation based on fence geometry and porosity.

This pilot project was therefore initiated at Eyrarfjall to evaluate the performance of snow
fences under high-wind conditions. The primary goals are to assess their effectiveness in
trapping wind-transported snow and to determine whether design modifications are necessary
to enhance their functionality for Icelandic terrain and climate conditions and observe weather
icing occurs during winter, limiting the effectiveness of the structures.

2. SITE CHARACTERISTICS AND PROJECT DESIGN

Eyrarfjall rises steeply from sea level to about 660 m a.s.1., with a south-southwest facing slope
above Flateyri. The summit is relatively flat, as is common for mountains in the northern
Westfjords, with an approximate 1700 m fetch from Vatnsdalur to the edge above Flateyri. The
dominant wind directions are from the northeast to east-northeast, which also corresponds with
the most common wind direction during storm and snowdrift conditions. Cumulative winter
precipitation at the summit is about 900 mm, 90% of which is snow, with peak accumulation
in December and January (Petersen, 2021).

These conditions make Eyrarfjall well-suited for snow fence installation due to its flat terrain,
exposure to prevailing winds, and heavy winter snowfall.

The full implementation concept (Hakonardéttir et. al., 2023) assumes about 2 km of 5 m high
fences arranged in two rows, oriented perpendicular to the dominant wind direction (Figure 1).
Due to limited experience with these fences in high-wind conditions, a pilot installation was
constructed in summer 2022. A weather station was installed to record wind direction and wind
speed, and a time-lapse camera for continuous visualization of snow accumulation and icing
conditions. Two rows of galvanized steel fences were installed, each 150 m long and 5 m high,
with 0.5 m ground clearance and 50% porosity, aligned with best practices (Tabler 1991, 1994,
2003).

The first fence row is situated approx. 320 m from the edge of Innra-Bajargil, and the second
about five times the fence height (H), 120-125 m, upwind. This setup assumed a leeward drift
of about 25H and windward drift of about 15H, slightly reduced from Tabler’s values to account
for denser Icelandic drift snow (400 kg/m?) and higher wind speeds. Expected drift mass was
estimated as 21.5 H?> m*/m in accordance with Tabler’s empirical formula, equivalent to approx.
200-250 t/m (Pordarson, 2021).
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Figure 1  An airial view of Eyrarfjall, above Flateyri. Shown on the Figure: The location of
the installed snow fences, key instruments, proposed snow accumulation zones after
full installation and the gullies above Flateyri village.
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3. MONITORING METHODS AND DATA ANALYSIS

An on-going monitoring program was implemented in November 2021 to quantify the
effectiveness of the snow fences in capturing wind-transported snow. The monitoring strategy
relied on three complementary components: high-resolution drones-based photogrammetry
(Figure 2) conducted by the Icelandic Meteorological Office (IMO), comparative digital
elevation model (DEM) analysis, and the integration of meteorological data from the Eyrarfjall
weather station operated by the IMO. To date, three full winters have been captured (2022—
2023, 20232024 and 2024-2025), each winter season defined as October 1% to June 1,

3.1 Snow Accumulation Mapping

Each winter, IMO performed multiple drone flights. Each flight was processed using DATACT
platform to generate point clouds of the snow surface elevation on Eyrarfjall. In total 23 flights
were performed with 19 of them being usable for analysis of snow patterns around the fences
(31n 2022-2023, 9 in 2023-2024 and 7 during 2024-2025).

A snow-free reference DEM (from 2009) was used for estimating snow depth and accumulation
volumes from the winter DEMs. In addition to volumetric analysis, drift shapes and profiles
were analyzed. Cross-section perpendicular to the fences was extracted from the DEMs to
assess drift height and length (Figure 3).

3.2 Meteorological Data and Snow Transport Thresholds
Meteorological data was obtained from the Eyrarfjall weather station, located approximately
200-320 m upwind of the fences, in the assumed prevailing wind direction.

To identify periods conducive to snow transport, thresholds for wind speed and temperature
were applied in accordance with guidelines from the Icelandic Road and Coastal Administration
(IRCA, 2000). Specifically, snow transport was considered likely when sustained wind speeds
exceeded 7 m/s and air temperature was below 0°C. These criteria were applied to generate
winter wind roses and assess wind directions during potential snow transport periods.

Figure 2 Photo of the fences taken from a drone on the 28.12.2023 by the IMO.
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Figure 3  Airial photograph of the Eyrarfjall plateau. Location of the pilot study area is
shown, along with the cross-section for snow surface profiles through the middle
of the snow fences.

4. RESULTS AND INTERPRETATION

Wind data from the Eyrarfjall weather station confirmed that dominant snow transport events
occurred during northeast to east-northeast winds (Figure 4). Winter winds predominantly
originate from the northeast, south and southwest. During the 2022-2023 and 2023-2024
winters, the snow transport wind directions were almost exclusively northeast to east-northeast.
However, for the winter 2024-2025 winds from the south and southwest contribute
significantly to the snow drift period, while the north-northeast direction remained the dominant
direction for snow drift. Less snowfall was observed during the 2024-2025 winter than for
previous winters. The fetch of snow for the southwest direction is significantly smaller which
impacts the total volume of snow expected to be captured by the fences for those wind
directions.
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Figure 4  Winter wind roses from the Eyrarfjall weather station for winter period (above) and
filtered by snow transport thresholds (below).

Snow surface elevations and images show the highest snow accumulation near the fences and
close to the edge of the mountain, specifically below the edge (Figure 5) where the
measurements indicate that the snow depth can reach up to 8 m. Snow depths at the mountain
edge are subjected to higher uncertainties due to abrupt terrain change and the accuracy of the
reference DEM (2009). Possible sources of error include DEM mismatch, measurement
inaccuracies, or physical changes from rockfall, water scouring and avalanches.

No significant changes were observed in snow accumulation at the top of Innra-Baejargil gully
nor at the edge for the zones directly downwind from the fences and to the side of the fences.
However, measurements show less snow downstream of the snow accumulation zones of the
fences on the plateau compared to adjacent areas to the sides.

The snow accumulation patterns near the fences (Figure 6) were relatively uniform for the first
two winters (2022-2023 and 2023-2024), with typical rounding that extends inward from the
ends of each row, though less pronounced than described by Tabler. In 20242025, drift
patterns deviated noticeably, with reduced length and westward slant to the drift, likely due to
the more frequent southerly winds.
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Figure 5 Snow depth based on each of the snow surface DEMs.
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Figure 6  Late winter accumulation around the snow fences for each winter.

Snow surface profiles through the middle of the fences (Figure 7) show how the snow
accumulation increases progressively through the winter, stabilizing in March or April, at which
point the fences became largely buried, reducing or eliminating their effectiveness. For the first
two winters, the drift patterns are similar to patterns as observed by Tabler (1991, 1994 and
2003) for fences with 50% porosity, although less drift length and height/depth. The drift
patterns for winter 2024-2025 is unlike the others and is more consistent with the solid fence
behaviour (Figure 8).
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Figure 7 Snow surface profiles through the middle of the fences. The wind direction is from

right to left. The locations of the design leeward drift (25H) and windward drift

(15H) are shown as boxes on the ground for comparison.
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Figure 8 Comparison of drifts formed by solid and 50% porous fences (Tabler 1994). Wind
direction s from left to right.

The leeward drift length for the first two winters is observed as about 17H (85 m), which is
shorter than suggested by Tabler. For the third winter the drift length was about 12H (60 m),
consistent with solid fence behavior. The windward drift is observed as about 15H for all three
winters. The highest point of the drift is about the same height as the fences, but fences in lower
wind conditions show up to 1.2H height of the drift (Tabler, 1991, 1994, 2003). Higher wind
speeds may cause reduced height of the drift above the fence height, limiting the total storage
capacity of the fences.

Observed drift volumes are about 214-223 t/m in all three winters. This aligns well with the
design expectations (200-250 t/m). Despite high wind speeds and dense snow conditions, the
observed drift volumes and shapes largely align with predicted behaviour, indicating that the
fence design remains effective under Icelandic conditions. The consistency of measured drift
volumes across the first two winters demonstrates that the fences operate within their intended
capacity. However, performance can degrade due to burial as is observed in the third winter.

Observations during irregular direct inspection of the fences during winter as well as oblique
drone photographs did not indicate serious problems due to icing, that is, icing did probably not
reduce the porosity such that the snow-catching effectiveness of the fences was adversely
affected. The time-lapse camera did, however, not work well due to riming and/or icing and
was taken down in the summer 2025. The camera did, for this reason, not provide useful
information regarding this problem.

5. CONCLUSIONS

The pilot study demonstrates that snow fences on the plateau of Eyrarfjall mountain can perform
effectively under the site’s high-wind conditions, particularly during typical snow transport
events from the northeast. Measured snow drifts align with design expectations. However,
performance can be limited during some winters due to more southerly winds. Continued
monitoring is needed to better understand this variability.

The ground clearance of the fences is currently set as 0.1H (0.5 m) which might be insufficient,
given the observed snowfall on the mountain plateau. It is recommended to increase the
clearance to 0.2H (1 m) to improve drift storage and delay burial later in the season.

While the fences effectively capture snow in their immediate vicinity, their influence on snow
accumulation in the nearby avalanche starting zones remains uncertain. It is plausible that they
reduce snow in the starting zone in early winter, but their impact likely diminishes as they
become buried later in the season. This may reduce the frequency of avalanche releases but is
unlikely to significantly mitigate avalanche hazard during large storm-driven snow avalanche
cycles, particularly in middle to late winters.
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Before proceeding with further implementation, a structural inspection of the existing fences is
advised, as anchoring tall structures in such exposed, wind-prone terrain presents challenges.

Finally, continued multi-year monitoring is recommended, extending to the starting zones of
both gullies to further understand the impact of these structures.
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ABSTRACT

Flexible rockfall barriers are primarily designed to absorb high-energy point impacts caused by
falling rocks. However, when installed in high-altitude environments, they are exposed to
substantial snow loads. These loads act as areal rather than point forces, representing a
fundamentally different loading scenario for which the systems are not originally designed. If
snow loads are not adequately considered during design and planning, they may lead to damage
of individual components or, in the worst case, complete failure of the barrier. This highlights
the need for flexible barrier systems with multi-hazard resistance, capable of withstanding both
rockfall impacts and snow loads.

The objective of this study is to develop a calculation method for all flexible rockfall barrier
types produced by Geobrugg AG that are exposed to static and dynamic snow loading. To
achieve this, key aspects such as the mechanical properties of ring nets, fundamentals of rope
statics, and principles of snow and avalanche mechanics were analyzed to model areal loading
scenarios on flexible structures. Missing material properties were determined through targeted
tensile testing in the laboratory.

The proposed method was calibrated and validated using field data collected from previous
research projects, including measurements of barrier deformation and loading of individual
components during interactions with static and dynamic snow events. The final calculation
approach combines Excel-based workflows with structural analysis in RSTAB. The method is
fully parametric, allowing for efficient adaptation to a wide range of environmental and loading
conditions in practical applications.

1. INTRODUCTION
The present study is the result of my master's thesis conducted in the field of civil engineering
at HTWG Konstanz — University of Applied Sciences, in collaboration with Geobrugg AG.

Rockfall and snow avalanches are gravitational natural hazards that predominantly occur in
alpine regions. One possible technical mitigation measure against rockfall is the use of flexible
rockfall barriers, which are designed to catch falling rocks. These systems are subjected to high-
energy, dynamic point loads. In contrast, avalanche protection structures are intended to prevent
the release of avalanches in advance and are therefore exposed to large-area, static snow loads.

When flexible rockfall barriers are installed in alpine environments, they are also exposed to
snow pressure and snow slides for which they were not primarily designed. If this type of
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loading is not taken into account during the design phase, it may lead to damage of individual
components or, in the worst case, complete failure of the barrier.

Since the structural behavior of flexible rockfall barriers is highly deformation-dependent, it is
particularly challenging to incorporate snow loading scenarios into standard design
calculations. To address this issue, two research projects were conducted in 2003-2006 and
2023-24, during which several barriers were exposed to snow loads (Margreth and Roth 2007;
Marc et al., 2024). The findings from these studies contributed to the development and
verification of the calculation method described in this work.

2. AIM OF THE STUDY
To date, only rudimentary methods have been used to model the structural behavior of flexible
barriers under snow loads.

The aim of this study was to develop a calculation method for flexible rockfall barriers produced
by Geobrugg AG under snow and avalanche loads. The method is intended to realistically
capture the complex structural behavior resulting from the interaction of steel nets, support
ropes, steel posts, brake elements, and anchor ropes.

The approach was designed to be fully parametric, allowing for the consideration of varying
terrain conditions, snow loads, barrier heights, and post spacing. It enables the determination
of internal forces within the individual components, forming the basis for structural design and
verification.

3. SNOW AND AVALANCHE LOAD
For the calculation procedure, load models for static snow pressure and avalanche impact had
to be defined first.

For static snow pressure on sloped terrain, the method described in the Swiss guideline
“Lawinenverbau im Anbruchgebiet” was adopted (Margreth, 2007). This approach is based on
Haefeli’s snow pressure theory, in which slope-parallel and slope-perpendicular pressures act
uniformly over the snow depth on the obstacle (Haefeli, 1939).

Figure 1  creep pressure according to Haefeli

For avalanche impact loading, the method by Voellmy and Salm was selected (Voellmy, 1955;
Salm et al., 1990). In this approach, the avalanche pressure is assumed to be constant within the
flow height and decreases linearly within the run-up height.
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Figure 2 avalanche pressure distribution on an obstacle

The calculation assumes that the avalanche impacts a rigid obstacle. However, when the flow
hits a net structure, such as those used in flexible rockfall barriers, the actual pressure can be
significantly reduced due to the net’s permeability. To date, no reliable reduction factor is
available. The described approach can therefore be regarded as a conservative upper bound for
avalanche loading.

4. DEVELOPMENT OF THE CALCULATION METHOD

The calculation method is divided into two main parts. First, the snow load calculation, net
analysis, and support rope analysis are carried out parametrically in Excel. Through an import
function, the system geometry and the support rope forces, which were calculated in Excel, can
be automatically transferred to the structural analysis software RSTAB.

In RSTAB, the remaining structural components, namely the posts and anchoring ropes, are
analyzed. In this method, the internal forces are passed sequentially from one structural
component to the next, ensuring clear traceability and transparency of the results.

To improve the understanding of the following section, a system drawing of a typical rockfall
barrier by Geobrugg AG is provided below:
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A1: Upper support rope A2: Lower support rope C1: Lateral rope
D1: Upslope rope F1: Vertical rope T1/2: Downslope rope (optional)

Figure 3  system drawing of a rockfall barrier from Geobrugg AG
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4.1 Snow and avalanche load calculation

The snow and avalanche loads can either be specified in advance based on existing design
criteria or external input, or they can be calculated using the methods described above,
considering site-specific factors such as slope angle, snow depth, and avalanche characteristics.

4.2  Net calculation

To improve transparency and simplify the calculation model, the individual components of the
barrier are analyzed step by step, with the resulting forces passed on to the subsequent elements.
The process begins with the net, which is subjected to snow loading and is suspended between
an upper and a lower support rope.

The aim is to determine the resulting net shape as well as the forces transmitted from the net to
the support ropes. It is conservatively assumed that the entire snow pressure is transferred to
the net, as snow cones are expected to form behind each mesh opening, enabling full load
transfer despite the net’s open structure. A planar load-bearing behavior is assumed, allowing
the net to be idealized as vertical strips behaving like single ropes suspended between supports.

Based on this assumption, the net can be analyzed using basic rope theory. This requires
information about the load distribution, the initial net height, the material elongation behavior,
and the position of the supports. The calculations are carried out parametrically in Excel. An
iterative solution of the rope equations allows the determination of the net shape, the resulting
forces, and their direction.

In the final step, the support reactions are calculated, which then serve as input for the
calculation of the support ropes.

4.3 Support rope calculation

The upper and lower support ropes run continuously from the beginning to the end of the barrier
and are only deflected at the top and bottom of the posts. Since the same snow load is assumed
in every span, a rope segment between two posts can be analyzed separately and modeled as a
sagging single rope.

The post tops and bases act as support points. The load is taken from the previous net calculation
and applied as a constant distributed load along the rope. The calculation is done in Excel using
the same iterative rope theory approach as for the net.

4.4 Transfer of geometry and loads to RSTAB

RSTAB offers the possibility to import and export input data such as nodes, members, materials,
and loads via Excel tables. To ensure that RSTAB correctly interprets the data, a predefined
table structure must be followed. Each table contains structured information that defines the
geometry and loading of the structural model.

The required table templates are integrated into the Excel tool. Parameters such as the selected
system, slope inclination, the orientation of the support ropes, and the resulting forces acting
on the posts influence the entries in these tables. To maintain a fully parameterized workflow,
all table entries are generated dynamically using Excel formulas.

By importing the generated tables into a blank RSTAB model, the system is automatically
created with the correct geometry, materials, number of spans, and load conditions. The sagging
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support ropes are modeled as non-structural members for visualization purposes, while the
lateral and upslope anchor ropes are modeled as straight tension members. All posts and ropes
are modeled with pinned supports. Rigid links are used at the top of the posts to account for
eccentricities in the rope connections.

The following figure shows an example of a generated system in RSTAB:

sssssss

||||||

)

Figure 4  generated system in RSTAB

4.5 Calculation of posts and anchor ropes

The internal forces for the posts and anchor ropes are then determined in RS7TAB. Since the
structure is a rope-supported system, the analysis is performed according to the theory of third-
order. The posts are primarily subjected to compression but also experience bending moments
due to eccentricities at the post head and the explicit snow load perpendicular to the post. The
lateral and uphill anchor ropes are subjected to pure tensile forces. The forces in the net and in
the upper and lower main ropes have already been calculated in the Excel tool, as previously
described.

5. RESULTS AND DISCUSSION

The objective of this study was to develop a calculation procedure for Geobrugg rockfall
barriers exposed to static snow and avalanche loads. The calculations are performed in Excel
and RSTAB and are fully parameterized. After entering the system parameters and site-specific
factors, the expected snow load can either be calculated using the described approaches or
specified directly. Due to the fully parametric setup, the internal forces of the individual
components can be determined with minimal effort, and the subsequent structural design of the
system components can also be performed.

To validate the developed calculation procedure, measured rope forces from the previous field
tests were compared with calculated values. The results showed very good agreement, with the
exception of the forces in the lower support rope. In this case, the calculated forces were
significantly higher than the measured ones. A plausible explanation for this discrepancy could
be friction between the lower support rope and the ground, which was not considered in the
calculation procedure. However, this deviation results in conservative estimates, which is
favorable from a safety perspective.
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6. CONCLUSIONS

The developed calculation procedure provides an efficient tool for assessing the structural
response of flexible rockfall barriers under static snow and avalanche loads. The strong
agreement with field measurements confirms the validity of the approach, while its parametric
structure ensures adaptability to various system configurations and site conditions.
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