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FOREWORD

Rapid gravity mass flows pose a threat to settlements and infrastructure and limit the use of
land on all continents of the world. In mountainous regions, these natural hazards include
snow avalanches, slush- and debris flows, rockfall and landslides. People in modern societies
are becoming more concerned with safety, and authorities strive to ensure the safety of settle-
ments, traffic lines and society in general with hazard zoning, planning of settlements, and
construction and management of protection measures. Due to high safety demands, the design
of permanent protection measures has become more demanding and expensive than before
and the question is sometime raised in which situations temporary measures or relocation of
settlements should also be considered to improve safety.

Currently, we are witnessing changes in the nature of, and in some cases, an increase in the
frequency of natural hazards, for slushflows, debris flows and landslides, which are thought to
be related to climate changes. Increased precipitation with rain in the lowlands and snow in
the higher altitudes during winter can cause an increase in avalanche activity and increased
need to mitigate the hazard. In the Arctic and sub-Arctic, the warmer climate causes more
frequent slush flows earlier in the winter than normal.

In high mountain areas such as the Alps, and in the Arctic region, warmer climate leads to an
increase in the thickness of the active layer of permafrost which not only results in an unstable
top layer but may also reduce the stability of mountainsides. Thicker active layer poses threat
to foundations of existing mitigation structures and will make new structures more expensive.

The symposium addresses four different themes; Risk management, Society and Environment,
Planning, Design, Construction and Management of Protection Measures, and Observations
and Simulations of Avalanches. The goal is to introduce the present state of knowledge and
get a glimpse of the future as well as try to broaden the view of participants from each group,
make them exchange experience and ideas and find ways to cooperate so that we can improve
living in areas threatened by avalanches.

The symposium brings together scientists, engineers, architects and representatives of local
and central authorities to discuss the state-of-the-art of mitigation measures against snow
avalanches and other rapid mass movements. A programme for the construction of protection
measures for settlements endangered by snow avalanches and landslides has been ongoing in
Iceland since catastrophic avalanches in the Vestfjords in 1995, which claimed 34 lives. It is
necessary to appraise the status and performance of such a programme at regular intervals.
Professionals in charge of the programme and the responsible local and central authorities
need to review the arguments for the protection measures and remind themselves of the con-
sequences of inadequate safety measures. In March 2008, a symposium about mitigation
measures against gravity mass-flows was held in Egilsstadir, Eastern Iceland. A decade later
it is again time to call a meeting about the same topic, summarising the status of protection
measures in neighbouring countries, the experience gained during the last decade, and the
future of hazard management and mitigation measures against rapid gravity mass-flows.

Northern Iceland has two avalanche-prone villages, Siglufjordur and Olafsfjorour, several
power lines and highways through avalanche terrain, and the Trollaskagi highland is the most
popular mountain skiing area in Iceland. Almost exactly 100 years ago to the day, on April
12" 1919, several avalanches struck Siglufjérdur and neighbouring rural areas, killing
eighteen people and destroying the Evanger herring processing plant on the east side of the
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fjord. The avalanches caused enormous material damage at several locations, including dam-
age to boats and the harbour of Siglufjordur by a tsunami wave triggered by the catastrophic
snow avalanche from Skollaskal Mountain east of the fjord. It is fitting to organise a sym-
posium in Siglufjordur on the centenary of these tragic events, to discuss methodologies and
technologies for avalanche protection and see the progress in avalanche safety that has been
made in the town of Siglufjordur in recent years.

More than 120 researchers, avalanche professionals and people who work with avalanches
and avalanche protection measures in ski areas, road authorities and local communities from
13 countries have registered and almost 60 scientific presentations and will be delivered. The
workshop i1s held during 2 days followed by one-day excursion and a mountain ski tour.

The workshop is sponsored by the Association of Chartered Engineers in Iceland and co-
sponsored by the Ministry for the Environment and Natural Resources, the Icelandic Aval-
anche and Landslide Fund, the Icelandic Meteorological Office, FSR — the Government Con-
struction Contracting Agency, Landsvirkjun — the National Power Company, IceGrid, the
Icelandic Road and Coastal Administration, the University of Iceland, the Iceland Glacio-
logical Society, the International Glaciological Society.

We are grateful to financial support by the Icelandic Avalanche and Landslide Fund, the
Icelandic Road and Coastal Administration, FSR — the Government Construction Contracting
Agency, Landsvirkjun, Landsnet and Husasmidjan.

Arni Jonsson, chairman of the organising committee

Tomas Johannesson, chairman of the science steering and editorial committee

ORGANISING COMMITTEE

Arni Jonsson — Association of Chartered Engineers in Iceland (chairman)
Kristin Martha Hakonardottir — Verkis consulting engineers Ltd.

Jon Skuli Indridason — Efla consulting engineers Ltd.

Toémas Johannesson — Icelandic Meteorological Office

Hafsteinn Palsson — Ministry for the Environment and Natural Resources
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Toémas Johannesson — Icelandic Meteorological Office (chief editor)

Peter Gauer — Norwegian Geotechnical Institute

Kristin Martha Hakonardottir — Verkis consulting engineers Ltd.
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Halldor Pélsson — University of Iceland

Fj6la Gudran Sigtryggsdottir — Norwegian University of Science and Technology
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Programme

Tuesday 2 April 2019

17:00 - 19:00 | Registration at Hotel Siglé
18:30 —20:00 | Welcome reception sponsored by the municipality of Fjallabyggd/Siglufjordur in the Herring Era Museum
Wednesday 3 April 2019
08:00 — 09:00 | Registration at the symposium venue (red/blud buildings near Hétel Sigld)
Symposium opening — Gudmundur Ingi Gudbrandsson, the Minister for the Environment and Natural Resources,
09:00 — 09:20 L . o L, . L .
Gunnar Birgisson, the mayor of Fjallabyggd/Siglufjordur, Arni Jénsson, chairman of the local organizing committee.
Session Risk management, general
Chair: Harpa Grimsdottir
09:20 — 09:40 | Michael Briindl: Risk management of gravitational driven processes in Switzerland (keynote)
Andreas Drexel: Blons in Vorarlberg, Austria — 60 years sustainable avalanche protection — Experience,
09:40 - 09:55
setbacks and lessons learned
09:55-10:10 | Odd-Arne Mikkelsen: Snow2019 NVE.RN The Norwegian way of preventing nature hazard
10:10 —10:25 | Martin Proksch: An integral avalanche safety concept for Goms region, Valais, Switzerland
o040 Hafsteinn Pélsson: The importance of the Icelandic Avalanche and Landslide Fund for avalanche-prone
' ' areas in Iceland
10:40 — 10:55 | Coffee
. Risk management, general, continued
Session .. T T
Chair: Fjola Gudrun Sigtryggsdéttir
10:55-11:10 | Magni Hreinn Jénsson: Avalanche hazard mapping and mitigation for settlements in Iceland — An overview
11:10-11:25 Hiroki Matsushita: A simple evaluation of dry-snow avalanche hazard using meteorological data
11:25-11:40 | Bruce Jamieson: Adjusting for uncertainty when combining runout estimates for extreme snow avalanches
11:40 — 11:55 | Cam Campbell/Brian Gould: Post wildfire analysis of avalanche hazard in Canada
11:55-12:05 Discussion
12:05-13:00 Lunch
. Society and the environment
Session T ,
Chair: Tdémas Johannesson
13:00 - 13:20 | Arne Instanes: Society and environment in the context of changing climate in Arctic regions (keynote)
13:20 — 13:35 Arnold Studeregger: Avalanche commissions in Austria at the interface between locals and authorities. Embedding,
’ ’ decision process and quality assurance
13:35—-13:50 | Fjola Gudrun Sigtryggsdottir: Avalanche and landslide hazard zoning committees in Iceland
13:50 — 14:05 Halldor Halldorsson: Protection measures and working with the locals, practical challenges
Eidur P. Birgisson: Landscape design of snow avalanche protection structures in Siglufjordur, Olafsfjérdur and
14:05 - 14:20 e
Seydisfjordur
14:20 — 14:35 Abdurrahim Aydin: Historical development and future outlook of the avalanche hazard potential of residential
’ ’ areas in the Lake Uzungdl (Eastern Black Sea Region of Turkey) between 2004 and 2050
14:35 - 15:00 | Discussion
15:00 — 15:20 | Coffee
. Risk management, general, traffic and ski areas
Session . . . z
Chair: Magni Hreinn Jénsson
15:20 — 15:40 | Peter Gauer: Avalanche observations related to probabilities (keynote)
Martin Proksch/Pascal Venetz: From the pilot study to the practical implementation — A case study from the
15:40 - 15:55 . .
Oberalppass in Switzerland
Remzi Eker: Evaluation of snow avalanche hazard on the highway using high resolution UAV data: Case of Erzurum-
15:55-16:10 -
Cat-Karliova highway, Turkey
16:10 — 16:25 Patrick Siegele: Hazard managing in Austrian ski areas
16:25 - 16:40 Harpa Grimsdéttir: Management of avalanche risk in Icelandic ski areas
16:40 — 16:55 | Tore Humstad: Avalanche warning services as an integrated part of winter road operations in Norway
16:55—-17:10 | Geir Sigurdsson: Avalanche management for roads in Iceland
17:10-17:25 | Trond Jgran Nilsen: Methods for avalanche protection on roads in Finnmark in Northern Norway
17:25-17:40 Daniel Germain: Avalanche hazard in urban snow storage sites in Province of Quebec, Canada
17:40 - 18:00 Discussion
20:30-21:30 | Optional evening session with photos and videos of avalanches and protection measures



http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_BRUENDL_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_DREXEL_blons_in_vorarlberg_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_DREXEL_blons_in_vorarlberg_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_MIKKELSEN_NVE_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_Proksch_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_PALSSON_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_PALSSON_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_JONSSON_and_others_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_MATSUSHITA_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_JAMIESON_CAMPBELL_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_GOULD-CAMPBELL-THUMLERT_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_Instanes_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_STUDEREGGER_RENNER_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_STUDEREGGER_RENNER_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_SIGTRYGGSDOTTIR_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_HALLDORSSON_abstract.pdf
file:///C:/Users/tj/Documents/VFI2019/Snow2019_BIRGISSON-EIDUR_eabstract.pdf
file:///C:/Users/tj/Documents/VFI2019/Snow2019_BIRGISSON-EIDUR_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_AYDIN_ET_AL_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_AYDIN_ET_AL_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_GAUER_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_Venetz_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_Venetz_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_EKER_AYDIN_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_EKER_AYDIN_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_SIEGELE_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_Grimsdottir_and_others_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_TORE_HUMSTAD_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_SIGURDSSON_eabstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_HELGAAS_NILSEN_abstract.pdf
http://www.vedur.is/gogn/snjoflod/varnarvirki/snow2019abstracts/Snow2019_DanielGermain_abstract.pdf

Programme
Thursday 4 April 2019

Planning, design, construction and management of protection measures

Session
Chair: Bruce Jamieson
Stefan Margreth: Effectiveness and maintenance of technical avalanche protection measures in Switzerland
09:00 — 09:20
(keynote)
09:20 — 09:35 Camero_n Ross: Avalanche deflection berm and stopping wall at a hydro-electric facility in north-western British
Columbia, Canada
09:35—09:50 | ArniJénsson: Longyearbyen Svalbard — Mitigation measures for Sukkertoppen and Vannledningsdalen
09:50 — 1005 Dapiel II_Imer: Everyday wor!< of an avalanche engineer — Calculation of avalanche loads and protection of small
objects in avalanche paths like ropeway towers
10:05 - 10:20 | J6n Skuli Indridason: Experience and evaluation of reinforced soil systems in catching dams in Iceland 1998—2017
10:20 — 10:35 | Aslaug Traustadéttir: Landscaping of avalanche dams in Fiardabyggd and Vestfirdir
10:35-10:50 | Coffee
Session Planning, design, construction and management of protection measures, continued
Chair: Andreas Drexel
10:50 - 11:05 | Rico Brandle: Floating foundations for flexible snow nets on permafrost and creeping slopes — 10 years experience
11:05—-11:20 | Nicolas Villard: Hybrid innovative protection structures with optimized foundations and field adaptation
11:20 — 11:35 Jén Skuli Indridason: Observed changes in hydrology downstream of large earth fill dams in Iceland. Lessons
learned
11:35-11:50 | Anders Bjordal: Tree Tribes Meeting — how to build a protection dam
11:50—12:05 | Discussion
12:05-13:00 |Lunch
. Observations of avalanches, instrumentation
Session z
Chair: Arni Jonsson
13:00 - 13:20 | Betty Sovilla: The avalanche flow regimes and their pressure on infrastructures (keynote)
Philippe Berthet-Rambaud: Attempt to combine few historical data from a 19th century avalanche and recent
LAY =0 modelling capabilities for hazard zoning at Tignes Brévieres
13:35-13:50 | borsteinn Seemundsson: Monitoring rock avalanche hazard from the Svinafellsheidi mountainside in SE Iceland
Engelbert Gleirscher: SNOWCATCHER — full-scale test site in the Stubai Valley — site selection, installation of
13:50 - 14:05 structure and monitoring system, first results of the avalanche—structure interaction
14:05 - 14:20 Rune Solberg: Landslide detection and mapping by remote sensing
14:20 — 14:35 | Témas Johannesson: Snow avalanches hitting deflecting and catching dams in Iceland 1997-2018
Sveinn Brynjélfsson: Snow avalanches hitting natural obstacles in Iceland: The avalanches at Kisardalur,
Leaw Al Steinsstadaskal and Upsi in N-Iceland
14:50 — 15:00 | Discussion
15:00 — 15:20 | Coffee
15:20 - 16:20 | Poster session
] Simulations of avalanches, laboratory experiments
Session
Chair: Betty Sovilla
16:20 — 16:40 | Chris Johnson: Interaction of granular avalanches with obstacles and topography (keynote)
16:40 — 16:55 Gfsli Steinn Pétursson: Analyzing and mitigating the impact of avalanche protection structures on their local wind
climate
16:55-17:10 Kristin Martha Hakonardéttir: The design of slushflow barriers: Laboratory experiments
17:10-17:25 Halldér Palsson: The design of slushflow barriers: OpenFOAM simulations
Hafpér Orn Pétursson: Use of RAMMS Avalanche and OpenFOAM to simulate the interaction of avalanches and
17:25-17:40 | §1,sh flows with dams
17:40 - 18:00 Discussion
18:00 Closing remarks
18:30 —20:00 | Hotel lounge area open for meeting other guests before the banquet
20:00 Symposium Banquet
Friday 5 April 2019
09:00—-17:30 | Symposium Excursion
18:00 — 19:00 | Bus to Akureyri airport from Siglufjérdur or Dalvik with excursion participants (flight to Reykjavik departs at 20:10)
Saturday 6 April 2019
09:00 — 16:00 | Ski mountaineering tour
17:00 — 18:00 | Bus to Akureyri airport with ski mountaineering tour participants (flight to Reykjavik departs at 19:05)
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Posters, booths, company introductions

Armelle Decaulne: Mass movements in Nunavik: hazard and risk

Andreas Drexel: Adaption of snow bridges in the GroR3tal avalanche in Galtir, Tyrol, Austria — Constructive and
static problems

Susan J. Conway: Using RAMMS (RApid Mass Movement Simulation) to simulate rapid gravity mass flows in
martian gullies

Orn Ingodlfsson: Using data from automatic snow sensors for avalanche forecasting in Iceland

Arni Jénsson: Planning for highways in avalanche-prone areas in Troms County, Northern Norway

Arni Jénsson: Wind simulation for Longyearbyen mitigation measures

Costanza Morino: Geomorphic signatures of different debris-flow release processes in isafjordur, north-western
Iceland

Elena Pummer: Hybrid modeling of debris flows — Focusing on initial and boundary conditions

Rune Solberg: Mapping snow surface hoar by optical remote sensing

Brynjolfur Sveinsson: Snow avalanche history of rural areas in Iceland

borsteinn Seemundsson: TDR used for the first time to monitor slope movements in Iceland. A case study from the
Almenningar landslide in central North Iceland

FSR — Government Construction Contracting Agency: Protection measures in Iceland —1997-2018 — Protection
dams, supporting structures (three posters)

Exhibitors with booths

Svarmi ehf. Iceland: Use of drones for mapping snow avalanches, landslides and construction areas

CautusGeo, Norway

Trumer Schutzbauten, Austria

Geobrugg, Switzerland

Husasmidjan/TAS, Iceland/France

Company introductions

Verkis hf.: Design of avalanche protection measures in Iceland. Verkis Consulting Engineers

Hnit hf.: Design of avalanche protection measures in Iceland. Hnit Consulting Engineers
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ABSTRACT

The Lake Uzungdl is an important nature tourism area in Turkey and has been declared as a
Nature Conservation Park in 1989. The lake areas has continued to face remarkable land use
changes in the last decades. The area also suffers from snow avalanches due to its mountainous
topography. In the present study, the historical development of residential areas (i.e. from 1955
to 2015) were evaluated using aerial photographs. The Dyna-CLUE model was applied to
simulate land use changes between 2004 and 2050. The model was calibrated for yearly changes
from 2004 to 2015, and then future projections were created based on the historical
development trends of the residential areas. Residential area has increased significantly,
especially since 2004. While the residential area increased from 57.35 ha to 108.38 ha between
1955 and 2015, the areas under potential snow avalanche hazard increased from 16.3 ha to 42.3
ha between 1955 and 2015. The projected land use change by Dyna-CLUE model showed that
while the residential areas in 2030 were 138.0 ha (86.5 ha under avalanche hazard), those in
2050 increased to 202.3 ha (126.3 ha under avalanche hazard).

1. INTRODUCTION

The Lake Uzungol, located in the Caykara District of province of Trabzon, is a prominent nature
and tourism destination in the eastern Black Sea Region of Turkey. Due to its rich plant and
wildlife diversity and sightseeing potential, many domestic and foreign tourists visit the area.
The lake and the surrounding oriental spruce [Picea orientalis (L.) Link] forests present the
visitors an attractive landscape. Hence, the Lake Uzung6l was declared as a “Nature
Conservation Park™ in 1989 by the Ministry of Forestry, a “Tourism center” in 1990, and a
“Special Environmental Protection Area” in 2004 by the the Boards of Ministers (Atasoy,
2010). This region has however continued to face remarkable land use changes in the last
decades due to many reasons including socio-economic, environmental, and societal changes
(Piazza, 2016). The historical shift from agricultural-based society to the service-based society
in the region has played an important role in the sharp change of the land use. This dramatic
change in land use has occurred since 2004. However, the Lake Uzung0ol has been experiencing
severe natural hazards due to its heterogeneous meteorological, geological and topographical
features. First of all, the lake has been formed by a historical landslide. A snow avalanche
hazard indication map in the scale of 1/25 000, generated through a project by the General
Directorate of Combatting Desertification and Erosion (CEM) is also available (Aydin et al.
2018). According to the snow avalanche hazard indication map, 3239 ha of the project area,
which is the 42% of the total area, was located within the snow avalanche hazard zone. The
present study aimed to evaluate both historical development and the future outlook of the
residential area in the Lake Uzungdl using aerial imageries and dynamic land use change model,
entitled Dyna-CLUE.
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2. DATA AND MODEL SETUP

The study area covers 7690.5 ha in the Lake Uzungol and its close vicinity (Figure 1). In order
to evaluate historical development in the land use in the area, aerial imageries from 1955, 2004
and 2015 (during the last 60 years), were obtained from the Turkish General Command of
Mapping (HGK). Landuse types were digitized based on the aerial imageries, and database was
created by classifying landuse types as forest, agriculture, pasture, settlement, open forest and
water as six classes in total. Additionally, areal change in landuse types was assessed for time
series of the data. The spatial model of land use change were setup for analysing the possible
trajectories of land use change in the future (between 2004 and 2050). For this aim, the Dyna-
CLUE, a recent version (Verburg and Overmars, 2009) of the conversion of land use and its
effects framework (CLUE model) developed by Tom Veldkamp and Louise Fresco in 1996,
were employed. Both historical and future landuse maps were then overlapped with digitized
snow avalanche hazard indication map, to evaluate interaction of landuse change with snow
avalanche hazard (Figure 1).

Obtaining Data and Pre-processing

Analog Historical & Digital Aerial Imageries

Georeferencing Aerial Imageries
Determination, Digitization and Mapping of Landuse Types

Determination and Generating of Driving Factors

Snow Avalanche Hazard Indication Map

Data Analysis and Model Setup

Evaluation of Historical Landuse Change (1955 — 2018)
from Aerial Imageries

Future Projections of Landuse Change with Dyna-CLUE
Model and Its Calibration(2004 — 2050)

Evaluating Interactions of Landuse Change with Snow
Avalanches

Figure 1  Location of study area (left) and workflow of the study (right).

3. RESULTS

Landuse maps generated for the years of 1955, 2004, and 2015 from aerial imageries were given
in Figure 2. The areal size of landuse types determined is given in Table 1. In the study area,
forested area covers the largest land use type whereas settlements covers the smallest area. This
is mostly due to the fact that the area is located in the eastern Black Sea Region of Turkey. The
evaluation of the historical development of residential areas revealed that the residential area
increased significantly. While residential area covered 57.35 ha in 1955, it increased to 108.38
ha in 2015. The pace of the increase in the residential area accelerated after 2004 due to the
upsurge in the constructions of hotels and pensions in the vicinity of the lake. While the growth
rate of residential area for the period of 1955-2004 was 0.24 ha/year, it increased by almost 15-
times (i.e. 3.57 ha/year) between 2004 and 2015. The Dyna-CLUE model was setup for the
period of 2004 and 2015 for the study, and then calibrated based on the 2015 data. Following
model calibration, landuse simulations between 2004 and 2050 were carried out for the future
outlook of landuse change (Figure 2).
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Figure 2 Landuse maps of 1955, 2004, and 2015.

The agricultural area appeared to decrease by 15% between 2015 and 2030, whereas the
residential area increased by 63.7% for the same period (Table 1). The projections revealed that
in the 20 years between 2030 and 2050, the residential areas increased by 47% while the
agricultural areas decreased by 24.1%. In the region, snow avalanche hazard seems to be
prevailing in the future as has been in the past. 53% (16.25 ha) of the total residential area (30.5
ha) in 1955 were subject the threat of avalanche. With the increase in growth pace of residential
area especially after 2015, a greater area will be endangered by snow avalanches. In 2030, 66%
(87 ha) of the residential areas will be under snow avalanche hazard. In the year 2050, this ratio
will increase dramatically, and 62% (126.3 ha) of the total settlements (203.8 ha) will be
threatened by potential avalanches. Simulation results and landuse maps given in Table 1 and
Figure 3 respectively.

Table 1 Areas of landuse types in the study area.

Year lg) I;Z:t Pasture Forest Water | Settlement | Agriculture Total

(ha) (ha) (ha) (ha) (ha) (ha) (ha)

1955 | 3245 3194.36 3954.35 11.82 57.35 440.33 7690

Actual 2004 | 26.57 3173.94 4016.95 11.82 69.14 392.24 7690
2015 | 20.95 3147.93 4055.49 13.99 108.38 343.92 7690

2015 19.3 3174.8 4045.8 12.5 138.0 353.5 7690

Simulation | 2030 19.3 3174.0 4046.5 12.5 138.0 299.8 7690
2050 21.8 3177.5 4048.5 12.5 202.3 227.5 7690
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Figure 3 Landuse maps of 2030 and 2050 overlapped with snow avalanche hazard zones.

4. CONCLUSIONS

The Lake Uzung6l with the statues of Tourism Center since 1990 and Special Environmental
Protection Area” since 2004 has undergone dramatic land use changes in the last decades. The
region also suffers from snow avalanches due to its mountainous topography. The aim was to
find out an answer the question of what if the uncontrolled growth of residential areas continues
as similar as in the past, how land use change will occur in the future (up to 2050), and how its
interactions with snow avalanche hazard will change. For this aim historical aerial imageries
were used. Also, Dyna-CLUE model was successfully set up for future projections. Depending
on the model, interactions of growth of residential area with snow avalanche hazard were
evaluated.
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ABSTRACT

As a popular ski resort, Tignes (French Alps) is under constant pressure to increase land use
including new buildings. In this context, avalanche hazard zoning must be as precise as
possible to ensure safety especially for expansion into new areas. One avalanche site, Les
Brévieres, experienced a remarkable event in 1881. The historical data clearly indicate that
most of damages were due to a strong mixed flowing/powder avalanche coming from the
Sache mountain. However, the data are sparse and there is the possibility, confirmed by some
testimonies, that an avalanche from the opposite mountain side arrived at approximately the
same time. To resolve these inconsistencies, a qualification and quantification process has
been carried out based on classical expertise combined with numerical modelling approaches:
we applied the extended RAMMS avalanche model. The goal is to understand the relative
contributions of the dense and powder parts (from Sache side or possibly both sides) and to
reconstruct the most realistic conditions to fit the available data and finally define a global
hazard zoning consistent with implied hypotheses (including correspondence with pressure
and load application height).

1. INTRODUCTION

In France, the main avalanche zoning regulation is based on defining an avalanche event with
a 100-year return period. If the return period of the maximum known event is larger than
100-years, the 100-year scenario can be adjusted to include historical information. This
implies, of course, that the event is well-documented. A progressive transition allows also to
take into account passive protection structures, such as avalanche dams, provided they can be
considered as permanent topographic changes.

In many places with little land development pressure or available safe space, qualitative
approaches for hazard zoning are usually acceptable and accepted even with large safety
margins. In more constrained territory, avalanche hazard requires a more precise and detailed
understanding of the terrain and flows behaviour.

The Tignes ski resort in France is a good example of a region under huge land development
pressure (amongst the highest real estate prices in France, approximately in the same range as
Paris). It contains many confined zones that require careful hazard planning. In this paper we
focus on the les Brévieres site which experienced a major avalanche in 1881. We address the
problem of how to “manage’ it, considering both partial historical data and numerical
avalanche simulations.
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International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

2. TIGNES BREVIERES VILLAGE AND MAIN HISTORICAL AVALANCHE

The Tignes ski resort is consisting of 5 separate villages. Les Bréviéres is the oldest one and
exists from 13th century. One hundred years ago, it was primarily a farming community. In
the 1920’s the first rumors of a hydro-electric dam appeared and became reality when the dam
was built in 1952 becoming the tallest concrete wall in France. There was huge opposition as
this project meant that one of the main settlements would be completely buried beneath the
newly created lake, strongly reducing the available land near Brévieres. However, the
hydroelectric dam facilitated the overall development of the Tignes region, including the
construction of a ski resort and new villages at higher altitudes.

The village of les Brévicres is situated just below the dam at about 1560m asl with buildings
mostly along and above the eastern ridge of the Isére river. To the west, it is dominated by the
Mont Pourri (3797 m asl) glaciers with the Grande Parei (3350 m) secondary summit exactly
opposite it. To the east, the terrain is a slightly gentler and reach la Davie (3000 m).

Figure 1  Tignes Brevieres situation with the two main avalanches of la Sache (from the
west) and la Davie (from the east) — Source: Google Earth

The village is located directly at the convergence of two large avalanche trajectories, la Sache
from the west / Grand Parei and la Davie from the east (Fig.1). The final runout of la Davie
avalanche was historically protected by a small “splitter” which was replaced and relocated
when a road was moved during the construction of the hydroelectric dam. This protection has
recently been reinforced and represents a reliable and massive deflective dam. The Sache
avalanche trajectory is globally unchanged except a neglectable dam at the exit of the final
deep gorge. This situation induced the current avalanche hazard zoning from 2006 (Fig.2): the
darkest colours correspond to areas that cannot be developed (existing buildings cannot be
modified). Buildings can be built in medium shaded colours zones provided that they respect
architectural prescriptions and avalanche impact pressure tolerances.

The French avalanche inventory (known as CLPA - Fig.2) shows two converging and partly
superimposed zones corresponding to the Sache and Davie avalanches. The first one appears
as a unique zone going far beyond the river (180 m farther and 35 m higher on the opposite
valley side) with a possible powder avalanche blast zone. The Davie avalanche stays on the
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eastern side and shows several branches clearly due to the passive protections. For instance,
the south-eastern zone comes from a remarkable event during the XXst century, after the
protection improvement whereas the oldest known trajectory is only the northern one.
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Figure 2  Tignes Brevicres avalanche zoning (2006) superimposed with the avalanche
inventory limits (flowing part in black dash, powder influence in cross-hatch)

An extreme avalanche event occurred on February 12" 1881: “Catastrophe of the village of
Brévicres, engulfed by a formidable avalanche descended from Mt Pourri”, “The snow depth
accumulated on Bréviéres is estimated at 20 m”, “We could not reach the unfortunate buried
only by wells and tunnels dug in the hardened snow where the work was difficult and long.”
as stated some days after by the regional newspaper le Courrier des Alpes.

The avalanche released spontaneously at 6 o'clock in the morning from the ridge of Grande
Parei, the avalanche damaged 14 houses on the southern part of the village, buried 37 people
and killed 9 of them. At the same time, a few testimonies also indicate that the Davie
avalanche occurred in the same days.

Some photos exist, by Paul Mougin which were probably taken a few days after the
avalanche: On several of them (Fig. 3), a set of landmarks can be clearly identified to locate
and orient these pictures. It confirms the interaction limit near the southern center of the
village. A first row of houses were “filled” with snow without being collapsed or carried
away. Cottages in the background appear not to seem affected. The Sache final gorge was also
clearly overpassed revealing a powerful powder part coming with this avalanche.

However, these pictures do not allow to correctly draw most eastern limits whereas doubts
clearly exist about a possible contribution of Davie avalanche. And as this last one is now
strongly protected by a reliable deflecting dam (which could allow now to modify/open
corresponding zoning where about 20 houses are in the red zone), it is important to clarify
what was the exact extension of the Sache avalanche including respective contributions of the
pure flowing part and of the powder cloud.
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Figure 3 Photos by Paul Mougin of February 12 1881 avalanche at les Bréviéres

3. FIRST ATTEMPT WITH RAMMS

From the zoning point of view, the existence of the historical event of 1881 is a crucial point
as it constitutes the reference. Of course, its current representativity could be discussed with
the climate evolution and including some changes of topography (strong decrease of the top
glacier and the corresponding starting zone). But the main point is to better understand how
the avalanche run out at that time to fit at best limits with regulation requirements.

A first attempt was carried out with the “all-users version’” 1.7.20 of RAMMS (Christen et
al., 2010) following the usual protocol (statistical assessment of the reference snowdepth in
the starting zone considering a 300 years return period scenario, definition of the potential
starting zones along the overall trajectory to accumulate them progressively) and including
some additional hypotheses: the DEM was manually modify to rub out the modern road
platform and the deflecting dam.

16.6m
150m

125m

100m

Figure 3 Results (maximum height) with the basic version of RAMMS for the Sache
avalanche (left) and including the Davie avalanche (right)
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Due to the highly mixed characteristics of the 1881 event, results could be but partial and
could not lead to a clear conclusion regarding the respective contributions of the Sache or
Davie avalanches. The CLPA avalanche map limits could even be better reproduced
introducing the conjunction of both avalanches than in the case of the only Sache avalanche.
The operational version of RAMMS cannot properly reproduce this kind of phenomena and
therefore could lead to erroneous conclusions if wrongly applied.

4. SECOND ATTEMPT WITH EXTENDED: RAMMS

A second solution could have consisted in “tuning” RAMMS parameters to best-fit one
scenario or another. However, the problem with this approach is that it initially chooses
indirectly one of the two possible solutions. By doing that, it might even be possible to obtain
a sufficiently convincing demonstration for both of the scenarios but finally, not
distinguishing between them. This method, that clearly exists in engineering practice, is
obviously wrong as it better tries to reproduce the expert opinion by modelling instead of
confronting it with unbiased numerical results to reinforce the conclusion.

The “extended” RAMMS model was subsequently applied (Bartelt et al., 2016, Bartelt et al.,
2018). At the time of this writing, the extended RAMMS model was being utilized to back-
calculate powder avalanche events from a 30-year avalanche cycle that struck Switzerland in
early January 2019. Avalanche release conditions and entrainment depths were documented.
Because of the immediacy of the events, it was also possible to approximate absolute
snowcover temperatures and temperature gradients with altitude. These recent events, and
many historical avalanches, have been used to calibrate the RAMMS extended model.

So, the extended model was applied to simulate the historical Sache event by using the
calibrated snow parameters of the recent events but assuming (1) more extreme snowcover
depths (d0 = 1.5 m) (2) cold snowcover temperatures (T = —7°C) which facilitate the
formation of the powder cloud and (3) high snowcover erodibility. The last condition ensured
that snow was entrained by the avalanche from initiation to runout. The extreme avalanche
had a starting volume of 250’000 m® and a total deposition volume of 620’000 m>. The
growth index (by mass) reached 5.5; 14% of the total mass was suspended in the powder
cloud. The avalanche increased in mean temperature by approximately 5°C (Vera Valero,
2015).

Fig. 4a depicts the inundation area of the avalanche core (velocity); Fig. 4b the map of the
powder air-blast. Unlike the operational RAMMS model, we find the modelled mixed flow-
ing/powder avalanche penetrates deeply into the runout zone. The 3 kPa pressure line is in
good agreement with the mapped destruction in the village. The width of the inundation area
is larger than the corresponding CLPA zone. This is clearly due to the overflowing of a ridge
above the village of les Brévieres which permits the formation of a second flow arm which is
registered also as a possible trajectory. Here the deposit region clearly mixes with the opposite
avalanche trajectory of la Davie. The calculations indicate that an extreme avalanche could
descend from the Sache track and accurately represent the documented destruction pattern.

The primary difficulty in modelling the destruction of the village is overcoming a 50 m high
gully wall. This cliff deflects the avalanche away from the village; however, there are model
scenarios where the fluidized avalanche core can overcome this wall and directly impact the
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village. It is unlikely that the DEM model of today, accurately represents the terrain of 1881.
Changing terrain clearly makes the investigation of historical events a problem.
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Figure 4 Extended RAMMS results: avalanche core velocity (a) and powder air blast (b)

5. CONCLUSIONS

Beyond controversy, this example shows the usefulness of such advanced tools in engineering
practices not to replace but to feed engineers conclusions: for that, the community needs to
develop a consistent methodology to account for entrainment, including thermal energy
fluxes, in mixed flowing/powder avalanche dynamics models. This includes methods to
define snowcover depth (including spatial variation and changes in altitude), erodibility and
temperature for 10, 30, 100 and 300-year avalanche events. Efforts in Switzerland are
presently directed at modifying calculation procedures used to define avalanche release
depths. That is, historical data from measurement stations will be used to define the entrain-
ment conditions. However, there is little information on how to constrain snowcover temper-
ature. Progress in this area would be helpful for avalanche practice.
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ABSTRACT

The vast scale of snow avalanche protection structures has a great impact on the surroundings
and 1s therefore prone to meet some resistance from the local community. The main challenge
is therefore to adapt and integrate the structures into the landscape. A vital part of making the
project socially acceptable, is to soften the visual impacts and give the structures an alternative
purpose. In Siglufjordur, Olafsfiordur and Seydisfjordur, the structures are designed to function
as recreational areas for the communities, thus giving the new landscape more meaning —
creating a place!

Figure 1  An overview map from an information sign about the avalanche protection struc-
tures in Siglufjérdur.

1. INTRODUCTION

Since 1901, more than two hundred lives have been lost in Iceland because of snow avalanches
and landslides. In 1995, two snow avalanche catastrophes resulted in massive destruction and
34 fatalities in the small towns of Studavik and Flateyri. After these devastating losses, the
nation rallied to action. In 1997, the legislature passed an “Act on Protective Measures Against
Avalanches and Landslides” to begin appropriate planning and constructions and reduce risk.
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The law established preventative measures including hazard zoning, land use and planning
criteria, snow observations, avalanche warnings, and evacuation plans. Since then, Iceland has
embarked on the implementation of defence structures in the areas of greatest vulnerability.

The design of avalanche defence structures is, in principle, based on the civil engineers’ and
geotechnical specialists’ ingenuity. One might therefor ask what the role of landscape architects
is in the design process. To answer that question, the vast scale of such projects needs to be
taken into consideration and the large impact the, sometimes invasive structures, have on the
local landscape and the appearance of the environment.

2. SOCIAL ASPECTS

Drastic changes in the landscape close to the communities concern the inhabitants directly and
they can, therefore, be expected to have different views on mitigation projects involving large
avalanche protection dams. People’s attitudes towards the project are often negative at first, and
even though a risk assessment is available, many believe that action is unnecessary or excessive.
People tend to be rather negative towards the invasive alteration of the landscape so close to
home. Therefore, the social aspects need to be taken into consideration and not just the technical
aspects of the design.

The Icelandic Avalanche and Landslide Fund for avalanche-prone areas has recognized this
issue and, therefore, a part of the budget includes environmental improvements and reclamation
of the area in order to adapt the structures to the existing landscape and make the project more
socially acceptable. For this reason, landscape architects are included in the design team and
our role is to make recommendations about the shape of the structures and land reclamation,
give advice on the implementation of the project and present the projects visual effects on the
surroundings, to the community. The goal is to reduce negative impacts of the projects by
utilizing the opportunities that arise to create new recreational areas and experiences.

Figure 2  Catching dams above the town of Siglufjordur, N-Iceland. The ends of the dams are
formed like sloping bastions with a public viewpoint.
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3. DESIGN

For centuries, grass and rock were the main building material in Iceland. Even small structures
such as the ruins of old farms still stand out in the landscape in many places and bear witness
to ancient residence. When it comes to extensive structures such as avalanche protection
structures, great care needs to be taken in their implementation. The structures need to fit as
well as possible in the existing landscape and their appearance must be acceptable. By thinking
of the project, not only as building protective structures for safety reasons, but giving the
structures and the surroundings an alternative purpose as a recreational area, the project is much
more likely to have a positive impact on the community.

In Siglufjordur, the recreational areas consist of over 9 km of hiking paths, green open spaces,
new forestation and open playgrounds. The design team realized that these gigantic structures
could not be hidden, nor could they count on tall-growing trees to camouflage them from view.
Therefore, they chose rather to make an architectural statement or landmark out of the structures
while adapting them to the shape of the mountain. In order to avoid the structures from looking
too dominating, their width varies thereby creating a variable form on one side of the wall,
contrasting its steep dominating form on the other side. The landscaping and final design of all
the structures was based around the concept of a waving line in the landscape. While the
dominating upper aspect of the dams must be steep in order to deflect or stop avalanches, their
visual impact is offset by a smoother lower edge. Varying in width, this serves to give them an
organic, ridged, yet undulating form. The ends of the structures are formed like a sloping bastion
with a public viewpoint at the top, giving them an architectural appearance.

3.1 The path network

An important aspect of the recreational area is the path system. The network of hiking paths
connects the different areas together and has many connection points to the town’s existing
pedestrian walkways, for ease of access to the area. The paths run around and on top of the
structures providing scenic views over Siglufjordur. An informal path on the crown of Stori-
Boli provides access to the mountainside. Wherever possible, former construction roads have
been incorporated in the path system, which contributes to minimizing construction costs.
Dedicated rest areas are strategically placed to welcome tourists and locals to the site. The rest
areas are equipped with information signs with essential information about the project. Car
parking is provided in connection to the rest areas for motorists.

Figure 3 Stéri-Boli, deflecting dam, in Siglufjordur, N-Iceland. An informal path to the
mountainside.
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In Olafsfjordur, skiing has been an inseparable part of daily life throughout the years. With
modern communication and travel, skiing is still a very popular recreational activity and in the
last decades the inhabitants of Olafsfjérdur have been amongst the most energetic skiers in the
country. Tracks for cross-country skiing, which function as hiking paths during summer, have
been developed on the mountainside in the outskirts of the town. The deflecting dam above
Hornbrekka health clinic, is placed midst among the cross-country skiing tracks. It was, there-
fore, emphasized by the municipality, that a connecting path should be constructed to connect
the areas on either side of the dam.

Figure 4  An overview map from an information sign about the avalanche protection dam in
Olafsfjordur, N-Iceland.

3.2 Cultivation

It is important to reclaim the vegetation. It helps the structures to blend into the environment,
minimizing the visual impact and prevents soil erosion. The tall protection structures, with their
steep slopes, need special care to ensure a successful cultivation. In Siglufjordur and Olafs-
fjordur, a long-term cultivation program helped to start the cultivation, following the reclam-
ation of the local vegetation.
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4. VISUALIZING THE PROJECT

It can be of great value to be able to visualize the project beforehand. This is useful in the
design, to determine the visual impact of the structures and the optimal placement and shape of
the structures. The visualizations are also useful for presenting the project to the local comm-
unity. Reynir Vilhjalmsson, who lead the team of landscape architects in Siglufjordur, made
many hand-drawn sketches during the design process.

Figure 5 A hand-drawn sketch by Reynir Vilhjalmsson of a catching dam in Siglufjordur, N-
Iceland.

As technology has progressed, computer-generated images have now, for the most part,
replaced the hand-drawn sketches. In Seydisfjordur, a computer model was constructed where
the planned deflecting and catching dams were fitted into the existing landscape.

Figure 6 A computer-generated perspective image of planned snow avalanche protection
structures in Seydisfjordur, E-Iceland.
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5. CONCLUSION

By thinking of avalanche protections projects, not only as safety measures but an opportunity
to create an inviting landscape, the sometimes invasive structures are more likely to be accepted
by the local community. The avalanche protection structures in Siglufiordur and Olafsfjordur
are an active part of a recreational area with various opportunities for outdoor activities. The
structures are designed to adapt to the landscape by mimicking natural forms found in the surr-
oundings and using local materials. The planned structures in Seydisfjorour are designed with
the same principles in mind.

The Icelandic Avalanche and Landslide Fund for avalanche-prone areas has included these
environmental improvements in the projects budget, thus making these visions a reality. A
design team with broad expertise has been involved in the design of these projects from the
start, which has resulted in projects that are well received by the community, and outdoor
recreational areas which is frequently used by the inhabitants. The project in Siglufjorour has
been reviewed by several journals and it was nominated for the Rosa Barba European Land-
scape Award in Barcelona in 2003.

Figure 7 Stéri-Boli, deflecting dam in Siglufjorour, N-Iceland.
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ABSTRACT

This area, in the north of Norway, is also called “The Three Tribes Meeting”, where Sami,
Norwegians and people with Finnish background lives.

State directives have historically often been perceived as the abusers of locals, which therefore
perceive the state as a common enemy.

Folk belief in this area is strong, so strong that they are willing to fight against the State and
science that ignores people’s faith and ancient legends. Here are people who relate to it's not all
that can be explained, and who lives with it.

Try turning it, and think from their point of view, we are ignoring the nature and what is
destined. We explain with knowledge, while they relate to what cannot be explained. There are
two completely different views on the world that meet, and both parties think they are right.
And it is in this thrill we are now operating.

The settlement on Samuelsberg is exposed to avalanches, the state will build a protection dam,
but parts of the population are opposed.

The protection dam is now being built of rock masses obtained from a new tunnel nearby.
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ABSTRACT

Increasing effect of climate change is felt on permafrost ground at high altitude. Not much
research is available, as not much infrastructure is installed at such high altitudes and the access
is often difficult. The only relatively common infrastructure, especially in Switzerland, is
represented by cable car stations, mountain huts and avalanche mitigation measures. The
example of the flexible high tensile steel wire snow nets installed at Wiisse Schijen (test site
for permafrost monitoring of the WSL) in 1990 showed the importance of taking ground
destabilisation, due to permafrost change, into account. After 17 years, instead of an estimated
~80 years, significant repairs were necessary to keep the system up (Phillips et al. 2008),
anchors were for example exposed due to soil creep. This led to the development of so-called
“floating” foundations, a specially constructed baseplate for the posts, to accommodate for
creep over the years. These floating foundations were installed at Wiisse Schijen in 2008 and
subsequently used for all flexible high tensile steel wire snow nets.

This contribution now summarises the experience acquired over 10 years at Wiisse Schijen in
permafrost ground evolution and behaviour of the flexible snow nets and worldwide.
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ABSTRACT

Over the past 30 years, dealing with natural hazards in Switzerland has changed from being
hazard-oriented to using a risk-oriented approach. After a series of catastrophic events, the
National Strategy Natural Hazards was published in 2004 and updated in 2018. Following this
strategy, various methods and tools were developed. We present some of these developments
and give an example of risk-oriented planning for structural avalanche protection measures
using the tool EconoMe. The results of the quantitative risk assessment and the benefit-cost-
analysis indicate that the planned measures can be recommended for subsidisation.

1. INTRODUCTION

Over the past 30 years, several catastrophic natural hazard events and the expected increase in
number and frequency of such events due to climate change have changed the natural hazard
policy in Switzerland. With the floods in 1987, causing damage of 1.5 billion CHF (inflation-
adjusted to 2018) in several regions of the Swiss Alps (BWG and LHG, 1991), it became
apparent to authorities and politicians that investment in protection measures against natural
hazards had to be adjusted according to the meaning and the value of the objects at risk. Equally,
it became clear that structural measures alone where not enough. Only in combination with
other types of mitigation measures, including land use planning, biological (e.g. protection
forest) and organisational measures, could the impact of damaging events be reduced to an
acceptable level. Since the early 1990s, dealing with natural hazards in Switzerland has
developed from a strategy of hazard defence into a risk-oriented approach.

Here, we provide an overview of recent developments due to this strategy change. We
concentrate on achievements in Switzerland, but the general trend of setting the focus on risk
reduction instead of hazard defence can be observed throughout several Alpine countries.

2. NATIONAL STRATEGY NATURAL HAZARDS AND FOLLOW-UP PROJECTS

The aftermath of the avalanche winter of January/February 1999, the flood in May 1999 and
the winter storm Lothar/Martin in December 1999 confirmed the necessity of a paradigm shift
of natural hazard policy. As a consequence of these events and in response to an initiative in
Swiss parliament, the National Platform for Natural Hazards PLANAT elaborated the Strategy
Natural Hazards Switzerland (PLANAT 2005) and proposed the risk concept as a guiding
model for dealing with natural hazards in Switzerland. The strategy aims to achieve a
comparable security level for all natural hazards throughout Switzerland by measures that are
economically viable, environmentally friendly and socially responsible. Following this
strategy, two action plans with several projects were started implemented between 2005 and
2011 to close gaps in natural hazard risk management. In 2018, the PLANAT strategy was
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updated and supplemented with the concept of resilience (PLANAT, 2018). In the following,
some key results are presented.

A guideline entitled “Risk Concept for Natural Hazards” (RIKO) is one result of the PLANAT
action plans. The guideline’s first part explains the general risk concept for natural hazards
while in the second part, examples show how risk-based planning of protection measures
against snow avalanches, debris flows, floods, rock fall, landslides but also non-gravitational
processes such as hail, storms and earthquakes can work in practice (Briindl, 2009).

The guideline “Effectiveness of Protection Measures” (PROTECT) proposes criteria to
determine whether protection measures may be taken into account for hazard mapping as well
as a step-by-step procedure of how to do so. This guideline is organised in the same manner as
the guideline RIKO: a general description in the first part and practical examples for different
processes in the second (Romang, 2008). Three steps are suggested by which mitigation
measures have to be assessed: (1) A general assessment indicates whether a mitigation measure
may be relevant for a hazard assessment; (2) the reliability of a mitigation measures is assessed
according to its structural safety, serviceability and durability; (3) the effectiveness of a
mitigation measure is assessed according to its reliability. These steps enable practitioners to
then give a recommendation on whether the evaluated measure may be considered for the
reduction of hazard zones. A practical example of an assessment using PROTECT is given by
Margreth (2018) and treats the hazard zones of the Vallascia avalanche in Ticino, Switzerland.

One of the main objectives of the PLANAT strategy is to achieve a comparable security level
throughout Switzerland. The report “Security Levels for Natural Hazards” (PLANAT, 2014;
2015) provides a uniform definition of the objectives and suggests security levels for objects at
risk (Fig. 1).

Fig. 1 Procedure to achieve the desired level of security (PLANAT, 2014).

Three categories of objects have to be protected: people, major material assets and the environ-
ment. The protection of people has the highest priority. The suggested security level for people
states that the general risk of death to an individual should not be significantly increased by
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natural hazards. Thus, the individual risk of a person to die due to a natural hazard event should
be lower than the lowest average probability of death for any age group of Swiss society. Major
material assets such as buildings have to be resistant and must provide a high level of protection
to the people within and their belongings. The residual risk should be acceptable by risk carriers
such as insurances. The risk to infrastructure, to objects of considerable economic importance
and to essential natural resources should be so low that the existence of present and future
generations is not endangered. Cultural goods must be protected to permanently conserve their
cultural value. Meanwhile, no explicit security level is defined for the environment.

3. EVALUATION OF THE EFFECTIVENESS AND THE ECONOMIC EFFICIENCY
OF PROTECTION MEASURES

Increasing challenges to maintain and even improve the security level under the constraints of
limited financial resources have prompted the Federal Office for the Environment in
Switzerland to define criteria for prioritising mitigation projects. Based on the risk concept for
natural hazards RIKO, the tool EconoMe was developed and introduced in 2008 to assist
authorities and practitioners in the evaluation of the effectiveness and efficiency of mitigation
projects (Briindl et al., 2009; 2016). Since 2008, EconoMe has been continuously developed.
Operational users of EconoMe include cantonal authorities and private engineering companies.
EconoMe guides the user step-by-step through a quantitative risk assessment to calculate the
individual risk of a person as well as the collective risks to people, buildings, infrastructure,
agricultural areas, forests and parks. The risk reduction induced by mitigation measures is then
put into relation with the cost of said measures. Working steps are (1) gathering all documents
and describing the area under investigation, (2) hazard assessment, (3) definition of measures,
(4) assessment of the damage potential, (5) analysis of consequences (calculation of damage
and risk), (6) display of risks and costs and (7) documentation of the assessment (Briindl et al.,
2016). The order of the working steps is interchangeable for a user during assessment editing.
Business interruption and indirect costs according to definitions provided by Meyer et al. (2013)
are not taken into account.

For a first, rough assessment of the potential benefits of a mitigation measure, EconoMe-Light
was developed and introduced in 2015 as an online and offline tool. EconoMe-Light allows for
a simplified risk assessment and evaluation of the economic efficiency of potential mitigation
measures. Practitioners and authorities use EconoMe-Light to evaluate whether the planning
process of the mitigation measure should be continued. However, an EconoMe-Light
assessment is insufficient grounds with which to request a subsidy from the Federal
Government. This requires a full assessment with EconoMe.

In EconoMe, risk to people is calculated as individual risk, expressed as probability of death
per year for an individual, and as collective risk, denoted as the number of fatalities per year.
To calculate a total collective risk, the number of fatalities per year and the damage to material
assets, given in Swiss Francs, must be in the same unit. EconoMe uses the value of statistical
life (VSL) to monetise a prevented death with 5 million CHF (4.4 million Euro as of January
2018; Rheinberger, 2011).

Protection projects, for which an application for a subsidy is submitted to the Federal Office for
the Environment FOEN, are examined according to several criteria. First, they are assessed with
EconoMe concerning their effectiveness (risk reduction) and economic viability. Projects with
objects in which the individual risk of death is greater than 1 x 10> per year have the highest
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priority. A project’s economic efficiency, calculated as a benefit-cost-ratio in EconoMe, should
be larger than one to be considered for a subsidy; for highest priority, a ratio larger than two is
required. This means that the quantified risk reduction by mitigation measures must be twice
as high as the cost of the measures. A further subsidy criterion is the provision for ecological
aspects. Projects can also earn credit points if they are planned in a participatory process
(FOEN, 2018).

4. EXAMPLE FOR A RISK-BASED ASSESSMENT OF MITIGATION MEASURES

We show a typical evaluation of the effectiveness and the economic efficiency of an avalanche
defence structure using EconoMe. The example is a real case example but data were slightly
adapted and location names are not provided due to data protection reasons.

4.1 Situation

The area under investigation is a community in the Swiss Alps endangered by avalanches.
Several events in the past hit buildings and infrastructure and caused damage and fatalities. In
response to these events, avalanche defence structures were put in place. However, due to
protection deficits, additional measures were recently planned. Their effectiveness and
economic efficiency were assessed in order to apply for a subsidy from the Federal
Government. We present the main steps of the evaluation using EconoMe.

4.2 Hazard Assessment

The risk assessment is based on a 30-, a 100- and a 300-yearly scenario. For each of these
scenarios, intensity maps for the situation without (Fig. 2) and with additional measures are
calculated by a numerical avalanche model and cross-checked by the expert in charge.

Fig. 2

Intensity map 30 years Intensity map 100 years Intensity map 300 years
without additional measures without additional measures without additional measures
E] low intensity (< 3 kPa) E] low intensity (< 3 kPa) E] low intensity (< 3 kPa)
D medium intensity (3 - 30 kPa) D medium intensity (3 — 30 kPa) D medium intensity (3 - 30 kPa)
D high intensity (> 30kPa) D high intensity (> 30kPa) D high intensity (> 30kPa)
A A "

30-, 100- and 300-yearly scenarios without additional measures.
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4.3 Damage Potential

In EconoMe, risk can be calculated either using user-adapted values, which must be
documented, or using default values, e.g. for the monetary value of objects (restoration costs)
and the average number of people in buildings (2.24 people/apartment or single-family house).
Risk to people is monetised by a VSL of 5 million CHF. In this example, various types of
objects are endangered. In total, a damage potential of 19 million CHF is exposed (Table 1).

Table 1 Damage potential within the area of investigation.

Objects at risk Damage potential
Number of people 69.77
People monetised

(VSL 5 million CHF/averted 348,850,000 CHF
fatality)

Buildings 14,930,800 CHF
Cantonal and communal roads 2,154,600 CHF
Telecommunication infrastructure 7,500 CHF
Agriculture and forests 1,999,200 CHF
Sum 19,092,100 CHF

4.4 Mitigation Measures at the Planning Stage

Avalanche defence structures already exist in the release zones. To further reduce the prevailing
risk, permanent (steel) and temporary (wood) defence structures are planned in combination
with afforestation. With an investment sum of 1,600,000 CHF, annual costs for maintenance of
16,000 CHF, a life span of 80 years and an interest rate of 2%, the annual costs result in 52,000
CHF per year.

4.5 Collective and Individual Risks

Both individual and collective risks are calculated. The risk assessment revealed that for several
people, the threshold for individual risk of 107 per year is exceeded. This means that there is a
protection deficit and cost-efficient measures must be put in place to reduce risk. Fig. 3 shows
the calculated individual risk without and with additional measures.

The collective risk without and with additional measures for all objects at risk is shown in Table
2. The numbers suggest that all risk is eliminated for the 30-yearly scenario, while risks in the
100- and 300-yearly scenarios are greatly reduced. In total, 97% of the risks are reduced (Table
2).

4.6 Benefit-Cost-Ratio

The benefit-cost-ratio is calculated as the ratio of risk reduction and cost of measures. With a
risk reduction of 58,420 CHF per year (Table 2) and measure costs of 52,000 CHF per year
(section 4.4), this results in a benefit-cost-ratio of 1.1, which means that the project is
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economical viable by a narrow margin. Since the mitigation measures reduce individual risks
to an acceptable level, the project is recommendable for subsidisation.

Values > 1 x 104

9.00E-05
8.00E-05
7.00E-05
6.00E-05
5.00E-05
4.00E-05
3.00E-05
2.00E-05
Security level: 1 x 10-%
o

Individual risk [1/year]

1.00E-05

1.00E-11

e e L L e B p |
O T NO NN DO O T 0O O — -
NN MO N - N ™ < N N

102
103
101

R

M ind.risk without measures m ind.risk with measures

Figure 3: The individual risk of people in objects at risk for the situation without additional
measures (blue columns) and with additional measures (red columns). The
planned measures reduce the individual risk to an acceptable level except in the
case of one building.

Table 2 Collective risks per object categories without/with measures in CHF per year.
Risk reduction achieved by measures amounts to 58,414 CHF per year. Risk to people is
monetised with 5 million CHF per prevented fatality.

People Buildings Roads Agriculture Collective risk

and forests
Scenario 30 21/0 23/0 328/0 212/0 584/0
Scenario 100 827/17 1,320/0 695 /45 644 /11 3,486 /62

Scenario 300 43,423 /481 | 11,434/772 857 /468 720/306 | 56,440/2,027

Sum 44,271 /488 | 12,777/1772 1,879 /513 | 1,576/317| 60,504 /2,090

Total risk reduction 58,420
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5. CONCLUSIONS

Over the past decades, the natural hazards coping strategy in Switzerland has changed from a
hazard-oriented to risk-oriented approach. Mitigation strategies should combine all available
types of measures, such land use planning (hazard maps, relocation) as well as structural,
biological (e.g. protection forest) and organizational measures (e.g. artificial release, road
closure and evacuation). Especially organizational measures have become more important in
recent years due to technical developments, such as sophisticated alarm and warning systems.
In Switzerland, planning mitigation measures is based on a risk-oriented approach which aims
to sink the individual risk to people below a defined threshold and to reduce collective risks
with cost-efficient measures. Additional criteria for obtaining a subsidy from the Federal
Government are making provisions for the environment and planning measures in a
participatory approach (social acceptance). Although there is no explicit corresponding study,
authorities argue that equal amount of protection is achieved with less money using a risk-
oriented approach compared to the results of a hazard-oriented approach.
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ABSTRACT

Several avalanche dams have been built to protect settlements in Iceland during the last 20
years, greatly improving the safety of people and property in the areas below the dams. The
dams are both deflecting dams and catching dams, with height in the range 10-22 m. Several
of the dams have been hit by snow avalanches, resulting in up to 13 m vertical run-up on the
deflecting dams and one case where a catching dam was overrun without anyone coming to
harm. No large avalanche, in comparison with the design avalanche, has so far hit the man-
made dams to properly test the rather crude avalanche dynamics assumptions used in the design
of the dams. However, several large snow avalanches have in recent decades hit natural
obstructions in Iceland. Some of them provide indications about the dynamics of avalanche
flow against obstructions that may be useful in the context of avalanche dam design. Here we
report on three such avalanche paths where simulations with avalanche dynamics models have
been used to interpret observations about the extent, run-up and other available information
about notable avalanches. Two large avalanches in N-Iceland, at Sveinsstadaskal in Skidadalur
and Kisardalur in Fnjéskadalur, have overrun 8—12 and 50-60 m high opposing gully sides
respectively that are almost perpendicular to the flow direction. The gullies both have rather
steep sidewalls, shaped not unlike catching dams. The paths have 700 and 340 m vertical drop,
respectively, from the starting zone to the impact with the opposing gully side. The slope angles
from the top of the starting zones to the gullies are 25 and 24 degrees, respectively, and the
alpha angles to the tip of the avalanche tongues in the run-out areas below the impact with the
gullies are 22 and 17 degrees, respectively. A third location investigated here is the 10—20 m
high Upsi landslide deposit in Eyjafjordur, which is formed like deflecting dam with a 27°
deflecting angle, and is frequently hit by snow avalanches. Three farms are located in the shelter
provided by this landslide and two more farms stand farther down in the run-out zone of the
avalanches. Avalanche simulations are used to back-calculate impact velocities of large
avalanches at these three locations and investigate to what extent the observed geometry of the
avalanche deposit can be reproduced. The simulations ofthe Sveinsstadaskal avalanche indicate
that avalanches at this location can easily overtop the 8—12 m high obstruction that is nearly
perpendicular to the flow direction, which is consistent with traditional design assumptions of
catching dams. The simulations of the Kisardalur avalanches indicate that avalanches traveling
at 45 m/s can overtop the 50-60 m high obstruction that is nearly perpendicular to the flow
direction, which is also largely consistent with traditional dam-design assumptions.
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Figure 1. An overview of the three study sites. The terrain at Kisardalur and Sveinsstadaskal
below the avalanche starting zone is formed like natural catching dams, whereas the lower part
of the avalanche path at Upsi is formed like a deflecting dam.
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Figure 2. Only one avalanche from the Sveinsstadaskal cirque in the avalanche database of the
IMO is reported to have reached down to the bottom of Skidadalur Valley but local farmers
hold knowledge about more avalanches reaching this far. An avalanche in November 2017,
with a fracture line at the rim of the cirque, hit a catching-dam-like, 8—12 m high opposing gully
side. The avalanche left almost no snow deposit in the gully but the lower flank was covered
with an iced snow surface and fine-grained rock debris indicating high-energy impact. The run-
out zone had maximum width of 520 m and was covered with rather thin but even snow debris,
typically 10-100 cm thick, with a maximum depth of 300 cm. The abandoned farm Sveins-
stadir, just north of the avalanche tongue, was located in between two large avalanche paths as
the run-out zone of another and even more active avalanche path is located just north of the
farm. People were living on the farm for some decades during the 19" and early 20™ century
without any recorded avalanche accidents. That is unfortunately not the case for all farms in the
valley. Probably the avalanche danger at Sveinsstadir was obvious enough for the inhabitants
to build the farm at a relatively safe location.
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Figure 3. As in Sveinsstadaskal, only one avalanche is reported having overrun a catching-
dam-like opposing gully side at Kisardalur, Fnjoskadalur Valley. The gully is 50—-80 m deep
where the avalanche from October 1995 rushed across from a starting zone on the north side of
the Kisardalur Valley. The maximum, vertical run-up of this remarkable 3-km wide slab aval-
anche was almost 70 m on the south side of the gully. The avalanche tongue was deflected
towards west by the south side of the gully which is oriented approximately 11° from perpend-
icular to the flow direction. Another tongue, coming from the open slope just north of Kisar-
dalur, reached across the gully farther down where the vertical run-up from the gully bottom is
approximately 10 m. The avalanche spread turf and rocks over a large area, making it easy to
map the run-out for a long time after it fell.
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Figure 4. Many avalanches are mapped from the gully Mjoigeiri in the Beaejarfjall Mountain,
just north of the village Dalvik. Several of them have damaged the powerline, that used to cross
the run-out zone, and fences for livestock many times. The largest recorded avalanche was
released in February 1973 and hit the sheep house at the farm Sveadi and stopped about 120 m
below the farm, only 30 m south of it. The 10-20-m high Upsi landslide deposit lies with an
approximately 27° angle from the flow direction of avalanches from the Mjoigeiri Gully. The
landslide has several times been observed to deflect avalanches from Moigeiri towards north
and 1s expected influence the hazard at the farms below. The three farms south of Svadi seem
to be sheltered by the deflecting effect of the landslide but the Svadi itself seems to be more
endangered as the avalanches are deflected towards that farm. There are no indications or
records about avalanches overrunning this natural deflecting dam.
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ABSTRACT

Martian gullies are young alcove-channel-fan systems, some of which are geomorphologically
active today. The present-day flows in gullies are generally more mobile and deposit on sub-
stantially lower slopes than would dry grainflows. Yet, these flows have been observed to form
in the absence of liquid water and are generally believed to be triggered and fluidized by CO2
sublimation. However, initiation and flow conditions are currently unknown. We employ the
RAMMS (RApid Mass Movement Simulation) debris flow and avalanche model to back-
calculate and infer initial and flow conditions of recent flows in three gullies in Hale Crater on
Mars. We infer minimum release depths of 1.0-1.5 m and initial release volumes of 100—
200 m*. Entrainment leads to final flow volumes that are 2.5-5.5 times larger than initially
released, and this bulking is necessary to match the observed flow deposits. Back-calculated
dry-coulomb friction ranges from 0.1 to 0.25 and viscous-turbulent friction between 100-200
m s, similar to debris flows on Earth. This suggests that CO> sublimation fluidizes recent
flows in gullies to a similar degree as water in terrestrial granular debris flows.
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ABSTRACT

In Nunavik, Northern Québec, Canada, slope processes are active within rolling plateau
landscapes. Escarpments are seldom; however snow avalanches and sudden mass movements
are obvious from the study of slope deposits. According the archives and literature, Kangi-
gsualujjuaq, one of the 14 Inuit villages in Nunavik, has been stricken by a dreadful snow
avalanche: nine people died and 25 were injured on the night of December 31%, 1998-January
1%, 1999. At this time, the inhabitants were gathered to celebrate New Year’s Eve in the
school gymnasium that was located within the deposit zone of a short snow-avalanche track.
The memory of this event is locally long-lasting, however, the perception of hazard is imped-
ed by the lack of systematic data collection regarding slope activity in locations where hazard
could easily shift to risk due to the vulnerability of settlements or short transportation
corridors around settlements or within National Parks.

From the case study of three sites, within the village of Kangiqsualujjuaq, in the surrounding
of Umiujaq and in Lac-a-1’Eau-Claire inside National Park Tursujuq, we documentt the con-
straints of slope processes on the village expansion, and the methods developed to monitor
changes on slopes all year-round, from the setting of automatic time lapse cameras to
morphometric properties slope deposits.
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ABSTRACT

The dimensioning of the heights of supporting structures is subject to great uncertainties. For
example, uncertain meteorological data, short series of measurements, wind drift or the
influence of the wind field on the created construction. The design variable of the "extreme
snow height” (Hext) shows an enormous high bandwidth depending on the applied method. The
data basis at the beginning of the construction of defense structures in the starting zone was
even lower than today. Therefore, the supporting structures of many older construction sites
have been dimensioned for too low snow heights and are snowed over and thus overloaded in
snowy winters. An aternative to new construction is to raise the existing steel snow bridges.
This approach is explained using the case study of the “Groldalawine” (Great Valley
Avaanche) (Galtir-Tyrol-Austria). Two building types were developed: the type of
construction "Rigid" and the construction type "Flexible'. These two variants differ in their
different girder connection. The load assumptions and statics are described in detail. The
advantages and disadvantages are discussed and the costs are shown. Theincrease of supporting
structures is a practical and economical alternative with regard to labor and costs. The type
"Flexible" has proven to be more suitable for practical use. However, the prerequisites for an
increase must be met. The special conditions of each construction field must be considered, the
described procedure is not transferable one to one to each construction field.

1. INTRODUCTION (BACKGROUND AND AIMYS)

1.1 The catchment area and its construction history

The catchment area is located on the orographically left side of the Paznaun valley in the
municipality of Galtur, Tyrol, Austria. The area of the avalanche starting area extends from
2,300 - 2,700 m above sealevel and covers an area of approx. 8 ha. To date, 11 avalanches have
been documented.

In 1967, after amajor event that injured 4 people, damaged 5 houses and destroyed 30 cars, a
construction project was drawn up. OAM supporting structures with effective height of grate
of Dk = 3.0, 3.5 and 4.0 m were erected on different foundations. The magjority of the supporting
structuresto be raised were constructed using so-called "rust foundations'. Thisisaburied grate
rigidly connected to the girder, the tension and compression forces are dissipated like a "dead
man anchor”. Fig. 1 shows the erection of a ground plate supporting structure using an
excavator. The screes were terraced. In the 80s, individual simple elevations of 0.5 m were
already carried out. A U-shaped steel was welded to the beams (see Fig. 2).

The 2010 project led to the extension of the defense structures in the starting area against the
SW (towards the valley) with an effective height of grate Dk= 4.5 - 5.0 m and to the new
construction of the top row of supporting structures as areplacement for the steel snow bridges,
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which were largely destroyed by rockfall. Furthermore, it was planned to replace the existing
plants with an effective height of Dk= 3.0 m by new ones with Dk= 4.5 m.

Figure 1. Installation of a supporting structure with) Figure 2. First easy increases of the
high of 3.5 meters, the foundation will fixed with a supporting structures in the begin
will befilling with soil material. 80ths of the last century.

1.2 Problems

The dimensioning of the heights of supporting structures is subject to great uncertainties.
Reliable meteorological data with sufficient measuring network density and sufficiently long
measurement series are not always available. The wind drift or the influence of the wind field
on the construction must be considered in advance. The data basis a the beginning of the
construction of defense structures in the avalanche starting zone was even lower than today.
Apart from the uncertain data basis, the design variable of the "extreme snow depth” (Heq) still
represents the greatest uncertainty. Here there is awide range of methods for determining Hext.
The following methods are to be mentioned here: Lauscher (1969), Wakonigg (1975), Fliri
(1992), Leichtfried (2010), extreme value statistical evaluations (with height extrapolation),
consideration of strong wind influence. The range of Het for this construction site varies
between 240 and 797 cm depending on the chosen method. The latest approach, according to
Holzl, Schellander and Winkler (2017), which has determined snow depth gradients for the
whole of Austria, yields values for the construction site of around 400 cm for Hext. Margreth et
al. (2011) point out that after completion of the supporting structure, further observations of the
snow distribution over several years are necessary before it becomes clear whether the choice
of the plant height was actually correct As can be seen from Fig. 3, the snow bridges erected in
1976- 1982 are repeatedly "snowed over”, even in "normal™ winters. The reason for thisis the
strong influence of wind on the snow distribution in the construction site. The remediation and
supplementary project 2010 now requires the following alternativesto be examined: demolition
and new construction of parts of the supporting structures and an increase of the existing ones.
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Project 1971 and
1976 - stock

Proj ect 2010-
implementation
2010- 2011

Figure 3: The project field in snowy January 2012. The area with a red background is the one
in which the steel snow bridge increasions have taken place in recent years. The
green line represents the (local) top row of the supporting structure. This had to be
replaced due to severe rockfall damage.

2. METHODS

In order to avoid the costs of the removal and the new construction as well as the
associated expenditure, the possibility of increasing the existing steel snow bridges was
examined. Two construction types were developed. These differ only in the area of the
girder connection: joint "gl" in Fig. 3.

In general, the supporting structure was designed and optimized in such a way that the
existing structure only receives a minimal additional load as a result of the supporting
structure’ sincrease.

The static calculation of the two-dimensional system was carried out with the help of
Dlubal's engineering software. For the structural analysis and design by civil engineer
Rainer Zangerle, Kappl. Eurocode 3 and O- NORM EN 1993-1-1 were also used. The
two variants of increasing and the considerations associated with them are explained
below.

2.1 L oad assumptions and detailed statics
The load acting on the (elevated) steel snow bridges was determined analogously to the
Swiss Guideline for defense structures in the avalanche starting zones (2007). These load
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assumptions are based on two load models, as shown in Figure 4. (Since the construction
field consists of closed support rows, the marginal forces are not taken into account)

Load case 1: Fully snowed-in support system, with evenly distributed snow pressure, the
point of application of the resultant is halfway up the supporting structure.

Load case 2: Partidly backfilled supporting structure by a set snow cover with a snow
height of 77% of the supporting structure height. The resultant impacts on thisload model
isin the amount of 38.5% of the supporting structure height. The specific snow pressure
isincreased by afactor of 1.3 due to the snow cover set.

Figure 4: left: Point of attack of the resultant and specific snow pressure distribution in both
load models (from Margreth, 2007).

right: Static system of the increasing supporting structure. (Gelande= surface, Trager = girder,
Rosththe = height of the crossbeam, Rost = crossbeam, neu = new, alt = old;)

For the increases, the three new grate heights (1.18, 1.61 and 2.00 m in Figure 3 on the right)
were worked out (a and b are variable, depending on the projected increase of the effective
height of grate). The higher load, caused by the increase in height, must be absorbed as far as
possible by the existing structure. In the course of the calculations, the existing supporting
structures and the associated increases were tested with regard to stability and support reactions.
Special attention was paid to sufficient static design of the existing girder and supports.
Furthermore, the respective maximum support lengths were determined in relation to the
greatest load. The load case 2 with a set snow cover was regarded as decisive for the increase.
Inthiscase, theresultant forceis high dueto the higher effective height, but the increase element
is not loaded. This assumption was confirmed by the analysis of the support forces. In the old
snow bridges the supports are underdesigned. Due to the "specia” foundation (rust foundation)
with terraces on the mountain side (see Fig. 1) and the associated reduction of the snow pressure
paralel to the slope, this dimensioning weaknessis not fully bearable.
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2.2 Construction types

For the "Rigid" type, the existing girder is raised by means of welding plates on both sides of
the girder web (see Fig. 4). For thisincrease, an IPE 270 (elevation 1.18 m) was welded to an
IPE 300 beam on site. The welding plates as arigid connection provide additional relief for the
existing supporting structure, as the pressure is diverted into the ground via two supports.
However, the full bending moment cannot be transmitted through the joint. In advance, the
moment above the support was regarded as critical, as the new pressure foundation of the " S1"
hei ghtening support could settle strongly and the stresses arising as a result would overload the
supporting structure. In the course of the construction, however, the subsoil proved to be
sufficiently stable. A disadvantage is the more expensive "construction costs'. The elevation
elements were lifted individually from the access road by crane. A helicopter lift would be
another option.

Figure 4: Construction Type rigid Figure 5: Construction Type flexible

The "Flexible" type is connected by means of fasteners and bolts in the same way as the
supporting structures are connected to the micropile. After preliminary work (drilling, welding
on the reinforcing straps), the elevation elements can be lifted like works with helicopter (Fig.
5). In this type of construction, the connection is designed as a joint and does not relieve the
existing structure. Due to the "play"” of thejoints, the construction can follow slight settlements
of the pressure foundations and stresses or "constraints' in the girder can be avoided. However,
the "play” of thejoint islimited, the girders have a distance of approx. 1 cm to each other.

2.3 Costs

In the Regional Office Upper Inn Valley (Gebietsbauleitung Oberes Inntal), the new
construction of a4.5 m plant amounts approx. 950 €/ running meter. The costs of removal and
incurred transport costs are not taken into account here. The increase cost 450 €/running meter
in 2012 and was reduced in 2013 by optimizing the workflow to 410 €/running meter.
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3. RESULTS

Through the increases described above, it was possible to convert the existing, too low
construction relatively inexpensively into such with an effective height that is up-to-date and
the state of the art. An increase in supporting structures is profitable in terms of labor input and
labor costs. If the prerequisites for an increase exist (sufficient foundation, existing support
structure sufficiently dimensioned for increases), the procedure presented hereisin any case an
expedient, economic and economical aternative.

Of the two increase variants, the type "Flexibl€" has proven to be more practicable. Thisis not
least because a faster work progress can be achieved here. The increases were already
successful in the winter of 2012. Edge forces were not considered in the design, which is why
the procedure described here cannot be transferred one to one to another construction site.
Particular attention must be paid to the performance of the tension foundation.

4. CONCLUSIO

The determination of the extreme snow height for the dimensioning of snow bridges is still
subject to great uncertainty. In particular, the influence of wind on a construction field or its
influence by the executed construction can be determined only after implementation of the
measures. The described designs show a possibility for the adaptation of existing steel snow
bridges. However, an examination of the existing support structure prior to such an adaptation
isinevitable. Increasing the effective height of grate will result in higher loads that the base of
the structures may not be able to handle. This would increase the probability of failure.
However, the shown methods, are an economically way to adapt existing support structures
made of steel.
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ABSTRACT:

In 1954, the largest avalanche accident in the history of the second Austrian Republic occurred
in the small Walser community of Blons in Vorarlberg. The avalanche disasters of 1951 and
1954 heralded modern avalanche protection in the Alps.

In addition to the development of various support structures in the avalanche starting zone,
some of which are still in operation today, special attention was paid to the "green protective
wall" - the protective forest above the residential areas in the municipality of Blons.
Sustainable avalanche protection is a permanent task for an exposed alpine valley. Competence,
consistent action and the factor time are the way to success, especially in the conversion of
over-grown protection forests and their refoundations. 100 years are often not enough to build
protective stocks near the upper timberline.

This article provides an overview of the natural conditions of the Great Walser Valley
(Vorarlberg / Austria) and explains the events of the year 1954. Subsequently it reports about
the forest and technical protection measures taken over time and the associated risk
assessments.

KEYWORDS: Sustainable Avalanche Protection, Protection Forest, Avalanche Hazard in
Blons / Vorarlberg.

1. INTRODUCTION

In the avalanche winter of 1954 in Vorarlberg 125 people were killed, 57 of them in Blons in
the Great Walser Valley. In total, 13 avalanches occurred there. The avalanche paths are shown
in the event picture of 1954 (Figure 1).

Just over 60 years after this catastrophe, technical, forestry and spatial planning measures,
which are explained below, were taken to protect the local community of Blons.

Figure 1: The avalanche disaster of Blons in Vorarlberg on 11.01.1954 [Source WLV
Vorarlberg].
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2. WALSER AND THE GREAT WALSER VALLEY

In the 13th century, the Walser, an Alemannic ethnic group from the Valais, moved to the now
named after them "Great Walser Valley". The wandering movement fell into the medieval warm
period. The Walser cleared the steep slopes and built their classic scattered settlements and al-
pine pastures. Due to the subsequent climate deterioration in the small ice age, first avalanche
accidents of the year 1497 are registered in the chronicle.

The Great Walser Valley is aligned to the wet weather conditions from the west (Atlantic
Ocean) and thus often affected by large amounts of snow. Although the individual farms were
set up at favored locations, the remaining, non-cleared protective forest was pushed back further
and further over time due to overpopulation and overuse. The highest elevation of the avalanche
catchment areas of the municipality of Blons is the Falvkopf with 1849 m above sea level. The
potential natural timberline is in the Great Walser Valley in the range of about 1900 m above
sea level. The avalanche starting zones are thus potentially forestable. The natural forest
communities are formed in the montane stage by spruce - fir - beech forest and spruce - fir
forest. In the subalpine stage, in the range of 1500 m above sea level and above, the sub-alpine
spruce forest prevails, often with tall bushes in the undergrowth. These stocks, which were
largely outdated during the 1970s and 1980s, are very difficult to rejuvenate due to strong
competition (Figure 2). The municipality area of Blons is built on rocks of the Vorarlberg
Flysch. The rocks are easily weatherable and prone to erosion. Almost the entire forest area
must therefore be considered in addition to the avalanche protection as a soil and erosion
protection forest. A profound and interlinked rooting horizon of the faltering stocks is therefore
especially in steeper locations of high conservation importance. In other words, in the long term
local sustainability with respect to the local susceptibility to soil erosion can only be ensured
by sufficiently stabilizing tillering. The silver fir [Abies alba] with its deep-reaching tap root
system (up to 2 m) is the only tree species at this altitude capable of ensuring sufficiently deep-
reaching stabilization of the soil structure of such cohesive soil types. The root system of the
spruce [Picea abies] extends at these locations, especially on marl or marl slate, rarely deeper
than 50 cm. However, it forms a dense topsoil rooting.

Figure 2: Outmoded protection forests in the high montane / subalpine altitude are in the decay
phase and very difficult to rejuvenate [Source: WLV Vorarlberg].

3. HAZARD SITUATION

Figure 3 shows the forest cover situation of the Walser scattered settlement around 1958. Fig-
ure 4 gives an overview of the relevant main avalanche catchment areas in Blons and shows the
forestation situation of the year 2006.
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Figure 3: The municipality of Blons 1958 | Figure 4: The avalanche catchment areas of
with low afforestation [Source: WLV Blons in 2006. The increase in
Vorarlberg]. forest cover is easy to see.
[Source: WLV Vorarlberg]

The main avalanche paths "Higgenlawine”, "Eschtobellawine™ and "Mont Calf-Avalanche"
extend over the entire, south-exposed valley flank of the municipality of Blons. The "Hliggen”
and the "Mont-Calf-avalanche" are surface avalanches while the "Eschtobel avalanche™ has a
canalized avalanche path.

4. THE AVALANCHE WINTER OF 1954

Between the 10th and 12th of January 1954, several avalanche accidents occurred in Vorarl-
berg. The trigger was extreme snowfalls of more than 2 m of fresh snow within 24 hours. 280
people were spilled, 125 of them died. In the municipality of Blons, one third of the houses
were destroyed and one third of the village population, a total of 57 people, lost their lives. The
avalanche disaster led to an unprecedented wave of helpfulness and solidarity. The first airlift
in the history of Austria was built in Blons. In addition, the two avalanche winters of 1951 and
1954 resulted through their numerous personal and material damages in the development and
establishment of modern avalanche protection.

5. THE TECHNICAL PROTECTION MEASURES

The first avalanche protection measures in Blons were probably object protection measures
such as roof terraces and splitting wedges. More details are not known. First organized
avalanche protection measures in the avalanche starting zones of Blons were established
between the years 1906 and 1908. These were Arlberg Rakes (Arlbergrechen) over a length of
1.2 km. Figure 5 shows this type of construction with an effective height of 2 - 2.5 m. The
partially already ailing support structures were largely destroyed during the avalanche winter
of 1954. The securing of the "Huggen avalanche" was resumed in 1954. In the process, further
types of constructions were developed. The so-called "snow-hanging bridges"
(Schneehangebriicken in Figure 6) and, subsequently, the basic structure of the still common
snow bridges made of steel. Significant development steps in this type of construction can be
found in the foundation. Thus, the originally concreted foundations for micropile foundations
and shallow foundations have developed (Figure 7).
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Figure 5: Arlberg Rake in the avalanche starting
zone of the Huggenlawine in the year 1906
[source: WLV Vorarlberg].

Figure 6: "Snow-hanging bridges”, Dk
= 3m, mounting after snowfall in the
60s of the last century in the avalanche
starting zone of the Hiiggen avalanche
[Source: WLV Vorarlberg]

Figure 7: Construction type of modern | Figure 8: The overloaded support structures in the
state-of-the-art snow bridges [Source: | avalanche starting zones of the Hiiggenlawine and
WLV Vorarlberg]. the Etschtobellawine in February 1999 [Source:
WLV Vorarlberg].

In the main starting zones of Blons, about 6.5 km of avalanche defense works (snow bridges
made of steel, hangings, combined steel-wood works, etc.), 315 creeping snow constructions
and 745 running meters of wind drift barriers fences have been erected. The support structures
in the starting zones have proven them-selves in the last 60 years. In the snowy winters of 1967
and 1999, the functionality of the technical constructions of the starting zones could be proven.
However, the level of impact of the construction was exceeded in the avalanche winter of 1999

(Figure 7).

Sustainable avalanche protection can only be achieved in wooded areas with adequate forest
tillering.

56 Blons in Vorarlberg, Austria- 60 years sustainable avalanche protection,

Experience, setbacks and Lessons Learned



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjoérdur, Iceland, April 3-5, 2019

In addition to the protective measures mentioned in the starting zones, protective measures were
also taken in the transport area and in the deposit area (dams and object protection measures),
which will not be discussed further here.

6. SUSTAINABLE AVALANCHE PROTECTION

In Austria, the Forest Engineering Service for Torrent and Avalanche Control has been
responsible for protection against alpine natural hazards since its foundation in 1884. The
maxim of the natural hazard management located there is the consideration of the problem for
the whole catchment.

Permanent technical protection measures are subject to a certain limited lifetime. In order to
achieve sustainable avalanche protection, a combination of different measures such as spatial
planning and land-use approaches (forestry) is necessary.

In the starting zone of the Hiiggenlawine in the years 1906 to 1908 20,000 pine and 15,000
spruces were planted.

High altitude reforestation was a completely new field of work at that time. There was little
empirical value for such exposed reforestation sites. Today it can be seen that about 90- 99%
of the plants have failed from this first reforestation.

Further afforestation efforts were made after the avalanche winter of 1954. The clearings were
reforested extensively and overaged protection forests were rehabilitated with artificial
afforestation. Frequently the rejuvenation was initiated in the protection of technical
constructions.

In the municipality of Blons, around half a million forest plants have been planted in the last 60
years. Four fifths of them are spruce [Picea abies|, the natural main tree species in this sub-
alpine area. The forest area in Blons has been increased from about 520 ha in 1971 to 601 ha in
2009.

6.1 Experiences and setbacks

Comparing the forest stands of Figures 3 and 4, the afforestation offensive and 60 years of
permanent care seem to be successful. However, the afforestation areas have hardly any
protective stocks.

The following problems can be mentioned here:

- Incorrect provenance in early reforestation and the use of large, fast-growing plants (see the
consequences in the creeping snow problem).

- Black snow mold [Herpotrichianigra, H. juniper]: Due to the area planting at the beginning
of the large afforestations with approx. 10,000 plants / hectare, the small relief was paid too
little attention. This led to a widespread spread of the snow mold.

- Creeping snow: Snow creeping and gliding lead to the following damage patterns in the
afforestations

o pull the rootball out of the soil
o trunk cracks (Figure 9):
0 snow breakage and snow pressure (Figure 10)

Trunk cracks in particular pose major problems for the further development of the stock, as this
damage to the stem can provide potential break points for later snow or wind breakage. Lederle
(2017) notes that around 90% (!) of the plants are affected at the construction site of the Hiiggen

Drexel 57



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

avalanche. Although it has been tried for over 60 years to prevent sliding and creeping
movements of the snow (Figures 11 and 12).

Figure 9: Strongly drawn trunk cracks, | Figure 10: Heavy snow pressure damage on

usually these are shorter than 50 cm [Source:
WLV Vorarlberg].

ca. 25-30 cm thick trunks after the avalanche
winter 1999 [Source: WLV Vorarlberg]

Figure 11: Creeping Snow Construction Dk

Figure 12: Combined steel-wood works

1.5. There must be built about 250- 350
pieces per hectare [source: WLV Vorarlberg]

consist of a simple foundation, a slight rust of
steel elements and a bed of robinia or
chestnut wood, and are expected to last about
30 years, with a effective height (Dk) of 2 to
3 meters [source : WLV Vorarlberg]

Hoofed game (red deer, roe deer and chamois): A close-to-nature silviculture is not possible
without the naturally adapted hoofed game stocks (cf. Lederle and Scheier, 2002). The hoofed
game bites (special attention must be drawn to the selective biting of the fir [Abiesalba]), beats,
sweeps and peels the forest plants. Rejuvenation of montane mixed forests and the application
of subalpine spruce forests can only be achieved with consistent wildlife management. The
solution of the existing conflict of interest between hunting and forestry, the so-called "Wald-
Wild-Problem™ (forest-game-problem) poses major challenges for politics.

In particular, the hoofed game is a limiting factor for the silver fir, so that it has not been able
to achieve a sufficient proportion of white fir 20-30% in the established forest stands.
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6.2 Risk assessment

In Austria the danger assessment for torrents, avalanches and possibly erosion is based on the
hazard-zone map of the Austrian Service for Torrent and Avalanche Control. In 1975, this area-
wide appraisal was fixed in the Forestry Act as part of forestry spatial planning. The hazard
zones are distinguished here into two intensity classes. In the case of avalanche danger, only
the avalanche pressure parameter is decisive. With an avalanche pressure above 10 kPa a high
intensity is given and these areas are indicated as "red zone". The "yellow zone" has a low haz-
ard and represents ranges between 1 and 10 kPa. (cf. BMLFUW, 2011)

Hazard zoning is an important planning tool. This applies both to in-house planning (setting of
measures, financing, expert activity, etc.) and to external planning such as spatial planning or
construction. Consideration in spatial planning ensures that no new settlements are built in haz-
ardous areas. Here is the principle of avoiding the danger. The consequence for Blons was a
partial abandonment of scattered settlements and a concentration of residential properties in the
most avalanche safe places (Figure 9).

The hazard zones are only indicated for the so-called "space relevant area”. A review of the
threat is foreseen at least 15 annually or after changes in the catchment areas.

The hazard-zone map of Blons was revised in 2011. With the help of modern avalanche simula-
tion programs it was possible to simulate hazard scenarios such as the partial failure of the tech-
nical constructions of the starting zone. (cf. GZP Blons, 2011).

Figure 9: Settlement concentration at the avalanche technically safest place in Blons. The red
framed areas are the residential buildings as of 2016. The aerial photo is from the
1950s. The turquoise lines represent contour lines. [VOGIS]]

7. RESULTS AND CONCLOUSION

The Austrian Service for Torrent and Avalanche Control, a department of the Federal Ministry
of Sustainability and Tourism pursues a sustainable avalanche protection in Austria. Regardless
of political will and the associated provision of financial and human resources for (costly)
avalanche protection, the following three points are crucial for sustainable hazard prevention:

1. Competence
As described above, the implementation of sustainable protection measures requires a high level
of technical and forestry knowledge. This requires a competent and dedicated staff and further
education. However, some insights are only apparent in the practical implementation of the
measures during the course of a working life. It is indispensable to pass on this wealth of
experience. For example, in Blons, over the years, it has been found that a misplaced
provenance of forest plants leads to scarcely protective stock.

2. Consistent action
Successes in high-altitude afforestation and protection forest regeneration require consistent

Drexel 59



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjoérdur, Iceland, April 3-5, 2019

and constant care. However, success can often only be measured after decades. The more
important it is to have clear management objectives that look at both the individual tree and the
protection forest as a whole. These goals must be consistently implemented in the next
generation. Considering natural hazards in spatial planning requires a high degree of
assertiveness. It is necessary to resolve conflicts that arise through the interference with the
right of ownership of the population.

3. Factor time

The time factor must be seen in the context of sustainable hazard prevention. As can be seen in
the example of afforestation and protection forest management in Blons, over a period of 60
years large areas of forest cover, mainly spruce, could be planted. However, these areas are not
yet able to withstand the snow pressure due to the poor quality (trunk cracks, etc.). Until these
areas have been planted effectively, a further, comparably long period, permanent reforestation
and protection forest management, including the maintenance and repair of the technical
protection infrastructure, must be expected.
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ABSTRACT

Snow avalanches that disrupt traffic and create serious safety problems are frequent events
during winter season on the Erzurum-Cat-Karliova highway in the eastern Anatolian Region of
Turkey. The snow deposition on the highway during the winter averages 5-6 m. However it can
accumulate as high as 9 — 10 m during the season (e.g. the winter of 2002 — 2003). Serious
health and safety issues arise during snow clearance: a fatal accident (i.e. dozer operator)
occurred during clearing avalanche debris off the road at the 75+800th and 76+300rd km of the
highway in 2013. In the present study, potential snow avalanche release zones were determined,
and then 2D snow avalanche simulations were carried out. A high resolution digital elevation
model (DEM) was created through images from an unmanned aerial vehicle (UAV) using a
camera with 12 MP and structure from motion algorithm. In total, 30 potential snow avalanche
release zones, varying between 0.11-1.36 ha were determined. Simulations were performed
using three different scenarios with 30—, 100—, and 300—year recurrence intervals for the
avalanche release zones determined. The avalanche hazard was then evaluated. The simulations
demonstrated that even snow avalanche with a 30—year recurrence interval may cause serious
problems for the traffic safety and transportation. These results will help make a decision on
how mitigation measures could be planned and designed.

1. INTRODUCTION

Snow avalanches pose a threat to the settlements, the infrastructure and the road network in the
mountainous environments. Avalanches can have both direct and indirect negative impacts on
the motorways including collusions between mass of avalanches and vehicles, traffic artery
blockage as well as severe damages to the structure of the road (Kristensen et al. 2003). It is
considerably costly for the governmental agencies, to minimize avalanche risks on the
motorways with technical mitigation measures, including using snow supporting structures in
the zones of avalanche starting zones, and avalanche galleries (Zischg et al., 2005). Due to great
costs of reliable mitigation measures and limited financial resources, utilizing an integrated
approach involving active, passive and organizational measures is required for an efficient and
sustainable policy (Briindl et al., 2004). Collecting accurate information on the location and the
extent of avalanche events is important for both forecasting and designing/planning mitigation
measures. Traditional methods involving observations of individual experts in the field provide
isolated information with a very limited coverage (Biihler et al. 2009). In the field of snow
science, remote sensing has been used as an advanced tool in order to eliminate the
shortcomings of the traditional methods. Recently, small unmanned aerial vehicles (UASSs)
continuously gain preference in remote sensing applications in scientific and practical areas as
an alternative remote sensing platform (Nebiker et al., 2008) and/or a new photogrammetric
measurement tool (Eisenbeiss, 2015). Snow avalanches that disrupt traffic and create serious
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safety problems are frequent events during winter season on the Erzurum-Cat-Karliova
highway in the eastern Anatolian Region of Turkey. The snow deposition on the highway
during the winter averages 5-6 m. However it can accumulate as high as 9 — 10 m during the
season (e.g. the winter of 2002 — 2003). Serious health and safety issues arise during snow
clearance: a fatal accident (i.e. dozer operator) occurred during clearing avalanche debris off
the road at the 75+800th and 76+300rd km of the highway in 2013. In this study, it was aimed
to understand snow avalanche potential and problem in the region and to propose solutions
against avalanche hazard. Potential snow release zones and snow avalanche simulations were
assessed in different scenarios. The main input, high resolution digital elevation model (DEM),
was created from unmanned aerial vehicle (UAV) images.

2. MATERIAL AND METHOD

2D snow avalanche simulations were performed based on three different scenarios with 30—,
100—, and 300—year recurrence intervals for evaluation of snow avalanche hazard on the
Erzurum-Cat-Karliova Highway (Turkey) (Figure 1). For this, ELBA+ (Energy Line Based
Avalanche) software (Volk and Kleemayr, 1999) were used. ELBA+ simulations are based on
the Voellmy model containing two parameters: the Coulomb friction p and the velocity squared
dependent turbulent friction &. In addition to these two parameters, release areas (m2), release
height (m), snow density in the release zone (kg/m3) and Digital Elevation Model (DEM) data
are necessary inputs for simulations, with entrainment and resistance areas being optional. In
order to obtain high resolution DEM data, UAV flights were carried out by using DJI Mavic
Pro (Figure 2), allowing for the capture of 12MP DNG and RAW images. All flights were
planned with Android-based DroneDeploy software. UAV images were then processed using
structure from motion algorithm on Photoscan Agisoft 1.3.2 to create high resolution DEM and
orthophoto. Before UAV flights were carried out, a total 12 of ground control points were
surveyed on the field with RTK-GPS (Figure 2). Following processing UAV data, snow
avalanche release zones were determined based on topographic parameters using high
resolution DEM data and field observations. 2D snow avalanche simulations were then carried
out based on three different scenarios with 30—, 100—, and 300—year recurrence intervals.
Depending on the simulation results, some avalanche mitigation measures were proposed.

Figure 1 Location of study area.
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(a) (b) (©)
Figure 2 (a) DJI Mavic Pro model UAV, (b) an example of flight plan, (c) GCP
surveyed.
3. RESULTS

The high resolution DEM and orthophoto generated from 585 of UAV images are given in
Figure 3. DEM data were generated in different spatial resolutions; 20 cm, 1 m, 2 m, 5 m, and
10 m to evaluate effect of spatial resolutions on the simulation results. In the study area, in total,
30 potential snow avalanche release zones varying from 0.11 ha to 1.36 ha were determined
(Figure 3). The study area were categorized into two sub-catchments, called as A, B, and C
(Figure 3). While 17 of release areas were located in catchment A, 9 of them were located in
catchment B, and remains are located in catchment C. 2D snow avalanche simulations were
made for each release zones in each scenario of the 30—, 100—, and 300—year recurrence
intervals. Thus, in total, 90 avalanche simulations were run. Three examples of simulations for
each recurrence intervals are given in Figure 3.

Elevation (m)

e 2633
= 2200
(a) (b)
(c) (d) (e)
Figure 3 (a) DEM, (b) orthophotos with snow avalanche release zones determined, (c)

2D snow avalanche simulation result with 30-year recurrence interval, (d) 2D snow avalanche
simulation result with 100-year recurrence interval, (¢) 2D snow avalanche simulation result
with 300-year recurrence interval.
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For the 30-year recurrence interval, the results indicated no avalanche that can reach up to the
road for the catchment A. However for both catchment B and C, snow avalanches had a
considerable potential to reach up to that road and could pose a threat to the traffic safety. In
the case of the scenario with 100-year recurrence interval, there was only one snow avalanche
that had the potential to threaten the traffic safety for catchment A. The remaining release zones
in catchment A did not potentially pose a threat to the road. However all potential snow
avalanches in catchment B and C could reach up to the road, posing a great potential risk to the
traffic safety. For the 300-year recurrence interval, five snow avalanches in catchment A could
potentially reach up to the road. Depending on the analysis in the area, two alternative
mitigation measures were proposed. The first alternative for mitigation is to construct a 715-
me avalanche tunnel that over the highway. The Second alternative is to build snow bridges
with 4 m in height and 3034 m in length against avalanches potentially threatening the road
safety.

4. CONCLUSIONS

Snow avalanches that disrupt traffic and create serious safety problems are frequent events
during winter season on the Erzurum-Cat-Karliova highway in the eastern Anatolian Region of
Turkey. Nevertheless, neither active nor passive mitigation measures were planned or carried
out so far. In this study, it was aimed to understand snow avalanche potential and problem in
the region and to propose solutions against avalanche hazard. Potential snow release zones and
snow avalanche simulations were assessed in different scenarios. UAV based high resolution
data were successfully used for this aim. Depending on the evaluations, mitigation measures
were proposed.

REFERENCES

Briindl, M., Etter, H.J., Steiniger, M., Klingler, C., Rhyner, J., Ammann, W. 2004. IFKIS — a
basis for managing avalanche risk in settlements and on roads in Switzerland. Nat.
Hazards Earth Syst. Sci., 4, 257-262.

Biihler, Y., Hiini, A., Christen, M., Meister, R., Kellenberger, T. 2009. Automated detection
and mapping of avalanche deposits using airborne optical remote sensing data. Cold
Regions Science and Technology 57, 99-106.

Eisenbeiss, H. UAV photogrammetry. Ph.D. Thesis, Institute of Geodesy and Photogrammetry,
ETH Zurich, Zurich, Switzerland, 2009.

Kristiensen, K., Harbitz, C. B., Harbitz, A. 2003. Road traffic and avalanches-methods for risk
evaluation and risk management. Surveys in Geophysics 24, 603—616.

Nebiker, S., Annen, A., Scherrer, M., Oesch, D. A light weight multispectral sensor for micro
UAV—opportunities for very high resolution airborne remote sensing. In Proceedings of
the International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, XXXVII (Part B1), Beijing, China, 3—11 July 2008, 1193-1199.

Volk, G., Kleemayr, K. 1999. Lawinensimulationmodell ELBA. Wildbach und Lawinenverbau,
63, 138.

Zischg, A., Fuchs, S., Keiler, M., Stotter, J. 2005. Temporal variability of damage potential on
roads as a conceptual contribution towards a short-term avalanche risk simulation.
Natural Hazards and Earth System Sciences, 5, 235-242.

64 Evaluation of snow avalanche hazard on the Erzurum-Cat-Karliova highway



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

Avalanche observations related to probabilities

Peter Gauer

Norwegian Geotechnical Institute, PB Ullevaalstadion 3930, NO-0806 Oslo, NORWAY
Corresponding author, e-mail: pg (at) ngi.no

ABSTRACT

Delineation of avalanche endangered areas or the design of appropriately dimensioned miti-
gation measures according to the respective regulations while accounting for the possible (eco-
nomic) consequences is a challenge. Mitigation measures may be very effective for the design
event, but may have little or no effect on events that exceed the design event. Even if a miti-
gation measure reduces the hazard in a certain area, an extension of human activity in this area
may increase the social risk. Planning and design of avalanche mitigation measures requires
information about avalanche intensity (e.g. impact pressure or velocity) and the corresponding
occurrence probability. In this paper, a series of avalanche observations are presented that can
help to derive estimates of those probabilities.

1. INTRODUCTION

Oftentimes avalanches are referred to as “Geissel der Alpen”, meaning scourge or whip of the
Alps. But avalanches are not confined to the Alps. They have endangered and still do endanger
the population and their infrastructure in all mountainous areas with at least seasonal snow cover.

Hazard zoning and extensive construction of mitigation measures (such as supporting structures
in the starting zones or avalanche dams in the run-out areas) have reduced the number of
fatalities in settlements and on roads in areas, where those measures have been implemented.
In the Alps, the Winter 2018/2019 has probably shown again that these measures are successful.
Despite of two to three meter of snow within seven days in the many precipitation areas, which
probably corresponds to a return period of 15 to 30 years, relatively few damages to buildings
were reported in the news. Nonetheless, three avalanches, which all hit and slightly damaged
hotels, made the news in Switzerland, Austria, and Germany—fortunately without fatalities.

In Norway, for example, hotels belong to safety class S3, which implies that they should only
be built in areas where the nominal annual probability for avalanches is less than 2-10~* (return
period > 5000 years) [TEK17 (2017)]. Typical residential buildings belong to safety class S2
for which the annual avalanche probability should not exceed 103 (return period > 1000 years).
There are no explicit specifications concerning impact pressure corresponding to this return
period, but it is sometimes taken as 1 kPa. Today's major challenge is to delineate avalanche
endangered areas or to design sufficient mitigation measures according to the respective regul-
ations while at the same time accounting for the possible (economic) consequences [Wilhelm
(1996), Briindl and Margreth (2015)].

Avalanche hazard is influenced by the combination of various parameters, such as:

e terrain (slope, exposition, roughness, ...);
e vegetation (stand density, tree diameter, undergrowth, ...);
e precipitation (frequency, amount, intensity, rain, Snow, ...);
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e wind;
e snowpack properties (maritime, continental, ...);
e avalanche type (dry, wet, ...), dynamics, run-out distance.

Each of those parameters is related to a probability distribution that needs to be defined and
appropriate estimates of the combined probability need to be made. In addition to historical
records and longtime observations, numerical models can be useful tools, but keeping in mind
that the uncertainties related to model simulations might by higher than the desired accuracy by
the regulations. These models include snow cover models such as Crocus [Naaim et al. (2013)]
or Alpine3d [Mott et al. (2010)] but also avalanche models like RAMMS [Christen et al.
(2010)], SAMOS-AT [Sampl and Granig (2009)], and MN2D [Naaim et al. (2002)]. Models
may be especially useful in regions where little historic information is available. As mentioned
before, the uncertainties of the models might be higher than the desired accuracy—therefore,
their application requires extensive experience from practitioners to assess the model results.

2. AVALANCHE OBSERVATIONS RELATING TO PROBABILITY
In this paper, avalanche observations are presented that can be related in one way or the other
to probabilities or help to derive those probabilities.

2.1 Probability to observe a natural avalanche

One of the main challenges with regard to hazard assessment is to estimate avalanche probabil-
ities and avalanche size for a given path. Little data are available to quantify these probabilities
as it requires sufficiently long-term observations of all avalanche events. One example of this
kind of observations is represented by a data set of approximately 80 surveyed avalanche paths
around the Rocky Mountain Biological Laboratory (RMBL), Gothic, Colorado (an area of app-
rox. 60 km?) during a period 37 years.

Figure 1  a) Normalized conditional probability (logio-scaled) of observing an avalanche
given the mean precipitation intensity of the last day and last 3 days. The continuous
line resamples constant intensity during the last 3 days and the dashed line precip-
itation only during the last day. b) Normalized number of observed avalanches
versus one-day new snow water equivalent HNWiq (total number of avalanche
paths surveyed NoP = 81). The dashed line shows a fit of the mean value and the
dotted line of the 0.95-quantile. ¢) Normalized number of observed avalanches
versus three-day new snow water equivalent HNW34 (number of avalanche paths
surveyed NoP = 81).

Figure 1 shows how precipitation or its intensity may relate to the probability of natural avalan-
ches. That recent loading intensity (either as precipitation or snow drift) is a major driver for
natural avalanche activity is commonly known, however, little work has been done on the
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quantification. Figure 1 suggests that especially recent intense loading is important for high
avalanche activity. This is, e.g., also reflected in recent experiments by [Birkeland et al. (2018)].

2.2 Fracture depth and avalanche size

Not only how often one has to expect an avalanche in a given path but also what is the expected
fracture depth and avalanche size/mass are important parameters in hazard assessment. In
modern avalanche models, fracture depth and avalanche size are required as initial parameters.

Based on data from Rogers Pass, [Schaerer and Fitzharris (1984)] proposed an empirical relat-
ionship between the mass of avalanches and the most significant determining factors, which
can be expressed as

M,, = C(S — R)A™, (1)

where Mm, is the total mass of a maximum avalanche for the return period m; S'is an index of
the amount of snowfall in the avalanche path; R1is a factor describing roughness of the ground;
A is the surface area of the catchment; Cis an avalanche mass coefficient that is a function of
the return period, m, as well as of the incline and wind exposure of the starting zone, and n is
an empirical exponent.

Nowadays, Geographical Information System (GIS) provide valuable tools to delineate pot-
ential releases areas and ease the evaluation of size of catchments [Maggioni (2005), Biihler
et al. (2018), Veitinger (2015)].

[Brown et al. (1972), Jamieson and Johnston (1990)] as well as [McClung (2009)] emphasized
a relation between the fracture depth Dgzr and the release size. [McClung (2009)] proposed the
relation

M = 225C,D3; )

for the release mass M in tonnes, where Co is a constant of the order of 10. The difference
between total mass and release mass relates to the mass that the avalanche may erode along the
track. For simplicity, the avalanche release depth of major avalanche is often linked to the three-
day new snow HNW34 [Salm et al. (1990), McClung and Schaerer (2006)]. This approach may
give reasonable fracture depth for major avalanches, but may give a wrong impression of their
return periods (see e.g. the discussion by [Schweizer et al. (2008)]). To obtain a better relation-
ship between avalanche release probability and fracture depth/avalanche size, a better under-
standing of the release mechanism of natural avalanches is required. Recent advances in the
understanding of the fracture process of snow [Schweizer et al. (2016)] can help to provide
better estimates of return periods and avalanche size.

Based on a simple slab model [Lackinger (1989)], [Gauer (2018a)] used a Monte-Carlo simul-
ation approach, to obtain estimates of avalanche release probabilities and probability distri-
butions of the expected fracture depth (snow water equivalent) depending on climatological
conditions. In an extension, he also accounted for forest.

Figure 2 shows some examples of preliminary results of those Monte-Carlo simulations and
comparisons with observations.
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Figure 2  a) Distribution of the conditional probability PLA|HNW34). Comparison of observ-
ations (lines) and simulations (dots) for data from Gothic, Colorado (RMBL #9 and
Ryggfonn, Norway (RGF). b) Complementary cumulative distribution function of
Drei. Comparison between simulations for Ryggfonn (RGF, Norway), Tromsdalen
(TD, Norway), and Gothic (#9, Colorado) and observations or proposed relations
in the literature. The boxplot shows the snow height distributions for the three
simulations reflecting different climatic conditions. ¢) Comparison of the nominal
return period versus mean slope angle of the release area with the forest stand factor
dN as parameter (dN is given by the breast height diameter in m times the number
of trees per m?).

2.3 Scaling behavior of maximum front velocity of major avalanches

Avalanche velocity is an important intensity factor; it is decisive for the dimensioning of miti-
gation measures, like dams or reinforced buildings [Johannesson et al. (2009)], but also for
defining warning times.

A scaling analysis using a simple mass block model, supported by observations and measure-
ments of snow avalanches, indicates that the maximum front velocity of major avalanches

scales with the total drop height as U,gx ~+/ gHse/2 and that the mean velocity is

U =~ 0.64U,,,,. Here, Hsc is the maximum drop height, i.e., for major avalanches usually the
altitude difference from the release area to the valley bottom. The analysis also suggest that the
effective friction depends on the mean slope angle.

Furthermore, the observations may also help to estimate run-out probabilities. Figure 3 shows
exceedance probabilities (i.e. the probability to observe a value larger than a given one) for a

series of observed Uy /v 9Hsc/2 [McClung and Gauer (2018)] and expected a values
according to the a—f model [Lied and Bakkehgi (1980)]. The assumption of the empirical a—f
model is that the data on which the model is based reflect rare avalanches; that is events with
return periods of the order of 100 years. With that in mind, exceedance probability in Figure 3
b) might be multiplied by a factor of the order of 107 to obtain annual probabilities. The CCDF
of Umax can be approximated reasonably well by a Generalized Extreme Value (GEV)
distribution.
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Figure 3  a) Complementary Cumulative Distribution Function (CCDF, survivor function) of
observed values of Uy, /+/9Hsc/2 and b) estimated exceedance probability of o

versus 3 according to the a—f model [Lied and Bakkehei (1980)] for major aval-
anche events.

Figure 4 shows the calculated (dimensionless) velocity of a mass block moving with a constant
retarding acceleration along a cycloidal track. The retarding acceleration is chosen in such a
way that the mass block stops at, respectively, the f-point (which is close to the am+10 -point),
the am-point, or at the am—1o -point. In these cases, the corresponding dimensionless maximum

velocity Upax /+/ 9Hsc/2 1s approximately 0.76, 0.86, and 0.96, respectively.

According to Figure 3, such maximum velocities are attained or exceeded by, respectively,
12%, 6% and less than 2% of all avalanches occurring in the path. Comparing these results with
the observations in Figure 3 suggests that the simulated run-outs as well as the velocities agree
with the assumption that the velocity curves in Figure 4 reflect major dry-snow avalanches that
are relevant for dimensioning of mitigation measures.

Figure 4  Velocity of a mass block moving with a constant retarding acceleration along a
cycloidal track (gray dashed line; steepness in release area is ¢o = 40°) and reaching
1) the B-point (cyan dashed line), 2) the am-point (red dashed line), and 3) the
am—1lo-point (magenta dashed line). The corresponding maximum velocities are
marked with a dot .
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Simple dimension criteria for avalanche catching dams relate the required height of the free
board Hm to the avalanche velocity (see for example Chapter 8.4 in [Rudolf-Miklau et al.
(2014)])

U2
ﬂ’:2gl

H h 3)

where A is empirical constant with a value typically between 1 and 3 depending on the
avalanche type (dry or wet) and Ar is the flow height. In the case of the example in Figure 4,

an avalanche stopping at the am-point has still a velocity of approximately 0.55./ gHsc/2 at the
B-point. Now planning a catching dam at -point, one could directly relate the required free
board to the drop height Hsc

_ Hge
122

H +h, “4)
That is, the required free board in this case would be of the order of 5% of the drop height for
dry-snow avalanches, which leads to technically impractical dam heights for drop heights in
excess of ca. 500 m.

2.4 Estimates of the reach of the powder part of avalanches

Most of the present-day avalanche models only account for the run-out of the dense or fluidized
part of the avalanche. However, a destructive effect of the suspension cloud or air blast of the
avalanche can often be observed a considerable distance beyond the more obvious deposits of
the dense part.

Avalanche observations from Norway, Austria and Switzerland, which distinguish between the
dense (fluidized) flow and powder part, are analyzed to obtain probability information about
the reach of the powder part [Gauer (2018b)]. Figure 5 show estimates on the survival prob-
ability of apsa versus (3. The data provide useful hints for avalanche practitioners about the
reach and the corresponding probabilities of the powder part of avalanches.

Figure 5  Estimated survival probability of apsa versus 3. For comparison, the dashed line
shows the relation angle ¢ =0.964 —1.4" of the dense part and the gray-shaded

area marks the corresponding +c-range.
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3. CONCLUSIONS

A quantified avalanche risk management and planning of mitigation measures requires exten-
sive knowledge of all individual processes involved as well as their interactions. Especially
regarding a consistent quantification of the interactions of individual processes, be it with regard
to the recurrence periods or the vulnerability of objects, there is still a need for research.
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ABSTRACT

Snow avalanches are a severe natural hazard, threatening recreation, transportation, industries,
property and lives in Canada with more than 700 fatalities since the mid-1800s. Of these,
many incidents were reported on the short slopes of eastern Canada. Indeed, archival research,
coroner’s investigations and newspaper searches indicate that avalanches are the second most
deadly natural hazard after landslides in the Province of Quebec. Most of these accidents have
occurred near residential or public buildings, highlighting the danger related to snow mass
wasting on very short slopes (< 70 metres of relief), but also their potential in infrastructural
damage. In addition, there is no structural protection nor any systematic daily forecasting pro-
cedures to reduce avalanche risks, as compared to western Canada. In January 2017, a fatal
avalanche accident occurred in an urban snow storage site. The inventory of these avalanche-
threatened areas has not been completed but it is likely that they are more widespread than
previously thought. Indeed, it appears that all the major cities in the Province of Quebec are
struggling with this problem in several snow storage sites resulting from the cleaning of the
roads. The preliminary results about snow characterization and stability in storage sites are
presented and discussed.
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ABSTRACT

Avalanche protection structures such as snow bridges, rakes and nets in release zones, as well
as dams for catchment or deflecting structures in run-out and deposition zones, have been suc-
cessfully employed for many years. More recently, the idea of using flexible-net catchment
fences as lightweight, space saving and economic alternatives, aimed at shortening the run-out
distance of avalanches, has been proposed. A full-scale structure, the so-called Snowcatcher,
was installed and instrumented with several load measuring pins, which record the dynamic
forces caused by an avalanche. Two avalanche events were recorded and allow to investigate
the temporal force evolution and observed peak values. The results indicate significant differ-
ences in the measurement results. It appears that the difference in size and structure-avalanche
interaction, as well as the existence of debris material in the avalanche flow is of major im-
portance for the observed forces. This additional debris material blocks the net surface, making
it impermeable and prevent snow particles from passing the net surface. Further the debris —
structure impact leads to peak forces that may damage parts of the structure.

1. INTRODUCTION

Permanent avalanche mitigation measures are either constructed in the release zone (e.g. snow
bridges) or in the lower avalanche path/runout zone (e.g. dams) (Rudolf-Miklau and Sauer-
moser, 2011; Pudasaini and Hutter, 2007). Under certain topographical conditions one ad-
vantage of constructing measures in the runout zone, as opposed to the release zone, is the
possible reduction of construction lengths, due to an often smaller avalanche width in the path.
This has a major impact on the project implementation, especially with regard to space and time
savings, resulting in lower construction costs and often less ecological impact. At present, the
most common method of retarding an avalanche in motion are avalanche protection dams,
which were subject to several scientific studies (e.g. Baillifard, 2007; Domaas et al., 2002;
Hékonardéttir, 2004; Johannesson et al., 2009). Flexible rope nets for the protection against
rockfall are common and have previously been investigated, (Gottardi and Govoni, 2010; Peila
and Ronco, 2009; Volkwein, 2005). While rockfall nets are optimized to absorb high punctual
impact energies, avalanche pressure acts over a much larger area and longer time period (Marg-
reth and Roth, 2008). Therefore, results from rockfall and avalanche experiments on flexible
wire rope nets can hardly be compared to each other. A mitigation barrier against debris flows
constructed with supporting frames, similar to the prototype presented here, is described in
Bichler et al. (2012). Herein a new mitigation measure against avalanches is proposed. For areas
endangered by smaller avalanches the Snowcatcher presents a viable alternative to avalanche
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(a) Avalanche path (b) Positions of measurement devices and force directions.

Figure 1: Test site overview

dams using flexible wire rope nets. Therefore, a full-scale prototype of the Snowcatcher was
instrumented with several load measuring pins, which record the dynamic loads caused by an
avalanche. The motivation of the measurements is (i) to investigate the resulting forces in the
structure due to an avalanche and (ii) to observe the influence of net structure on the avalanche
flow.

2.  SNOWCATCHER TESTSITE

Since a major goal of our project is to analyse the effectiveness of a new protection measure
against avalanches in motion, a location that meets several requirements had to be found. An
avalanche path in the Stubai Valley (approx. 35 km from Innsbruck) was considered as location
with advantages regarding avalanche frequency, avalanche size and reachability in winter. The
location of the Snowcatcher allows easy access, being close to a forest road on 1300 masl in a
narrow east-facing avalanche path, see Figure 1. The release zone of the avalanche is between
2000 and 2400 masl which leads to a vertical gap larger than 700 m. The release volumes of
expected avalanches are in a range up to 35.000 m? corresponding up to a destructive size 3-4.

2.1 Snowcatcher Structure

The prototype of the Snowcatcher was designed to withstand impact pressures up to 50 kN/m?,
which corresponds to an avalanche simulation with a release volume of 7000 m? and a snow
density of 300 kg/m?. The structure of the Snowcatcher consists of the following parts:

e  Omega-Net: This structural element catches the avalanche. It is a specially braided net with
a mesh size of 185 mm and a wire diameter of 9 mm.

e Ropes: Bearing and middle ropes stretch the net and redirect forces from the structure to
the lateral anchors. Side stabilisation ropes account for the lateral stability of the structure.

e Brake elements: They expand at a certain force level and limit the load in ropes and anchors
during an avalanche event.

e  Supporting structure: It is constructed as a three-hinged frame in the form of a A, called
“Lambda Frame”.

e Anchors: Hollow bar anchors IBO R51 were used to transmit loads from ropes and frames
into the ground. The length of each anchor is approximately 9 m.
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(a) incoming avalanche (b) interaction with structure (c) avalanche deposit

Figure 2: A sequence of the powder avalanche from 2019-01-13

Four Lambda Frames are installed with 4 m spacing, resulting in an overall width of the
Snowcatcher of 12 m. The height of the net supporting beam is 5.3 m and the angle of the beam
to the terrain is 85°, whereas the terrain angle is 25°. Lower angles between net surface and
terrain reduce the effective height of the system and complicate the snow removal of avalanche
deposits in the Snowcatcher. In contrast to currently used net structures, the Snowcatcher
doesn’t have upslope retaining ropes, what allows the emptying of the deposit volume with
machinery during the season.

2.2 Instrumentation

Several load measurement devices are installed in the system to record dynamic forces exerted
by an avalanche. Two Lambda Frames of the structure (frame #1 at the edge and frame #2 in
the middle) are instrumented with load measurement pins (four pieces) similarly to the set up
of Rainer et al. (2008). The arrows (Figure 1b) indicate the direction of the force measurement
in the Snowcatcher. eight shackles record tension forces in selected ropes of the system. Data
loggers with a rate of 100 Hz collect the data from all sensors. Further two cameras are installed
to record the avalanche interaction with the Snowcatcher. Camera #1 is situated 30 m lateral to
the structure and camera #2 is placed in a distance of 250 m. The recording frame rate of both
cameras is 100 fps.

3.  AVALANCHE EVENTS

In this contribution we focus on 2 different avalanches that occurred in an avalanche cycle in
January 2019. One avalanche occurred on 2019-01-13 at 14:42 and the other one the following
morning 2019-01-14 at 4:34. The avalanches differ in size, related volume and the interaction
with the structure. This includes the direction of impact and the interacting cross section which
specifically depend on the change of the flow path due to previous deposits.

3.1 Avalanche Event 2019-01-13 14:42

After a heavy snow fall an avalanche release led to a powder snow avalanche that hit the
Snowcatcher, see Figure 2. The maximal tension force in the ropes reached a value of 33 kN
(Figure 3a). The highest compression forces were measured in pin #3 at the foot of the bracer
of the Lambda Frame #1. Here forces raised to a value of 63 kN (Figure 3b). The videos of
camera 1 indicate a front velocity of 25 — 30 m/s before the powder cloud hit the Snowcatcher.
Turbulences and a side passing suspended snow leads to a bad visibility and therefore the
assessment of the velocity after the interaction with the Snowcatcher is not possible.
Nevertheless, the video of camera #2 shows a deflecting and retarding effect of the structure to
the avalanche. The pictures indicate that the net surface remained permeable, leading to
particles passing the net surface. This is in correspondence to the results of laboratory
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(a) tension forces in the side stabilisation ropes (b) compression force in the bracer (Lambda
Frame)

Figure 3: Force measurements of the powder avalanche event 2019-01-13

experiments performed by Gleirscher and Fischer (2013). During the event the electric chord
of shackle #5 was damaged, hence no measurement of this device exists. The volume of the
avalanche deposit is estimated to approximately 1000 m* which corresponds to an avalanche
size 2.

3.2 Avalanche Event 2019-01-14 4:34

This avalanche event happened in the early morning. Due to the darkness at this time no video
data is available. The deposit volume is estimated to approximately 5000 m?, indicating a
destructive size of 3 and therefore a bigger size than the avalanche characterized in 3.1. Further
the deposit of this avalanche shows many branches that block the permeable net surface (Figure
4). The maximal deformation of the Omega-Net was observed in the field between frame #1
and frame #2 and the maximal force occurred in frame #2, leading to the assumption that here
the avalanche had the biggest impact. The maximal tension force in the side stabilisation ropes
reached a value of 190 kN and for bearing/middle ropes a value of 83 kN. While the
bearing/middle ropes are equipped with braking elements, limiting the forces in these ropes, the
side stabilisation ropes are fixed without braking elements. During the avalanche event, the side
stabilisation rope #4 broke probably due to an interaction with a trunk. Immediately before the
fracture the measurement in this rope indicates a force increase from 40 kN to 190 kN in
between 10 milliseconds (Figure 5a). 83 kN was the maximum value of the forces recorded in
the bearing/middle ropes (Figure 5b). The measurements in the pins #1 and #2 show similar
courses (Figure 5¢). The axial force has a negative sign, which indicates a tension force in the
beam. The values in pin #1 (referring to frame #1, see Figure 3) are considerably higher than
in pin #2. Highest values in axial- and slope parallel-direction are -142 kN and 137 kN in pin
#1. Figure 5d indicates a remarkable higher compression force (298 kN)in pin #4 referring to
frame #2 than in pin #3 (174 kN) referring to frame #1. This effect might ascribe to a higher
force application point in frame #2 than in frame #1.

4. RESULTS AND OUTLOOK

This study is an attempt to better understand the interaction of snow avalanches with flexible
net structures. A prototype of a new mitigation measure with several load measuring pins was
installed in an avalanche path to record forces during an avalanche event. We want to provide
a first step in analyzing the forces acting in parts of a mitigation structure that could be a novel
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(a) branches in the net (b) deposit of the avalanche

Figure 4: The test site after the avalanche event from 2019-01-14

(a) tension forces in the side stabilisation ropes (b) tension forces in the bearing/middle ropes

(c) axial, slope parallel forces in pin I and 2 (d) axial forces in pin 3 and 4

Figure 5: Force measurements of the avalanche event 2019-01-14
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measure against avalanches. Herein we highlight two avalanches that differ in size and
avalanche—structure interaction. The interaction of a powder avalanche (destructive size 2) with
the Snowcatcher led to maximal rope forces of 33 kN and to maximal compression forces of
63 kN in the measuring pins, which account for the base plates of the Lambda Frames. Another
avalanche event represents a destructive size 3 avalanche. This event led to remarkable higher
forces in the structure. Because of that, plastic deformations of parts of the structure were
observed: One side stabilisation rope broke probably due to debris impact at a peak load of
190 kN. Further six brake elements were permanently strained. The maximal force at the base
plates of the Lambda Frame was recorded in pin #4. The compression force reached a value of
298 kN.
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ABSTRACT

In recent years, western Canada has suffered some of the worst forest fire seasons in history in
terms of areal extent of forest burned. Fires have impacted several mountainous areas near
towns and highways that have been previously assessed for avalanche hazard. Along with slope
incline, forest cover is considered a key terrain feature when considering where avalanches may
initiate and flow, due to its effect on the radiation balance and the structural support it provides.
Forests also provide a retarding effect to avalanches in motion reducing the momentum and
shortening runout distances. Once burned, these characteristics can be altered for several
decades, bringing into question the level of protection provided by remaining stems.
Furthermore, in the short-term dead trees can be uprooted or broken by a flowing avalanche,
increasing the density and impact pressure of the flow. Considering these factors, avalanche
paths affected by wildfires require reassessment to determine and quantify the effect of
deforestation on avalanche hazard. Factors involved in re-assessing avalanche hazard for burnt
paths are explored and two examples of reassessments are provided.
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ABSTRACT

Ski lifts have been operated for decades in Iceland but most ski areas are small, and run by
local municipalities as non-profit organisations. Snow avalanches have damaged buildings,
ski lifts, and other equipment in ski areas in Iceland, but, so far, no fatal avalanche accidents
have occurred within the boundaries of the ski areas. In Isafjordur, a very large snow aval-
anche destroyed ski lifts and ski huts in the 1994, and again in 1999 when the area was being
rebuilt. It was then relocated to a safer place. In Siglufjordur, an avalanche caused extensive
damages to ski lifts in 1988 which lead to relocation of the ski area. In the new location, an
avalanche damaged a ski lift in 1995. Avalanches have also hit ski lifts in other areas, for
example in Oddsskard on the east coast, and in Blafjoll, the largest ski area in Reykjavik,
without causing serious damages.

The first regulation on avalanche hazard mapping and monitoring for ski areas was enacted in
Iceland in 2009. The regulation requires lower ski lift stations and the surrounding area,
where people gather in queues, to be in a relatively safe location (outside C-zone in the hazard
map) and the same applies to ski huts and parking lots as well as manned ski lift top stations.
Apart from that, lift lines, top stations and ski runs can be located in avalanche zones. Every
ski area with one or more avalanche starting zones within its boundary is required to have an
avalanche safety plan.
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ABSTRACT

The challenge Icelanders faced after the deadly avalanches at Sidavik and Flateyri 1995 is still
our mission. That is to protect our inhabitants in towns and villages threatened by snow aval-
anches and landslides. We lost 34 people in the two catastrophic avalanches. And we have lost
much more people in earlier decades in the 20" century.

Even after horrible events like these, it is a challenge for local politicians and those that are
responsible for the safety of the inhabitants to convince many of them about the need for evacu-
ating their home in an endangered area for a while during an avalanche cycle or even about
building protection measures close to their house. And then relocating a part of settlements, or
even a whole village like Stidavik, can be a difficult task also. In Hnifsdalur, NW-Iceland, part
of the settlement was relocated, and it did hurt that small community at least emotionally for
the inhabitants.

After my experience during the years between 1998 and 2010 as Mayor of [safjardarbzer in the
Westfjords, I believe that we must increase the speed of the construction of avalanche protection
measures in Iceland. There are still many projects waiting to be implemented. The Icelandic
Avalanche and Landslide Fund has sufficient means to cover the remaining work but the Parlia-
ment has not allocated high enough budgets to complete projects according to plans that were
made by the Icelandic government after the deadly avalanches 1995.
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ABSTRACT

We report on a series of laboratory experiments to study the interaction of slushflows with
catching dams. The aim of the experiments is to identify an engineering design that effectively
stops a slushflow upstream of a catching dam. In the experiments, we use water as a substitute
for slush. The chute flow is scaled with the Froude number and the barrier height is scaled with
the depth of the chute flow and the Froude number. We find high run-up (splash) and thus high
impact forces may be inferred, during the initial impact of the flow with an impermeable barrier,
resulting in overtopping of the dam. The splash is followed by semi-steady fountaining, with
overflow until an abrupt transition to a hydraulic jump occurs and overtopping ceases. The high
initial splash may be interpreted in terms of high pressures that develop during the impact due
to the incompressibility of water as opposed to granular flow. We note the importance of
reducing the initial splash to minimize overtopping and shorten the transition to a hydraulic
jump state. A row of relatively low, steep braking mounds upstream of an impermeable, steep
dam is extremely effective. We find that energy dissipation does not take place at the upstream
mound face, but rather downstream from the mounds, due to turbulence. A permeable or partly
permeable steep rock dam or a rock berm is also effective to reduce overtopping.

1. INTRODUCTION

Slushflows occur when water-saturated snowpack is mobilized. Slushflows are common in
Norway, Iceland, Alaska, other Arctic regions, as well as in Japan, and may become more
common in lower altitude Alpine regions, due to global warming. Erik Hestnes at the NGI in
Norway has studied Norwegian slushflows for over three decades (Hestnes, 1985, 1998). In a
recent paper, Hestnes and Kristensen (2011) identify three types of slushflows, based on the
triggering mechanism: 1) Liquefaction of a wet snow slab, 2) release of a slab avalanche into
an increasingly wetter snowpack and 3) avalanches into lakes.

The resulting flows may be highly turbulent and travel with steep flow fronts (see Figure 1),
much like dam-break floods. Gude and Scherer (1998) studied slushflows in Spitsbergen and
North Sweden. They used the Froude number of the flows to distinguish between minor, Fr <1
and larger slushflows or slushtorrents, Fr > 2. Wave-like instabilities on the free surface have
been observed for flows with Fr close to 1 (surges or roll waves, Sovilla et al., 2012) and more
than one release from the same starting zone is common, with the lower part releasing first and
the upper part following (Hestnes et al., 2011; Agistsson et al., 2003b). The speed of large
slushflows is generally lower than the speed of dry snow avalanches, which may be due to high
basal resistance in the flow track. The flows generally entrain snow, soil and rocks on the way
and the flowing mass increases substantially downslope.
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Large slushflows may be highly destructive, exerting dynamic pressures on obstacles of the
same order as large dry-snow avalanches.

The present study is motivated by the challenge of stopping slushflows above the villages of
Patreksfjordur and Bildudalur in Nortwestern Iceland. Residential houses are threatened by
slushflows with volumes of 10-50 thousand cubic meters and both towns have been hit by
slushflows from prominent gullies in the mountainsides (Agustsson et al., 2003a; 2003b). A
catastrophic slushflow was released above Patreksfjordur in January 1983, claiming three lives
and damaging 16 houses, see Figure 1. Back calculations of flow speeds suggest a speed of the
slushflow of 10 to 15 m/s (Johannesson and Hakonardéttir, 2004; Gauer, 2004). Channels to
direct the flows through the residential area, to the ocean were proposed in earlier appraisal
studies (Sigurdsson et al., 1998), thereby splitting the towns in two and removing several houses
in the way. The proposals were rejected by the town council due to the undesired impact on the
town’s appearance. The channel in Patreksfjorour would also have cut access to the hospital
from the western part of town, during and after a large slushflow. In 2015, Stefan Margreth of
the SLF in Switzerland, was brought in for consulting. He recommended investigating the
feasibility of a catching dam as an option for the protection of this part of the town, including
detailed studies of the retarding effect of such structures against slushflows (Margreth, 2015).
Hestnes and Sandersen (2000) discuss mitigation measures in the track of slushflows. They
recommend catching dams to restrict the run-out of slushflows and breaking structures as used
for retarding debris flows, for retarding the flows, upstream of the dams. They do not suggest
stopping such flows.

Figure I A slushflow in Western Norway in May 2010 (Hestnes et al., 2011). A newspaper
clip from Morgunbladid of slushflow-debris in Patreksfjordur, Northwestern Ice-
land in January 1983.

A few experimental studies on the velocity profile and viscosity of slushflows have been
conducted (Jaedicke et al., 2008; Upadhyay et al., 2010). Jaedicke et al. (2008) additionally
measured impact pressure on an obstacle in the flow path, measuring the highest pressures as
the flow front hit the obstacles. Small scale experimental studies of granular flows have shown
similarities between granular flows and shallow water flows and indicate that shallow-water
theory may be directly applied to calculate phenomena such as shocks (hydraulic/granular
jumps) in the interaction with obstacles (Savage, 1979; Brennen et al., 1983; Gray et al., 2003;
Hakonardottir and Hogg, 2005). Dissimilarities have also been observed in small scale experi-
ments with water. Hakonardottir and Hogg (2005) report on short-lived water jets moving up
obstacle faces in the initial impact, with run-up or splashing exceeding the run-up calculated
from energy conservation. This behaviour is not observed to the same extent in impacts of
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granular flow with obstacles. The difference is ascribed to the incompressibility of water,
whereas the granular flow front is dilute and compressible. Similar splashes may be observed
in violent and destructive ocean wave impacts on harbour walls, see Figure 2.

Figure 2  Stay away from the seafront: Waves crash against the promenade in Aberystwyth,
Wales, as strong winds and high tides continue in western Britain. Taken from the
Daily Mail article 2534511.

The goal of the experiments presented in this paper is to identify an engineering design that
effectively stops slushflows upstream of an approximately 10 m high catching dam, where a 1—
3 m thick slushflow at the speed of 10-20 m/s may be expected (Froude number between 2 and
5). We draw upon experience in the design of dams and mounds for retarding dry-snow
avalanches (Johannesson et al., 2009) of ocean breakwaters (van der Meer and Sigurdarson,
2017; Bruce et al., 2009; Najafi-Jilani and Monshizadeh, 2017), wave impact theory (Cooker
and Peregrine, 1995), and the design of obstacles (baffle/chute blocks) in dam spillways and
bottom outlets of hydropower plants to dissipate the energy of the flow (Peterka, 1984).

2. THEORY

2.1 Scaling
The Froude number of a free-surface flow, upstream of an obstacle, is an important
dimensionless parameter which is given by

u?

Fr? = (1)

where u is flow speed, / is flow depth and & is the slope angle. The Froude number is commonly
used to scale free-surface fluid flow, if viscous effects are negligible. It measures the speed of
the flow relative to the speed of the small-amplitude surface waves. Issler (2003) suggests that
for dry-snow avalanches F7 is in the range 5 to 10. We find that the Froude number for large
slushflows that may be expected in Patreksfjordur, Northwestern Iceland, is between 2 and 5
on the debris cone, where catching dams may be located (see discussion in section 1).

ghcos&’

2.2 Splash

Hékonardéttir and Hogg (2005) observed pressure-induced splash in the initial impact of high
Froude number water flows and dams. The splash height may be calculated from pressure
impulse by Cooker and Peregrine (1995).
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2.3 Energy conservation
The maximum run-up of a snow avalanche on a catching dam has traditionally been determined
from point-mass energy conservation (Salm et al., 1990; Rudolf-Miklau et al., 2015).

2.4 Ballistic trajectories

Jets of fluid or granular flows over relatively low obstacles (H/h1 = 1-5, where H is obstacle
height) have in laboratory experiments been observed to follow ballistic trajectories.

2.5 Hydraulic jump

The flow depth for an upstream propagating hydraulic jump may be determined from classical
analysis of two-dimensional hydraulic jumps, mass and momentum fluxes are conserved across
the jump, but mechanical energy is dissipated (Hager, 1992). The hydraulic jump for flows with
Froude numbers between 2.5 and 4.5 is unstable and oscillating. Dissipation of energy flux over
the jump is 0.15 to 0.45 (Hager, 1992). Interestingly, the hydraulic jump for flows with Froude
numbers between 1.7 and 2.5 is weak with series of small rollers.

3. EXPERIMENTAL SETUP AND DESIGN

Slushflows are a partly-saturated mixture of water and snow, with a range from almost pure
water to very wet snow mixed with mud and rocks. We use water to study slushflows, since
slush is hard to produce in a consistent manner and scale in the laboratory. By using water, we
enhance the difference with granular flows and the interpretation of the results is simplified.

The experimental chute is approximately 9 m long and 1.2 m wide, with a 6 m® tank at the
upstream end, 1.5 m higher than the horizontal part of the chute, see Figure 3. Water is released
from the tank with a quick release valve, to imitate dam break. The system is based on the design
of wave simulators, to recreate run-up of ocean waves on flood banks at a large scale (van der
Meer, 2001). The valve is 1 m wide and 0.3 m high. Water is released from the tank onto a chute,
with obstacles for testing on a level section near the end of the chute, see Figure 3.

Figure 3 Setup C.6. The experimental chute is 9 m long and 1.2 m wide with a 6 m? tank.

3.1 Scaling

The experimental setup was designed based on Froude number scaling of the flow and length
scaling of 1:10 (lab.:field), as is common in wave experiments (Bruce et al., 2009) and the
following scaling arguments:
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Viscous effects: The Reynolds number in these experiments is calculated to be approximately
3-10°, which is sufficiently high that viscous effects may be neglected.

Froude number: Fr1 = 3-5, as for large slushflows expected in Patreksfjordur (see section 1).
Flow depth: The flow depth is scaled by a factor of 10.
Dam height: Haam / ho > 1, where h» is the depth of a stationary hydraulic jump.

Mound height: Hnouna! h1=2-3, based on experimental results of optimum mound heights in
granular flows (Hakonardottir et al., 2003b; 2003c).

The ratio of the width of the chute to the width covered by obstacles: Bmounds/benue = 0.5 and
Baam!benue = 1.

Rock size: Dfiela = 10 Diab,, where D is the diameter of rocks in the rock dams, to ensure scaling
of impact forces vs. weight (horizontal resistance) and void ratio. The rock size scaling is
derived from Froude number scaling and the ratio of the force due to dynamic pressure
and a resistance force, proportional to the weight of the rocks.

Flow speed: ufieid. = 10"? uiap., derived from the Froude number and flow-depth scaling).

Time: tred. = 102 fiap..

3.2  Dam setup and experimental procedure

In each experiment, the tank is filled up to a depth of 0.9 m and 2.7 m* of water released
instantaneously onto the chute. The vertical drop from the initial water level onto the horizontal
chute section is 2.7 m.

The flow speed on the chute was measured at three locations, upstream of the obstacles as a
function of time, using a A-Ott C31 propeller current meter (relative accuracy £2%). The flow
depth was measured visually from video recordings (25 frames/s). Each experiment was
repeated three times and captured on video. The volume left on the chute after each experiment
was calculated from the depth of the remaining fluid on the chute. The measurements are
inaccurate for relatively little overtopping (estimated accuracy +0.1 m?).

A catching dam was located at the lower end of the chute. The different dam setups tested are
listed in Table 2 and Table 1. Setup A comprises impermeable dams inclined at different angles
to the chute (horizontal) between 34° and 100°. Setup C comprises permeable rock dams and/or
rock berms. Setup B, entails experiments with mounds upstream of the impermeable dams in
setup A.

Table 1 Setup B. Experimental setups of one and two rows of low obstacles (mounds and
dams) upstream of an impermeable catching dam.

Setup Omounds ~ Oldam No. of rows
no. () () upstream Description
B.1 90 90 1 One row of mounds + a steep catching dam (A.1)
B.2 90 90 2 Two rows of mounds + a steep catching dam (A.1)
B.3 90 75 1 1 row of mounds + 75° catching dam (A.2)
B.4 90 34 1 1 row of mounds + 34° catching dam (A.4)
B.5 90 90 1 1 low catching dam + vertical dam (A.1)
B.6 90 90 2 2 low catching dams + vertical dam (A.1)
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Table 2 Setup A and C. Experimental setups for a single dam at the end of the experimental
chute. The dam height is 1 m and Haum/h1= 7-12. The rock berms and rock dams
are 0.5 m thick and span the width of the chute.

Setup no. Odam (°) Description
A.l 90 Vertical front face. Control experiment
A2 75 Typical steep avalanche dam
A3 60 Steep avalanche dam
A4 34 Typical soil dam
A5 95 Overhanging dam, e.g. harbour wall
A.6 100 Overhanging dam, e.g. harbour wall
C1 90 I m high, steep 0.5m thick rock dam, rocks fixed, no back plate (the
dam is permeable)
C.2 33+90 0.5 m high, 33° berm of fixed rocks on a steep rock dam
C3 33+90 0.5 m high, 33° berm of loose rocks on a steep rock dam
C4 90 1 m high rock berm on a steep, impermeable dam face (A.1)
C.S5 90 0.5 m high, steep rock dam.
C.6 90 + 90 0.5 m high rock berm on a steep, impermeable dam face (A.1)

4. ANALYSIS AND RESULTS

4.1  Chute flow: Experimental setup without obstacles upstream of the dam

The flow on the chute is turbulent and lasts for approximately 9 s. The front is thin, fast flowing
and short, see Figure 4. The body of the flow is thicker and slower and remains semi-steady for
approximately 1.5 s. The tail of the flow is decelerating and thinning for the remaining 5 to 8 s.
The surface of the flow is irregular. The irregularities are characterized by two length scales, a
larger scale (order of 1 m) and a smaller scale (order of 0.025 m).
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Figure 4  The flow speed and flow depth 0.5 m upstream of the catching dam as a function

of time for 2.7 m

of water released from the tank and the experimental setup

without obstacles upstream of the dam.
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4.2 Impact with catching dams: Experimental setups A and C

Photographs of three distinct faces in the impact of the flow with an impermeable dam (setup
A.1) and a permeable dam (setup C.1) are shown in Figure 5. Upon impacting the catching dam,
the flow splashes high up on the dam face (Figure 5 A). This initial interaction is short lived,
typically lasting just 0.06 s, which corresponds to one frame of the video recordings, although
the evolution of the splash-up the dam face can be readily followed for 0.7 s. The jet then
collapses upon the flow that is moving up the dam face. The run-up is then reduced and a semi-
steady fountain that overflows the dam forms and prevails for approximately 1 s (Figure 5 B).
These fountains resemble violent wave impacts on ocean walls following the initial splash (see
Figure 2). Water continues to pile up at the dam face and the fountain collapses approximately
1.7 s after the initial impact. A hydraulic jump then forms in 0.2 s (Figure 5 C). Splashing over
the dam is reduced but is present until the hydraulic jump has propagated approximately 2 m
up the chute or over twice its width.

4.2.1 Setup A: Interpretation

The most effective impermeable dam setup in terms of the volume of overflow is setup A.6,
with a steeper than vertical dam face. The least effective setup is A.4 with a dam face sloping
at 1:1.5 (34° to the horizontal). No difference was observed in the depth of the hydraulic jump
for the different setups.

4.2.2  Setup C: Interpretation

The most effective rock dam setup is setup C.1. Setup C.2 with a berm sloping at 34° is least
effective and the only rock dam setup with overtopping. The rocks in the berm in setup C.3,
become mobilized during the first two flow phases. The rocks had been arranged at the dam
face, but were loose, as is common practice for ocean breakwaters. The rock size of 0.1-0.2 m
1s comparable to rocks of size 1-2 m in the field. Setups C.4 and C.6, with a 1 m and 0.5 m
high, respectivly, steep, 0.5 m thick rock layer upstream of a dense, steep catching dam (A.1),
yielded similar results as setup C.1.

A. Splash
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C. Fountain

B. Hydraulic jump

Figure 5 Experimental setup A.1 and C.1. The dashed black lines note the maximum run-up
and the dashed white curves enhance the water table in the rockfill. The horizontal
grid spacing on the chute is 0.1 m. A. Initial splash, approximately 0.6 s from
impact. B. Fountaining, approximately 1.25 s from initial impact. C. Hydraulic
jump, approximately 2 s from initial impact.

4.3 Impact with combinations of mounds and catching dams: Experimental setup B
Photographs of three distinct faces in the impact of the flow with two rows of small mounds
upstream of an impermeable catching dam (Setup B.2) are shown in Figure 6. A high splash is
observed upon the impact with the upper row of mounds. The splash is abrupt, and rises
vertically for 0.6 s. The splash collapses over both rows of mounds and also partly upon the
upward moving flow and a semi-steady jet is launched over the mounds. The jet lands upstream
of the lower row of mounds. A splash is not observed at the lower row of mounds but a jet is
formed, smaller than at the upper row. Neither a splash nor fountaining is observed at the face
of the catching dam at the end of the chute. Rather a hydraulic jump is formed immediately
after the impact.

4.3.1 Interpretation

Setup B.2, with two rows of breaking mounds upstream of the catching dam, 1s most effective
and setup B.4 with a dam corresponding to a construction of loose materials is least effective.
Setup B.1, with one row of mounds, is almost as effective as setup B.2 with two rows.
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A. Splash B. Jets

C. Hydraulic jump

Figure 6  A. Initial splash, approximately 0.6 s after the initial impact (left). B. Semi-steady
flow phase, approximately 2 s after the initial impact. The measured flow speed at
the upper row of mounds is u; = 5,0 £ 0,25 m/s. The throw angle, 0 is 67° and 71°,
at the upper and lower row of mounds, respectively. C. Propagation of a hydraulic
jump, approximately 2.5 s after the initial impact. The jump has caught up with the
lower row of mounds.

5. CONCLUSIONS AND FURTHER STUDIES

The following main results have been observed in the impact of high-Froude number water
flow and impermeable catching dams (experimental setup A):

e The initial impact with a dam is violent and a pressure-induced jet shoots up the dam
face over twice as high as energy conservation would suggest. This phenomenon is also
observed in violent wave impacts with harbour walls.

e The splash collapses after the initial impact and fountaining is observed prior to the
onset of a hydraulic jump, approximately 2 s after the initial impact, or 6 s at the natural
scale. Overtopping of the dam occurs during this period. The fountain height is com-
parable with the energy height if no energy is dissipated in the impact with the dam.

e Overtopping decreases with a steeper dam face and is eliminated in the case of a 100°
dam face.

e Overtopping may also be reduced or eliminated by reducing the initial splash height at
the dam face, with:

- A row of steep mounds upstream of the dam.

- A permeable steep rock dam or a steep rock berm at the upstream face of an
impermeable dam.
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e Impact forces are high enough to move 0.1-0.2 m wide rocks or 1-2 m boulders at the
natural scale.

Many questions about the effective design of catching dams to contain slushflows remain
unanswered and we raise a few of them here:

e Debris may pile up upstream of dams and mounds in an impact of a slushflow with such
defence structures. If a second slushflow is released shortly after, the effectiveness of
the protection measures may be reduced. The debris may form a ramp for a secondary
release to shoot up.

e Wave-like instabilities or surges and roll waves have been observed in slushflows with
Fr close to 1. Those may reduce the effectiveness of dams because of secondary impacts.

e The damping effect of a rock berm may depend on the width of the rock layer that water
is ejected through. The width of the rock layer in the experiments was 0.50 m or (2.5—
5) D, where D is the diameter of rocks.

e Ifthe voids in a rock dam or a rock berm have filled with ice and snow over the winter,
the rock dam will not dampen the initial impact. The slushflow may also fill the voids
and reduce the damping effect.

e The observed mobilization of rocks in the berm in experiment C.3 indicates that erosion
of mounds built from loose materials by rapidly moving slushflows may quickly reduce
or eliminate their effect on the flow, even for large rock sizes. Erosion protection may
be an important aspect of the design of slush flow protection measures of this type.

Previous laboratory studies on the impact of granular flows with obstacles, conducted at small
length scales (1:100), show granular jumps upstream of catching dams, with a depth readily
predicted from shallow-water theory. A substantial difference between granular flows and
water flows is, however, observed in the first two impact phases (splash and fountaining):

e A granular splash is hardly observable.
e Fountaining is not observed.

e The transition from the initial impact to a granular jump happens almost instantly, or
much more quickly than in water flows.

This difference is ascribed to a dilute flow front of the granular flows that is able to compress
considerably, whereas water is incompressible (Hakonardottir and Hogg, 2005). A difference
is also observed regarding energy dissipation in the impact with mounds. In granular impacts,
a considerable dissipation of energy occurs at the mound face (Hékonardottir et al., 2003b,
2003c), which is not observed in water impacts. The mixing of streams from individual mounds
and the turbulence during the landing on the chute may account for the dissipation of the energy
in the water flows. Air drag may add further to the dissipation at larger scales (JOhannesson et
al., 2009).
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ABSTRACT

For planning mitigation measures against snow avalanches, the size and frequency
of avalanches should be evaluated in a certain region. However, avalanche hazard is not
easy to evaluate directly using observed data of avalanche occurrences because long-term
data on avalanches is rare. We analyzed snowfall events associated with dry-snow
avalanche release conditions using meteorological data covering a few decades and
evaluated the frequency of avalanches by approximation of the events to an exponential
distribution.

1. INTRODUCTION

The frequency of phenomena that cause natural hazards is an important factor to consider for
prevention and protection measures against the phenomena. Current methods for evaluating the
frequency of avalanches are as follows: methods directly using long-term data on avalanche
occurrences (e.g., Laternser and Schneebeli, 2002; Sinickas et al., 2016), methods of detecting
avalanche years from damage and changes remaining in tree-rings (e.g., Decaulne et al., 2012;
Corona et al., 2012), methods of estimating the potential conditions for avalanche releases using
meteorological data (Johannesson and Jonsson, 1996), and methods using the relationship
between the total amount of precipitation and the probability of avalanche occurrence
(Bakkehoi, 1986). We propose to easily evaluate the frequency of avalanches using
meteorological data in a region where long-term data on avalanche occurrences does not exist.

In the frequency analysis, probability distributions of extreme values, such as the annual
maximum, are commonly used to ascertain the return period, but complex procedures, such as
parameter setting, are necessary for fitting the data to the probability distribution. On the other
hand, all values exceeding a certain threshold are sometimes used to evaluate the frequency of
phenomena in peaks over threshold (POT) analysis (e.g., Blanchet et al., 2009). In addition, it
has been known for a long time that the relationship between the frequency and the magnitude
of natural phenomena exceeding a certain threshold could be simply approximated to
exponential and/or power-law distributions (e.g., Gutenberg and Richter, 1944). The suitability
of exponential and/or power-law distributions for the frequencies of rain events (e.g., Peters et
al., 2010) and snow avalanches (Birkeland and Landry, 2002) also has been examined by much
previous research. If the approximation could be applied to snowfall events associated with
avalanche release conditions, the frequency required to plan prevention measures against
avalanches could be easily evaluated using the meteorological data. We analysed the snowfall
events associated with the avalanche release conditions using meteorological data covering a
few decades and evaluated the frequency of the avalanches by approximation of the events to
exponential distribution.
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2. METHODS

2.1 Meteorological conditions associated with avalanche releases

For attempting the frequency analysis of snow avalanches using meteorological data, we
focused on dry-snow avalanches during heavy snowfall. In particular, avalanche release in
forests is one of the characteristic phenomena that occur during heavy snowfall. A typical heavy
snowfall event that caused many avalanches occurred in the Kanto-Koshin district on February
14-15, 2014, as shown in Fig. la (Izumi et al., 2014). Figure 1b indicates a meteorological
condition associated with dry-snow surface avalanche releases in forests as well as other
avalanches that occurred during the heavy snowfall (Matsushita and Ishida, 2016). The
avalanche releases in forests shown as “®” in Fig.1b occurred in conditions with relative low
air temperature and large snowfall amount in a short period of 12 hours compared with other
avalanches shown as “x” in Fig. 1b. In addition, conditions associated with avalanche releases
in forests, including the results of examination for vegetable and terrain conditions (Matsushita
et al., 2018), are summarized as follows:

(1) Snowfall amount Si2: During 12 hours, exceeding 45 cm on a slope with inclination of 45°
or exceeding 50 cm on a slope with inclination of 30°.

(2) Air temperature 7'2: mean value during the 12 hours is below -4 °C.
(3) Snow depth SDy12: larger than 50 cm one hour before a period of 12 hours.

We focused on conditions (1)-(3) of dry-snow surface avalanche releases in forests during
heavy snowfall and examined the frequency analysis of avalanches using meteorological data.
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A 50 JMinakami
=
840 15,245¢cm Y
£
& 30 7 s7=15" X
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Air temperature 77, (°C)

Figure 1  (a) Locations of avalanche releases in forests (®; Matsushita and Ishida, 2016) as
well as other avalanches (%; Izumi et al., 2014) during extreme heavy snowfall on
14-15 February 2014. Locations of snow sliding through nets and fences for
preventing falling rocks (m) and meteorological observatories of the Japan
Meteorological Agency (A) are also shown. (b) Conditions associated with
avalanche releases during the heavy snowfall expressed with maximum snowfall
amount S12 and mean air temperature 712 during 12 hours within snowfall period.
Classical stability index S were estimated using S12 and 712 (Matsushita and Ishida,
2016).

96 A simple evaluation of dry-snow avalanche hazard using meteorological data



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

2.2 Selecting the snowfall events associated with avalanche release conditions

To examine the frequency of snowfall events associated with dry-snow avalanche release
conditions based on the exponential approximation, we used hourly snow depth and air
temperature observed at Minakami (36° 48.0' N, 138° 59.5'E, 531 m a.s.l.) and Hinoemata (37°
00.6'N, 139° 22.5'E, 973 m a.s.l.) where avalanches were released in forests during the heavy
snowfall on 2014 (Fig. 1). The data were observed during the periods of 28 winters from
November 1989 to April 2017 at Minakami and of 35 winters from November 1982 to April
2017 at Hinoemata by the Japan Meteorological Agency.

First of all, snowfall amount S (cm) was defined as the cumulative value of the positive
difference in snow depth each hour. Each snowfall event was regarded as ending when the
snowfall ceased (i.e., the hourly difference in snow depth < 0 cm) for more than 5 hours. The
numbers of snowfall events n with snowfall amounts S at intervals of 5 cm were counted
regarding the cases of snowfall amounts § greater than 30 cm. Dividing the number of events n
by the years of observation period provides the frequency of snowfall events F(S) (number of
events / year) with snowfall amounts S. In this paper, we used the frequency F(S<) based on the
cumulative number of snowfall events N from classes of large snowfall amounts at intervals of
5 cm. The frequency F(S<) means the occurrence number N of snowfall events per year with
snowfall amounts exceeding S cm.

Next, the maximum snowfall amount Si2 during 12 hours within the period of each snowfall
event was calculated and mean air temperature 712 during the 12 hours was obtained from
hourly data. For evaluating the frequency of snowfall events associated with conditions of dry-
snow avalanche releases in forests shown Section 2.1, the events with mean air temperature 772
below -4 °C and snow depth SDy12 over 50 cm were discriminated from the snowfall events.
Frequencies F(S12<) of the discriminated events were calculated in the same manner as that of
the snowfall events mentioned above. The frequency F(S12<) means the occurrence number N
of snowfall events per year with snowfall amounts exceeding Si> cm.

3. RESULTS

3.1 Frequency of snowfall events

Figure 2 shows the numbers n and the frequencies F(S<) of snowfall events with snowfall
amounts § at intervals of 5 cm. The frequencies of snowfall events with snowfall amounts
exceeding 50 cm and 100 cm are 2.96 (three times per year) and 0.25 (once per four years) at
Minakami, and 4.31 (about four times per year) and 0.74 (once per 1.4 years) at Hinoemata.
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Figure 2 Numbers of snowfall events n (histograms) and frequencies of events F(S<) with
snowfall amounts exceeding S (solid lines with closed circles) at intervals of 5 cm.
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Figure 3  Snowfall amounts S versus the logarithms of frequencies F(S<) of snowfall events.
The vertical axes are expressed in natural logarithmic scale. Solid lines represent
regression lines with coefficients of determination * and number of classes ..

Figure 3 represents the relationship between the snowfall amount S and the logarithm of the
frequency of snowfall events F(S<) with snowfall amounts exceeding S at intervals of 5 cm.
The vertical axis of this figure is expressed in natural logarithmic scale shown as “In”. The solid
line is a regression line with coefficient of determination 7 between the snowfall amount S and
the logarithm of frequency F(S<). The regression analysis indicates a strong linear correlation
between the snowfall amount and the logarithm of frequency at a statistically significant level.
The frequencies of snowfall events with snowfall amounts exceeding 50 cm and 100 cm that
are estimated from the regression equations are 3.30 and 0.28 at Minakami, and 4.76 and 0.55
at Hinoemata. These estimated values agree with the observed values. Therefore, the simple
regression analysis with exponential function can be used for evaluating the frequency of
snowfall events with snowfall amounts exceeding a certain value.

3.2 Frequency of snowfall events associated with avalanche release conditions

The numbers of snowfall events with mean air temperature 712 below -4 °C and snow depth
SDyp12 over 50 cm are 56 at Minakami and 205 at Hinoemata (Fig. 4). The frequencies of
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Figure 4 Numbers of events » with the maximum snowfall amount Si> (histograms) and
frequencies of events F(S12<) (solid lines with closed circles) at intervals of 5 cm.
The events were selected from the snowfall events shown in Fig. 2 as cases of mean
air temperature 712 below -4 °C and snow depth SDy12 over 50 cm.

98 A simple evaluation of dry-snow avalanche hazard using meteorological data



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

3 3
~ | (a) Minakami ~2 ] (b) Hinoemata
@ | (S = -0.171S), + 5.63 KT
a 000 =)
2, 2 =0.945 T,
) )
c 1 - =3 c 1 -
4} 4}
L -3 A o3
; 4 ; 4 lI]F(SlQE) = '0.138312 + 546
-5 T T T -5 };2 = Dggls’ nc=7|
0 20 40 60 80 0 20 40 60 80
Snowfall amount S;; (cm) Snowfall amount S;; (cm)

Figure 5  Relationship between the snowfall amounts S12 and the logarithms of frequencies
F(S12X) of snowfall events shown in Fig. 4. Regression equations represented as
solid lines were obtained except the events with snowfall amounts Si2 less than 30
cm (shown as open circles). n. is the number of classes used in regression analyses.

the snowfall events F(S12<) with snowfall amounts Si» exceeding 45 cm and 50 cm, which are
associated with conditions of dry-snow avalanche releases in forests, are 0.18 (once per 5.5
years) and 0.04 (once per 25 years) at Minakami, and 0.51 (once per two year) and 0.31 (once
per three years) at Hinoemata.

Figure 5 represents the relationship between the snowfall amount S12 and the logarithm of the
frequency of snowfall events F(S12<) with snowfall amounts exceeding S\; at intervals of 5 cm.
Regression lines shown in Fig. 5 were obtained, except the snowfall events with snowfall
amounts S12 less than 30 cm shown as open circles in the figure. The frequencies of snowfall
events with snowfall amounts S, exceeding 45 cm and 50 cm that were estimated from the
regression equations are 0.13 and 0.05 at Minakami, and 0.47 and 0.24 at Hinoemata. These
estimated values agree closely with the observed values. Therefore, the simple regression
analysis with exponential function can be used also for evaluating the frequency of the snowfall
events associated with the conditions of dry-snow avalanche releases in forests.

4. CONCLUSIONS

We analysed the snowfall events associated with the avalanche release conditions using
meteorological data covering a few decades and evaluated the frequency of the avalanches by
approximation of the events to an exponential distribution. Simple regression analysis using the
exponential function revealed a strong correlation between the frequency and snowfall amount
(i.e., size) of snowfall events at a statistically significant level. Consequently, the exponential
approximation can be used in frequency analyses for snowfall events associated with avalanche
release conditions. However, avalanche release conditions using meteorological data should be
defined to evaluate the frequency of the avalanches in this method.
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ABSTRACT

The complexity of avalanches especially the interaction with objects like masts or buildings are
not sufficiently described in the current guidelines. Therefore, engineers need to utilize
scientific approaches or to develop individual solutions. This paper discusses the current
Standards for avalanche loads and demonstrates a design of a general avalanche load profile.
Furthermore, a special solution of a wedged ropeway tower is shown and approaches towards
an improvement for avalanche protection measures for ropeway towers are discussed.

1. INTRODUCTION

Ropeways usually make high alpine terrain accessible and are, thus, frequently built in
avalanche prone areas. The towers act as narrow obstacles for the avalanche. The avalanche
engineer has to investigate the avalanche hazard and to design a realistic avalanche load profile.
The structural engineer has to consider the loads in his calculation in order to make the towers
safe against avalanches. However, the complexity of avalanches, especially the interaction of
an avalanche with objects like masts or buildings is not sufficiently described in current national
guidelines which leads to individual approaches. The main challenge is to find the optimal
tower shape which provides a minimum contact area and a maximum cost-effectiveness. One
of the major steps in this working process is to draw an avalanche load profile that is as realistic
as possible. Furthermore, we developed an optimized tower shape against the avalanche impact.

In this paper, we present our approach resulting from practical experience in a number of ski
resorts and daily discussions with other avalanche experts.

2. STANDARDS FOR AVALANCHE LOADS

The Austrian standards for the calculation of avalanche loads on obstacles (ONR 24805) and
the Swiss guidelines for the consideration of snow loads and avalanche loads on ropeways
(Margreth et al. 2015) are used do distinguish between loads of the gliding snow mass, the
dense flow part, the fluidized part and the powder part. The interaction of these different load
types and the temporal occurrence are not defined in these standards and must therefore be
defined by the avalanche expert.
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3. APPROACH TO THE PROTECTION OF ROPEWAY TOWERS AGAINST
AVALANCHES/ AVALANCHE LOADS

3.1 Design of a “Realistic” avalanche load profile

Avalanches are dynamic processes with a complex flow behaviour that cannot be described in
a simple way. Structural engineers need concrete load specifications of avalanche impacts for
the dimensioning of endangered objects. The challenge for avalanche engineers is the
transmission of the complex avalanche impact in a realistic, comprehensive and understandable
way.

The loads on masts and buildings can be split into the creeping or gliding snowpack, the dense
flow part, the fluidized layer and the powder part. Each of these loads is subdivided into
different load types (e.g. the dense flow part is divided into the dynamic flow pressure along
the flow depth and the flow pressure along the climbing height that decreases linearly). We
assume that loads of the gliding snow mass, the dense flow, the fluidized layer and the powder
part appear at the same time. Overlapping loads are not added, but the highest load value on
each point along the tower is selected (the thick black dashed line in figure 1). With this
approach we can provide an avalanche load profile that corresponds to all appearing load types
and is applicable for narrow objects like masts as well as for wall-like structures (e.g. buildings).
The figure 1 shows the load profile considering all load types.

Figure 1 = Avalanche load profile on a tower considering all load types (snowpack, dense
flow, fluidized layer and powder part)
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3.2 Effect of circular cylinder and splitting wedge on avalanche dynamic

The first focus is on the calculation of the climbing height hdyn of the dense flow part on towers
that cannot be described realistic with the equations used in practice. The equations in ONR
24805 (2010) for the dynamic flow pressure py as for the climbing height of the dense flow part

hgyn are the same for circular cylinders and for wedged obstacles.

Pr=Ca % (1)

hayn = % ’ fb/df (2)
The drag coefficient cd is the same for circular cylinders as well as for wedged objects (cd =
1.5 for the dense flow regime according the recommendations in Jéhannesson et al. (2009) and
ONR 24805 (2010)). Equation 2 in ONR 24805 (2010) for the calculation of the climbing height
hdyn does not contain any value for the shape of the obstacle and considers just the avalanche
type by the variable A and the obstacle width. Also the slope inclination has not been considered
in the equations.

We suppose that the obstacle shape has a crucial influence on the resulting pressure and
especially on the climbing height of the avalanche. Equation 2 (climbing height hdyn) results
in unrealistic high values for the climbing height in case of high flow velocities. For example a
fast avalanche (vi=25m/s, d=1m, cd=1.5) and a narrow obstacle (b=1m) lead to a climbing
height of 15m. This seems not to be realistic. Practical observations support our theory that
obstacle shape does influence climbing height with lower heights in wedged-shaped object
compared to cylindrical objects probably due to a “splitting effect” on the avalanche (figure 2
and 3).

Figure 2 Avalanche impact on a circular cylinder tower. Photo by NGI

Hofer, Schroll and Illmer 103



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

Climbing
angle ~40-60°?

¢ "ry 1Sy Suiquin)

Is this the perfect avalanche wedge?

Figure 3  Train with a snow plow in action. TNT Channel — YouTube (2016)

3.3 Optimized design of ropeway towers — “wreath construction”

Ropeway towers usually need to be built in steep terrain in avalanche-prone areas. Our solution
for an optimized avalanche protection measure for a ropeway tower is to raise a wedge-like
wall around the avalanche exposed side as shown in Figure 4 (“Wreath” construction). The
construction material can be concrete, steel or a steel-wood-combination. Such constructions
have already be implemented in ski areas.

3.4 Approach for a design of a tower construction based on the shape of the snow plow
of the train in figure 3

Figure 5 shows a more complex wedged tower protection which is integrated in the foundation,
similar to the form of the snow plow in figure 3. The construction includes a wedge-shaped
concrete-shaft with a concrete or steel plate on top. It can be assumed that the avalanche is split
by the wedge and climbs up to the level of the energy height. The level of the energy height is
reached after the tower. The steel mast of the tower is not reached by the dense flow part of the
avalanche. The shaft height above ground must overtop the snow surface, the dense flow height
and a safety supplement.

To realize the described approach in 3.3 and 3.4 it is very important that the flow direction is
clear, otherwise the wedge acts like a rectangular obstacle.
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Figure 4  Wedged structure around the avalanche exposed side (“Wreath” construction) on a
ropeway tower.

Figure 5  Approach of an improved ropeway tower
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4. CONCLUSION
Loads of avalanches can be huge and the interaction with obstacles complex.

Our observations and experiences show that the behaviour of the dense flow part of the
avalanche is not the same for circular cylinder as for wedged obstacles. The Austrian and the
Swiss guidelines do not distinguish between these obstacle shapes regarding the dense flow
regime.

For small objects in avalanche paths like ropeway towers and for high flow velocities we
recommend to design the objects as wedged structures and the surface of the wedge as smooth
as possible. However, one of the most important requirements to realize wedged structures is a
clear flow direction of the avalanche.

The theoretic results and approaches of this paper should be proved with field tests or laboratory
experiments. Heil (2017) researched the flow behaviour of snow in a rotating drum. The
experiment setting could be adopted by inserting obstacles in the rotating drum. The pressure
and the climbing height for different obstacle shapes could be measured.

Field tests could as well be performed on snow-covered lakes. A construction at the front of a
snowmobile should constitute obstacles in different shapes: circular cylinder, rectangular and
wedge as “narrow obstacles” and walls (straight and inclined) to represent the effect of catching
dams and deflecting dams.
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ABSTRACT

The Norwegian Public Roads Administration (NPRA) has been one of the partners in the Nor-
wegian Avalanche Warning Service (NAWS) since the service was launched in 2013. NPRA’s
contributions include both financial support, field observations, scientific review, weather
stations, traffic data and near real-time data from instrumented avalanche paths. The strategy
for these contributions is the idea that well-executed and documented decision-making at all
levels in the organisation, is much more beneficial for safety, accessibility and predictability
than just being a passive recipient of a perfect written bulletin.

Since the regional avalanche bulletins became a daily product in 2013, NPRA has developed a
number of other activities and processes that ensure seamless data flow between relevant
entities and organisations. For instance, a mobile app used by NPRA’s road contractors, now
transfers data from the snowplow driver to the national team of avalanche forecasters. Local
warning services also use the same tools and contributes with local data and hazard evaluations
shared with forecasters who are concerned with larger NAWS regions. Radars, geophones and
infrasound microphones along the roads are used to detect avalanches. These data are used to
send warnings and alerts to road users and operators. Some roads even get automatically closed
immediately when avalanches are detected in the release area. In addition, these data are also
transferred to the NAWS.

This presentation will give an overview over tools and work processes developed over the last
five years. We will focus on the elements that ensures better safety, accessibility and
predictability for users of roads prone to avalanches.
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ABSTRACT

Steep, 10 to 23 m high catching dams, for avalanche protection with an almost vertical wall on
the upstream side have been constructed with systems of reinforcing strips or grids and frontal
units. A variety of materials, metal or synthetic, or a combination of both, are available for this
purpose. Several different systems have been utilized for the reinforced part of the barriers for
the past 20 years. A brief analysis was made of the overall performance of the different systems.
The focal points of the analysis were the upstream faces and the reinforcement systems with
respect to observed durability as observed in 2016, cost, installation procedure (how sensitive
the system is to quality of installation and the time needed for installation) and final appearance.
It is concluded that the single most important factor in obtaining an acceptable final appearance
is the quality of the workmanship of the installation and that project supervision is of great
importance. The experience in Iceland does not necessarily have to be transferrable to other
countries and locations as conditions vary greatly from country to country.

1. INTRODUCTION

Avalanche dams in Iceland are mainly constructed of fill material from excavations of loose
soil/scree material or blasted bedrock at the construction site. The first earth-fill barriers that
were constructed after the catastrophic accidents in 1995 were in Flateyri, Nortwestern Iceland.
The design was based on a new legal framework on hazard assessment and protection measures
from 1997 (505/2000). The design entailed two defecting dams, with a catching dam between
them. The first catching dam and braking mounds with a reinforced upstream front were
constructed in 1999 above the town of Neskaupstadur, Eastern Iceland. The construction was
completed in 2002, soon to be followed by similar structures at Bildudalur, Seydisfjordur,
Siglufjordur, Bolungarvik, Isafjorour, Patreksfiordur and Faskr(dsfjorour, see Figure 1. The
number of catching dams built of reinforced fill now stands at 20 at these various locations.
Several different systems have been utilized for the reinforced part of the barriers. These
systems must be easy and simple to erect, have good compatibility with the existing soils, good
durability and an end-product that has a safe and trustworthy appearance. The intended lifespan
ofthe structures is 100 years. The reinforced fill used in almost all the projects to date in Iceland
is made of crushed rock. The individual particles of the fill are thus quite sharp-edged.

The Icelandic Avalanche fund and the Government Construction Contracting Agency of
Iceland, launched a review program on the dam constructions and experience of the different
systems. The results were published in 2016 (Efla et al., 2016). This paper summarizes the
results by describing the systems that have been used and the experience gained over the past
20 years.
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2. SYSTEMS — SHORT DESCRIPTION

These systems usually consist of two major components; the facing units and the soil
reinforcement part. Both components can be made either of steel or synthetic material or both.
Concrete can also be utilized for facing units, but has only been used for low guiding dams or

Figure 1  Location of catching dams and braking mounds constructed with steep upstream
face in Iceland.

channel walls. Apart from the Siglufjordur barriers, nearly all the dams constructed in Iceland
have the similar appearance of a rock wall that is contained by a mesh of heavily galvanized
steel. The systems that have been constructed in Iceland are:

1. L-shaped facing units of steel with geosynthetic reinforcements (geogrid) and 0.65 m
and 0.8 m high facing units.

2. C-shaped facing units of steel with flat steel strips as reinforcement and 0.5 m high
facing units.

3. Flat facing panels of steel with geosynthetic strips as reinforcement and 0.6 to 1.8 m
high facing panels.

4. Facing units made of synthetic material with geosynthetic reinforcements (geogrid),
with 0.15 m high facing units.

5. Facing units made with wire mesh steel gabions, 1m high, and geogrid reinforcements.

A brief description of each system follows.

2.1 System no. 1

The geosynthetic reinforcement is laid out on a level grade and tensioned, see Figure 2. The L-
shaped facing units are placed on top of the geosynthetic reinforcement (geogrid). Guiding rods
are placed in front of the panels to secure the placement of the facing units. The stones in the
lower half of the front are then placed and subsequently the fill is laid out behind the stones and
compacted. A geotextile is placed between the stones behind the facing units and the fill, if
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needed to fulfil filter criteria. When the reinforced fill has been levelled the upper half of the
stones in the front are placed and the next row can commence.

-Stones

Geotextile

Geogrid

0.65m

/Stiffness rod

Figure 2 System no. 1: L-shaped facing. A schematic diagram and a photograph during
construction in Patreksfjordur

2.2 System no. 2

C-shaped facing units are placed in much the same way as the L-units of system no. 1, on a
level grade with guiding rods in front of the units, see Figure 3. Steel strips are then placed on
a level grade and connected to the facing units with bolts. The reinforced fill is placed on top
of the metal strips extending almost to the front. This stabilizes the system and when the first
lift of fill is completed the stones in the front are placed and the next layer can commence. A
geotextile is placed between the stones behind the facing units and the fill, if needed to fulfil
filter criteria.

Figure 3  System no. 2: C-shaped facing units. A schematic diagram and a photograph during
construction in Neskaupstadur

2.3 System no. 3

Flat facing panels of steel are placed with the aid of a scaffolding system, see Figure 4. Synthetic
reinforcement strips are attached to the facing panel utilizing a special metal hook and
tensioned. The reinforced fill is placed on top of the straps and the stones subsequently placed
at the front. The process is reiterated, and the scaffolding system extended higher up the front
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face. The flat facing panels are connected using a galvanized metal wire. A geotextile is placed
between the stones behind the facing units and the fill, if needed to fulfil filter criteria.

AL ONAL LEMGTH (% GBS 1 T
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Figure 4  System no. 3: Flat facing panels. A schematic diagram, with units in mm, and a
photograph during construction in Neskaupstadur.

2.4 System no. 4

Geosynthetic reinforcement (geogrid) is placed on a level grade and tensioned, see Figure 5.
Geosynthetic cells are placed and filled with soil and the reinforced fill placed and compacted
behind it up to the level of the cells. This process is then reiterated until the next layer of
geosynthetic reinforcement is placed. Mixed fill material with a specified amount of organic
material can be used in the front cells to enhance vegetation in these cells. The idea is to cover
the steep front face in vegetation by providing favourable conditions for growth.

4

Geogrid v
\j

Figure 5  System no. 4: Facing of geosynthetic cells with a vegetated finish. A schematic
diagram and a photograph during construction in Siglufjérdur.

2.5 System no. 5

Geosynthetic reinforcement is placed on a level grade and the gabion placed on top of it in the
front, see Figure 6. The gabion is filled with stones and the reinforced fill placed subsequently
on top of the geogrid extending from the back of the gabion. The height of the reinforced fill
equals that of the gabion. When the correct height of the fill has been reached the process is
reiterated.

111



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjorour, Iceland, April 3-5, 2019

PR S

Figure 6  System no. 5: Steel gabions. A schematic diagram.

3. EXPERIENCE IN ICELAND

In total, 20 catching dams have been constructed with steep upstream faces from reinforced
earth systems. An overview of the dams constructed with each of the five systems is given in
Table 1 and Section 3.1 "Dams constructed with reinforced earth systems” and an analysis of

the experience with the different systems at those locations is discussed in sec-
tion 3.2 “Analysis”.

Table 1 An overview of dams constructed from the five earth reinforcement systems.
Village o . z = b7
=2 = S g z = © »
e =] = = E) S o =
: | = = 3 7 5 | 3 Z ”
o 2 2 z z =
System no.
1 1 2! 1 2 1! 1 8
2 1 1 1! 3
3 4 4
4 5 5
5 1 1
Total 1 1 2 7 5 2 2 1 21

3.1 Dams constructed with reinforced earth systems

! catching dam and braking mounds
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3.1.1 System no. 1

System no. 1 is shown on Figure 2. It has been utilized at three locations in Western Iceland:
Bolungarvik, {safjordur and Patreksfjordur and one in Eastern Iceland: Faskradsfjordur, see
Figure 1.An example of the final appearance of the system is in Figure 7.

Bolungarvik: The first dam to be constructed was a 22 m high catching dam with 8 pc of 10 m
high braking mounds under the Tradarhyrna mountain in the village of Bolungarvik in the
Northwestern part of Iceland. System no. 1 was used with 0.8 m high facing units and a
wraparound solution for the geogrid reinforcement. Construction commenced in the year 2008.
After difficulties at the early stages of the installation the system was redesigned and a third
component was introduced. A wire mesh that was placed directly behind the L-shaped facing
units that extended longer into the reinforced fill to ensure a secure connection between the
facing units and the geogrid reinforcement. The first dam was then followed by a second 12 m
high extension using the same solution. Construction of both structures was completed in 2012.

Isafjorour: A 15-8 m high catching dam below the Kubbi mountain in the village of fsafjordur
some 15 km south of Bolungarvik. Construction work started in 2011 and was completed in
2013. Here, 0.6 m high facing units and the simple solution of the geogrid reinforcement
without wraparound was used.

Patreksfjorour: A 12m high catching dam was erected in the village of Patreksfjordur in the
southern part of the Westfjords peninsula under the Brellur mountain. Construction started in
the spring of 2013 with completion of all work two years later in 2015. The same system as in
Kubbi, isafjéréur, was used.

Faskraosfjorour: A 7.5 m high catching dam was constructed above the town of
Faskrudsfjordur in the path of Nyjabaejarleekur brook, using the same system as in Bolungarvik.
The dam was designed to catch slushflows from the Nyjabaejarlekur ravine and was completed
in the year 2014.

Figure 7  System no. 1, on the left, an example of final appearance the Bolungarvik dam.
System no. 2, on the right, an example of final appearance of the Fljotsdalur splitter.

3.1.2  System no. 2

System 2 is shown schematically on Figure 3 and an example of the final appearance is on
Figure 7. The system has been utilized at three locations in Eastern Iceland: Neskaupstadur,
Seydisfjordur, and in Fljotsdalur and two locations in Western Iceland: Isafjordur and
Bildudalur.

Neskaupstadur: The first construction completed utilizing this system was the 17 m high
catching dam and the 13 pc. of 10 m high braking mounds beneath the Drangagil ravine above
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the village of Neskaupstadur. This was also the first major construction installed in Iceland
using the reinforced earth principle. Construction started in 1999 and was completed in 2002.

Seyoisfjorour: A 20 m high deflecting dam and a 20 m high catching dam were constructed on
a plateau at 600 ma.s.l. in the mountain Bjolfur above the village of Seydistjordur. Construction
started in 2003 and was completed in 2005.

Isafjorour 14 braking mounds were constructed to supplement a conventionally constructed
earth-fill deflecting dam on Seljalandsdalur in Isafjordur, starting in 2003 and completed in
2005.

Bildudalur: A deflecting dam was constructed in the year 2005 above the village of Bildudalur.
for protection against slushflows from the Budargil ravine. The upper half of the dam was steep,
constructed with earth reinforcement, while the lower half had the gentle slope of a con-
ventional earth-fill dam (1:1.5; vertical:horizontal).

Fljétsdalur: Additionally, a 11 m high splitter, to protect the transformer station of the
Karahnjukar HEP from avalanches from the Teigsbjarg mountain, was constructed in the year
2007. This construction was not in the program funded by the Icelandic Avalanche and
Landslide Fund.

3.1.3  System no. 3
System no. 3 is shown schematically on Figure 4. It has been utilized at two locations: In
Neskaupstadur and in [safjordur. An example of the final appearance is on Figure 8.

Neskaupstaour: A 18 m high catching dam and 23 pc. 10 m high braking mounds were
constructed under the Trollagil ravine in Neskaupstadur Construction started in 2010 and was
completed in 2013.

Isafjorour: Four up to 12 m high catching dams were constructed below The Gleidarhjalli moun-
tain-plateau above [safjordur village. Construction started in 2014 and was completed in 2016.

Figure 8  System no. 3 — an example of final appearance in [safjorour.

3.1.4 System no. 4

System no. 4 has only been used at one location in Iceland, above the village of Siglufjérdur in
the northern part of Iceland. The system is shown schematically on Figure 5 and an example of
the final appearance is on Figure 9. Five catching dams with a total length of approximately
2.5 km and up to 15 m high were constructed above almost the entire village. The construction
project started in the year 2003 and was completed in 2008.
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Figure 9  System no. 4, on the left, an example of final appearance in Siglufjordur. System
no. 5 on the right, an example of final appearance in Isafjordur. The fill material is
rounded gravel.

3.1.5 System no. 5

System no. 5 is shown schematically on Figure 6. It has only been utilized in one project. It was
an 8 m high splitter that was constructed to protect an incineration plant at the outskirts of
fsafjordur village. The splitter was designed for a 50 years lifespan, which is shorter than the
expected 100 years lifespan for dam above residential settlements. The construction took place
in 2002, see Figure 9.

3.2 Analysis of performance of the reinforcement systems

A brief analysis was made of the overall performance of the different systems and the
construction process of the projects that were associated with each solution. The focal points of
the analysis were the upstream faces and the reinforcements systems with respect to observed
durability as observed in 2016, cost, installation procedure (how sensitive the system is to
quality of installation and the time needed for installation) and final appearance.

3.2.1 Final appearance, durability of facing units and installation procedure

The analysis indicates that the final appearance of the steep upstream front is mainly dependent
on the quality and thoroughness of the construction work, and also, but to a smaller degree on
the height of the facing units and height of the structure but dependency was not linked to the
type of fill material used. This underlines the importance of a high quality on site supervison
on the installation.

For system no.°2, because of it s stepped nature and the stiffer facing units, bulging is almost
non-existent, and all discrepancies are easier to accommaodate.

All of the systems may give a satisfactory appearance if craftsmanship during construction is
good. System no. 4 stands out for it’s welcoming green appearance.

Systems no. 1 and 3, using metal facing units, rely on more flexible units in the front than
system no. 2. Therefore, bulging and other discrepancies in the evenness of the upstream face
are more prominent. Because of the less stiff nature of the systems these are more dependent
on the quality of the installation work. However, in system no. 1 where the wiremesh was also
included the final appearance was quite satisfactory, but the durability of the wiremesh remains
uncertain and the added installation time is a drawback.

115



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjorour, Iceland, April 3-5, 2019

For system no. 1 the surface of each layer has to be levelled carefully in order to properly align
the facing units in each layer. To achieve this a thin layer of much finer material must be placed.
This requires the introduction of a geotextile between the stones in the front and the much finer
adjustment layer. The geotextile has to be placed very carefully and with good workmanship
otherwise the outwashing of the finer material can increase deformations and compromise the
structural integrity of the front.

3.2.2  Durability and cost of the reinforcement strips or grids

As mentioned above the reinforcement systems being used in Iceland are either steel strips or
geosynthetic materials, either geogrids or polyester strips, or a combination of both, with a steel
wiremesh and geogrid. The steel has the advantage over the synthetic material in the way that
more information has been gathered through the centuries on the behavior of steel under various
conditions such as weather, corrosion and icing thus making it easier to design for a given life-
span than the more recently innovated geosynthetics. However, the steel is more costly than the
synthetic materials.

The synthetic materials are more suitable in aggressive environments, such as saline conditions.
The reinforced fill used in almost all the projects to date in Iceland is made of crushed rock.
The individual particles of the fill are thus quite sharp-edged. This requires higher safety factors
on the synthetic materials. The response of the synthetics to weathering and constant freeze and
thaw cycles remains unknown.

It has been noted that the fill material used for reinforced fill in the projects in Iceland is coarser
than the systems are designed for. This will influence the synthetic reinforcement in a negative
way and can also damage the galvanization on the steel strips.

4. CONCLUSIONS

The experience in Iceland of use of reinforced earth systems for steep high upstream fronts in
catching dams and braking mounds for avalanche protection has been briefly described. The
systems that have been used are of various nature and have both advantages and disadvantages.
It is concluded that the single most important factor in obtaining an acceptable final appearance
is the quality of the workmanship of the installation and that project supervision is of great
importance. The experience in Iceland does not necessarily have to be transferrable to other
countries and locations as conditions vary greatly from country to country.
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ABSTRACT

Most avalanche defence dams in Iceland are built as earth fill dams. The defence structures are
constructed from excavations of loose soil/scree material or blasted bedrock upstream of the
dams. The excavation areas may extend up to 50 m horizontally upstream of dams and cut 5—
15 m into the upstream slope. Their function upstream of catching dams is to create a deceler-
ation area for avalanches and catch avalanche debris stopped by the dam. Upstream of
deflecting dams they serve as a run-out area to the side of the protected area and sometimes into
the sea. The dams may be up to 25 m high and a 1000 m long, with lee sides stretching down
to back yards and plots of the closest residential houses. As a result, natural streams may need
to be combined into fewer and larger streams and routed directly to the sea, as the existing
infrastructure may not be not able to handle the increased flow. Furthermore, groundwater
streams from the hillside above open into the excavation pit, rather than following the loose
hillside material or bedrock to the sea. These macroscopic changes in the landscape, upstream
from residential areas and towns, have turned out to affect various aspects of the downstream
hydrology, such as groundwater levels, discharge in streams that are relocated or combined,
discharge in existing streams and response times for runoff into back yards next to steep lee
sides of dams. The excavation areas upstream of catching dams can be used for temporal
damping of precipitation peaks. However, debris flows, that are a common occurrence during
peaks in precipitation, may fill up the storage area upstream of dams and reduce the capacity of
culverts through the dams. These issues will be discussed in some detail, examples analysed
and recommendations given for future dam design.
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ABSTRACT

Real time data on weather and snow conditions are essential for avalanche forecasting. The
timing and size of an avalanche depends on the amount of snow in the starting area, the stability
of the snow as well as the triggering factor. Therefore, snow data directly from avalanche
starting zones are a useful input to avalanche forecasting.

The avalanche forecasting team at the Icelandic Meteorological Office has relied on snow depth
data from different types of snow depth sensors installed in avalanche starting zones for over
20 years. Since 2006, SM4 snowsensors have been tested and used as an important part of the
avalanche forecasting system. The SM4 snowsensor was developed by a small innovation
company in Isafjorour, Iceland, POLS Engineering. The idea was to create a simple, robust
instrument that could easily be installed within or close to avalanche starting zones. The SM4
consists of a 3 m cable with thermistors mounted at 20 cm interval on a wooden or fiber post
and 1t uses the GSM system to transfer data. The raw output is a temperature profile, and based
on that, an algorithm calculates snow depth in real time. The temperature profile within the
snowpack is also of value for avalanche forecasting, since the metamorphism of snow crystals
depends on the temperature gradient. Steep gradient indicates formation of facets within the
snow cover, and facets are a common form of a weak layer in the Icelandic snowpack.

In the presentation, we will introduce the SM4 sensor and explain how the data are used for
avalanche forecasting.
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ABSTRACT

Municipalities in the Arctic regions have been facing dramatic changes in the climate over the
last 30—40 years. The Barents region including the Svalbard archipelago has experienced the
strongest warming of all Arctic communities. Climate models indicate that the warming trend
will continue. In addition, in response to predicted increase in middle- and high-latitude annual
precipitation, the freshwater availability may increase in the Arctic in the future. Changes in
type of precipitation, its seasonal distribution, timing, and rate of snowmelt represent a
challenge to municipalities and transportation networks subjected to flooding and droughts and
to current industries and future industrial development. A reliable well-distributed water source
is essential for all infrastructures, industrial development, and other sectorial uses in the Arctic.
Fluctuations in water supply and seasonal precipitation and temperature may represent not only
opportunities but also threats to water quantity and quality for Arctic communities and indust-
rial use. The impact of future climate change is varying depending on the geographical area and
the current state of infrastructure and industrial development. Longyearbyen in the Svalbard
archipelago was struck by two avalanches recently with two fatalities. The authorities are now
planning mitigation measures such as supporting structures and barriers. Several challenges are
facing authorities and consultants involved in designing new infrastructure, snow avalanche
and land slide protection structures under climate warming scenarios. This presentation will
discuss the main challenges for Arctic engineers engaged in future infrastructure development.
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ABSTRACT

Many developments in or near snow avalanche terrain require a high-confidence estimate of
dense or powder avalanche runout distance for a specified return period. In Canada, this runout
is typically estimated along the centerline of the path using up to four sources: occurrence
records, trim lines in vegetation, statistical runout models, and indirectly calibrated dynamic
models. The uncertainty in the estimated runout distance and return period for each of these
sources can vary. The proposed two-step method is largely a formal version of often
undocumented methods traditionally used by some avalanche practitioners. First, each of the
runout estimates is adjusted for the specified return period using models or expert knowledge.
Second, each adjusted estimate is numerically weighted based on the practitioner’s confidence
in the estimate. Estimates with greater uncertainty are assigned lower weight according to the
practitioner’s lower confidence in the estimate. The combined runout estimate is the weighted
average. Should substantial uncertainty remain that the runout will be exceeded for the specified
return period (e.g. due to fewer runout estimate sources), a safety margin can be added. These
steps in obtaining a high-confidence estimate of extreme runout distance can be documented in
the report. A worked example is presented.

1. INTRODUCTION

Avalanche hazard and risk maps as well as some infrastructure planning projects require that
impact pressure and hence velocity be well estimated in the runout zone of the avalanche path.
The velocity in the runout zone is best obtained from an avalanche dynamic model fitted to a
high-confidence runout (i.e. the design runout) for the return period required for the project and
situation (e.g. 7= 300 years). This design runout is commonly obtained by combining extreme
runout estimates from various sources.

Up to four largely independent sources are available to estimate extreme runout in an avalanche
path: occurrence records, trim lines in vegetation, statistical runout models, and indirectly
calibrated dynamic models (Canadian Avalanche Association, 2002, p. 13-15; Canadian
Avalanche Association, 2016, p. 25-28). Traditionally, some Canadian practitioners calculated
the average of the runout estimates from these different sources, excluding the estimates in
which they had low confidence. Some reports listed the sources used and then stated the design
runout without explaining how it was obtained.

This paper describes a more transparent — and arguably improved — process for combining the
runout estimates from different sources based on Jamieson and Campbell (2018). First, the time
scale of each source is considered, and the corresponding runout estimate is adjusted to the
design return period. Second, each adjusted estimate is numerically weighted based on the

120 Jamieson and Campbell



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

practitioner’s confidence in the estimate. Adjusted estimates with greater uncertainty are
assigned lower weight according to the practitioner’s lower confidence in the estimate. The
design runout — to which a dynamic model can be fitted — is the weighted average of the adjusted
estimates.

Margreth (2014) and likely others have been previously mentioned numerical weighting of
runout estimates. Referring to runout estimates from dynamic models, he proposed that for
simple hazard situations in Switzerland that are similar to the paths used to calibrate the
dynamic model, the weight applied to the estimates could be as high as 0.8. The weight would
decrease to zero for complex hazard situations, especially when the model results do not fit
observations or expert judgment. In North America, where statistical runout models are often
used as a source of runout estimation, the weight applied to the statistical estimates would
decrease similarly where the terrain and snow climate differ substantially from the paths used
to calibrate the statistical models.

For many avalanche paths in Canada, extreme runouts from vegetation damage obtained from
field surveys and air photos are — when available — of low uncertainty (i.e. good confidence),
followed by statistical runout estimates for which uncertainty is typically moderate (i.e. fair
confidence). Runouts from indirectly calibrated dynamic models are often of high uncertainty
(i.e. poor confidence).

2. METHOD
As part of a book chapter, Jamieson and Campbell (2018) described the following two-step
process of confidence-based weighting of runout estimates from different sources.

2.1 Step 1: Adjusting the runout estimates from each source to the relevant return
period

Extreme runouts for a specific return period are often estimated based on four largely
independent sources (e.g. Canadian Avalanche Association, 2002; Briindl and Margreth, 2015):

(1)  Written (or sometimes oral) records of long running avalanches. In North America, the
farthest recorded runout is typically extrapolated to adjust the runout to the design
return period. This approach can be based on a single runout during an observation
period that is often substantially shorter than the design return period. Alternatively,
the runout for the design return period can be estimated by linearly regressing binned
runouts on In 7, as described in Jamieson and Gould (2018). In this method, many
runouts influence the regression and hence the predicted runout for the design return
period.

(2) Vegetation damage identified in historical air photos, satellite imagery and field
studies. Where avalanche runouts extend into forests in Canada, the trim line farthest
down the path typically represents the runout of a dense-flow avalanche within the
previous 50+ years. While the extent of the runout (trim line) is often measurable with
low uncertainty, extrapolation of a single runout with a short time scale (e.g. 50 years)
to a substantially longer return period (e.g. 300 years) may be required.

(3) Statistical models of extreme runout based on paths in the same mountain range (e.g.
Lied and Bakkehgoi, 1980; McClung and Mears, 1991). The return period for the paths
used to calibrate the models is often 30 to 100 years. If the return period for the project
is longer (e.g. 300 years), the runout estimate can be increased based on expert
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judgement. Alternatively, where the return period can be estimated at a reference point
in the runout zone, the runout for the design return period can be estimated using
McClung’s (2000) Space-Time model, which has been validated by Sinickas and
Jamieson (2016).

(4) Indirectly calibrated dynamic models of extreme avalanches. Some of the older 1-
dimensional models such as PCM (Perla et al., 1980) and PLK (Perla et al., 1984) yield
runout estimates for a nominal return period of ~100 years. The runout can be adjusted
with expert judgement for other return periods relevant to the project. Some of the
input parameters for models such as AVAL-1D and RAMMS (Christen et al., 2002,
2010) have been published for specific return periods (WSL-SLF, 2005, 2017); if these
are used, the predicted runout will not require adjustment.

2.2 Step 2: Combining the runout estimates based on the practitioner’s confidence in
each estimate

In this step, each adjusted runout is numerically weighted based on the uncertainty in the
estimate, which depends on the situation, time scale of the runout estimate, and estimation
method (e.g. vegetation damage, statistical model). Estimates with greater uncertainty are
assigned lower weight wt; according to the practitioner’s lower confidence in the estimate.
These are then combined to yield the confidence-weighted average runout (i.e. design runout)
ro*:

ro* = y;wt;ro; / ¥, wt; [1]

When there are limited sources of runout estimates or all of the runout estimates lack good
confidence, an “uncertainty buffer”, often of 20 or more meters can be added to ro* based on
expert judgment. Alternatively, a dimensionless uncertainty factor, say 1.1 could be applied to
increase ro* past the reference point by 10%.

The uncertainty in the runout estimates from indirectly calibrated dynamic models warrants
explanation. These models are considered indirectly calibrated because they are not fitted to an
extreme runout in the path under consideration. The runouts predicted by such models depend
strongly on input parameters, specifically on friction coefficients and for some models, on the
release mass (or average release depth). These input parameters strongly influence runout but
there has been little calibration of input parameters in Canada (Buhler et al., 2018). In western
European countries such as Switzerland, some of the important input parameters have been
calibrated by region and return period for the 1-dimensional model AVAL-1D (Christen et al.,
2002; WSL-SLF, 2005). Also, for the 2-dimensional RAMMS model (Christen et al., 2010),
the friction coefficients have been calibrated based on elevation, slope angle, slope curvature,
flow volume and return period (WSL-SLF, 2017).

3. WORKED EXAMPLE OF ESTIMATING DENSE-FLOW RUNOUT
This section outlines a worked example for the dense-flow runout along the center-flow of
hypothetical Path A for a 300-year return period.

It 1s helpful to select a reference point for the runouts along the centerline of the runout zone.
In this example, the reference point is the § point where the slope angle decreases to 10° (Lied
and Bakkehei, 1980), so ro is the horizontal distance of the runout past the B point. When the
runout estimate is towards the start zone from the reference point, ro is negative.
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For Path A, horizontal runout estimates for various sources are shown in Fig. 1.
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Figure 1  Hypothetical example of unadjusted dense-flow runout estimates from different
sources along the centerline of an avalanche path (blue line): longest recorded
runout (records), farthest vegetation damage (trim line), indirectly calibrated
dynamic model and statistical models (a—f and Runout Ratio (RR)). These
estimates are combined to determine the confidence-weighted average runout
from a dense-flow avalanche ro* for the design return period.

The runout estimates from Fig. 1 are also given in Table 1 column 2 along with the associated
time scale (column 3), which is either the return period for model estimates, or the elapsed years
for the written or vegetation records. The ordinal ratings of confidence for each runout are
shown in column 4. The numerical weights, wt;, in column 5 are assigned by the practitioner
based on the ordinal ratings of confidence in column 4. In this example, the weights range from
1 to 10 but other ranges of nonnegative numbers are acceptable since Eq. 1 is normalized by
the sum of the weights.

In the written records of occurrences observed over 25 years, the longest runout is 200 m past
the 3 point. The practitioner estimates that the 300-year runout would be 150 m farther, which
is of poor confidence (wt = 1) since the observation interval is only 25 years long.

The forest damage (trim line) farthest along the path is 390 m past the § point. The trees just
upslope of this are about 65 years old. The estimated 300-year runout is 70 m farther, which is
of good confidence (wt = 10).

The a—f (Lied and Bakkehgi, 1980) and Runout Ratio (McClung and Mears, 1991) statistical
methods yield runout estimates 490 and 515 m past the B point. The estimated 300-year runouts
are 40 m past the runouts predicted by each of the two models. These are of fair confidence and
each is assigned a weight of 3, giving these runout estimates less combined weight as the
farthest forest damage and more weight than the dynamic model or the limited occurrence
records.
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Table 1 Dense-flow runout estimates along centerline of Path A and confidence levels for
runout estimates and associated time scale. The column numbers are cited in the
description of the weighting process in the text.

Column number

1 2 3 4 5 6
Horizontal Time scale: | Confidence Horizontal
. return period | in runout . distance past
Source of runout | distance . Weight )
. or elapsed for design B point (m)
estimate past f3 . wti
int (m) time return roi
poin (years) period (T ~300 year)
Written records 200 25 Poor 1 350
Farthest forest

damage from field

. 390 ~65 Good 10 460
survey and air
photos
Statistical o—f 490 30 to 100 Fair 3 530
model
Statistical Runout |5 5 30 to 100 Fair 3 555
Ratio model
Dynamic model
for dense-flow 410 ~100 Poor 1 440
with friction
coefficients

Confidence-weighted average 300-year dense-flow runout 480

2 To be conservative, especially for paths expected to run relatively longer than the paths used
to calibrate the model parameters, a non-exceedance probability > 0.5 can be applied.

The indirectly calibrated dynamic model with a nominal return period of 100 years predicts a
runout 410 m past the  point. The estimated 300-year runout is 30 m farther along the runout
zone. Confidence is poor (wt = 1) because these models are sensitive to the inputs including the
friction coefficients and release mass (or average release depth).

Using Eq. 1, the weighted average 300-year runout for dense-flow avalanches ro* is calculated
to be 480 m past the B point. This can be used to directly calibrate a dense-flow dynamics
model, which will yield a high-confidence estimate of velocity at any point in the runout zone.

Sections like this one can be included in reports to increase transparency.
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ABSTRACT

Snow avalanches are strongly influenced by the basal topography that they flow over. In
particular, localized bumps or obstacles can generate rapid changes in the flow thickness and
velocity (shock waves) that dissipate significant amounts of energy. Understanding how
avalanches flow over or around obstacles is therefore very important for the design of
catching or deflecting dams. Even the flow over a smooth bump is not as simple as one might
expect. At steady state the flow can detach from the obstacle and form an airborne jet, or it
can stay attached to the bump by forming an upstream shock. Multiple steady states also form
in the oblique flow past a wedge, with either a weak, strong or detached shock forming
dependent on the upstream Froude number and the wedge deflection angle. Flows past
cylinders generate bow shocks and grain free regions on the lee side, while blunt bodies form
an upstream detached shock and a dead zone adjacent to the obstacle. Depth-averaged
avalanche models are able to solve for most of these configurations although they are not able
to model the airborne jet where the particles follow ballistic trajectories.

1. INTRODUCTION

The first shallow-water-like snow avalanche models were developed in Russia (see e.g.
Grigorian et al. 1967) and were motivated by the close analogy between the flow of a shallow
layer of snow and a shallow layer of fluid. Savage and Hutter (1989) provided the first formal
derivation of a depth-averaged model appropriate for snow avalanches and the theory used in
this paper is a generalization of that early work and is a synthesis of the two-dimensional
models of Gray, Wieland and Hutter (1999) and Gray, Tai and Noelle (2003). The model is
formulated in an orthogonal curvilinear coordinate system Oxyz in which the downslope
coordinate x is defined by a curvilinear reference surface that follows the terrain and is
inclined at an angle {(x) to the horizontal, the y-axis points across the slope and the z-axis is
the upward pointing normal. In these coordinates the depth-averaged mass and momentum
balances for the avalanche thickness h(x, y, t) and the depth-averaged velocity u(x, y, t) are

oh ..
E—kdlv(hu) = 0, (1)

%(hﬁ) + div(ha ® u) + grad <%gh2 cos C) = hS — hgcos(gradb, (2)
where g is the constant of gravitational acceleration, the operators div, grad and dyadic
product ® are defined in the (x,y)-surface and z=b(x,y) defines the height of any
superposed topography above the curvilinear reference surface. The source term on the right
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hand side of (2) is due to the component of gravity acting in the downslope direction i and a
Coulomb friction u that opposes the direction of motion

Szgsin(i—u(gcos(—ﬁ—mlz)%, (3)
where k = —d{/0dx is curvature of the terrain-following coordinate and which provides a

correction to the hydrostatic pressure. The system is hyperbolic and it is therefore useful to

define the Froude number Fr = |%|/,/g h cos{, which is the ratio of the flow speed to the
gravity wave speed. In particular, the flow is subcritical if Fr < 1, critical if Fr =1 and
supercritical if Fr > 1 in which case shocks (or discontinuities) in the solution are anticipated.
In this situation equations (1-2) are no longer valid, because they assume smoothness. Instead
it is possible to derive jump conditions (see e.g. Chadwick 1974) for the depth-averaged mass
and momentum that apply across the discontinuity

[h(@-n—wv,)] = 0, (4)
[ha(u-n —v,)] + [$gh*cos{In = 0, (5)

where the jump bracket notation is the difference of the enclosed quantity on either side of the
shock, n is the normal to the shock and v, is the shock speed in the normal direction.

2. MULTIPLE STEADY STATES FOR THE FLOW OVER A SMOOTH BUMP

Fig. 1(a,b) shows two different flows over a smooth bump arising from identical upstream
conditions (Viroulet et al. 2017). In Fig. 1(a) the avalanche flows rapidly over the bump and
forms an airborne jet, while in Fig. 1(b) the avalanche first impacts and then mobilizes a static
layer of grains in front of the bump. This allows a normal shock wave to propagate upslope
until it finds a stable location. The subsequent oncoming flow is dramatically slowed by the
upstream shock and forms a subcritical flow that transitions back to supercritical as it flows
over the bump. Importantly, however, the flow does not detach from the obstacle.

Figure 1 An experimental avalanche flowing over a smooth bump (a,b) for the same upstream
Froude number Fr = 7.6. A numerical simulation (c) for the case when there are
static grains upstream and a normal shock forms (Viroulet et al. 2017).
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The jet and the upstream shock solutions represent two steady states of the system. It is
possible to flip between the two, by either momentarily blocking the jet or by scraping away
some of the subcritical material. The terrain-following avalanche theory (1-3) is able to
predict when the normal traction is equal to zero and hence when the avalanche takes off. The
flying grains can then be treated as an inviscid jet (Hakonardéttir et al. 2003; Johnson et al.
2011) or by following the ballistic trajectories of the grains (Viroulet et al. 2017).

It is also possible to derive an exact solution, for the case when a normal shock forms
upstream of the bump, using both the terrain-following theory and a more conventional
avalanche model in which the height of the topography is prescribed by z = b(x) above an
inclined plane at an angle { to the horizontal. The critical point ( Fr = 1) plays a crucial role
in determining a unique position for the steady-state shock in both cases. Unlike some
conventional avalanche models the terrain-following theory is able to match the experimental
shock position for a wide range of inclination angles, using the same frictional parameters,
making this problem a sensitive test case. Using shock-capturing numerical methods
(Kurganov and Tadmor, 2000) it is possible to simulate the evolution towards the steady state
(Fig. 1¢) including the impact with, and mobilization of, the static grains in front of the bump.

3. WEAK, STRONG AND DETACHED OBLIQUE SHOCKS

There are also multiple steady states for the flow of an avalanche past a deflecting wedge as
shown in Fig. 2(a,b). For a sufficiently high upstream Froude number Fr; and low wedge
deflection angle 6 (see Fig. 2¢) the jump conditions (4-5) imply that the shock deflection
angle S can either be small, which is known as weak shock, or large, which is known as a
strong shock (Rouse 1938, Ippen 1949, Gray et al. 2003, Hakonardéttir, K. M., Hogg, 2005,
Gray and Cui 2007, Vreman et al. 2007, Akers et al. 2008). Weak shocks tend to form
naturally if there is no downstream resistance to motion, but strong shocks can be triggered by
temporarily blocking the flow or if the constriction is sufficiently small. Strong shocks are
potentially very interesting for the design of avalanche protection structures, because the
decreases in velocity and the increase in thickness across them is much greater than for weak
shocks, so they dissipate a lot of energy. When the incoming Froude number Fr; is too low or
the wedge angle is too high then there are no steady-state solutions that are attached to the
wedge tip and a detached oblique shock forms upstream instead.

4. BOW SHOCKS AND GRAIN FREE REGIONS

For flows around cylinders (Fig. 3) the shock always detaches from the obstacle and forms a
bow shock upstream of it. There is a stagnation point on the cylinder, where the velocity is
zero, which implies there is a rapid deceleration as the grains as they pass through the shock
and the subcritical region upstream of the cylinder. As the grains move around the obstacle
the flow becomes supercritical again and expands on the lee side. The internal pressure is not
sufficient to immediately push the grains around the lee side of the cylinder and a void opens
up that is completely grain free. The lateral pressure gradients pushing in from either side
slowly close the void with increasing downstream distance as shown in Fig. 3(a,b). Shock-
capturing numerical simulations (Cui and Gray 2013) using the avalanche equations (1-3) on
an inclined plane, with a no penetration condition on the cylinder walls, are able to capture the
time-dependent development of the flow around the obstacle, as well as the downstream
closure of the grain-free region, and closely match the steady-state solution (Fig 3c) .
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Figure 2 Oblique views of (a) a strong shock and (b) a weak shock for a flow at Fry; = 5 that
is deflected by wedge at an angle 8 = 20° (Gray and Cui 2007). Provided Fry
(indicated by the numbers in c) is sufficiently high and the wedge angle 6 is low
enough, there is either a weak (solid lines) or a strong (dashed lines) solution for
the shock deflection angle f. If the incoming Froude number is too low then the
shock detaches (Gray and Cui 2007, Cui, Gray and Johannesson 2007).

Figure 3 (a) Oblique and (b) overhead views of a supercritical flow of dry sand past a cylinder
for { = 36° and Fr = 6. A bow shock forms upstream of the cylinder and a grain
free (vacuum) region forms on the lee side. (¢) Computed contours of the
avalanche thickness using a depth-averaged avalanche model. The vacuum region
is shown in white (Cui and Gray 2013).
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5. BLUNT OBSTACLES AND THE FORMATION OF STATIC DEAD ZONES

When the obstacle has a blunt face, the avalanche can spontaneously form a dead zone
adjacent to the obstacle, in which there is no flow, as shown experimentally for the pyramidal
obstacle in Fig. 4(a,b). As a result the incoming flow is deflected by the dead zone, rather than
the obstacle itself, and a detached bow shock then forms upstream. Shock capturing numerical
simulations that define the topography in terms of its height z = b(x, y) above the inclined
plane are able to quantitatively capture both the formation of the dead zone and bow shock, as
well as the fact that most of the grains in the dead zone are left on the upstream face of the
pyramid when the flow ceases. The small airborne region of grains flowing over the pyramid
faces (Fig. 4a) is not captured by the theory (Fig.4 c), but the predictions for both the flow and
the grain free region on the lee side are not adversely affected.

Figure 4 The formation of a shock and a static dead zone (Gray, Tai and Noelle 2003)
upstream of the pyramidal obstacle in experiment (a,b) and simulation (c,d). The
downslope direction is from left to right.

6. CONCLUSIONS

The depth-averaged terrain-following avalanche equations (1-3) provide a useful framework
for computing the flow around many types of obstacle (Gray et al. 1999, 2003, Viroulet et al.
2017). The model is able to realistically capture key phenomena of rapid avalanches, such as
multiple steady states and the formation of normal, oblique and detached shocks, grain-free
regions as well as static dead zones. The theory can also solve for the point at which a flow
will detach from the ground. An inviscid fluid (Hakonardéttir et al. 2003) or ballistic model
(Viroulet et al 2017) can be used to solve for the trajectory of the jet. However, there is still
much that is not understood about the dissipation that occurs when the jet lands (Johnson and
Gray 2011) and forms an avalanche downstream of the obstacle.
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ABSTRACT

More than forty snow avalanches have hit deflecting and catching dams in Iceland since the
start of a government programme to build protection measures for Icelandic settlements
around the turn of the century. The avalanches that have hit deflecting dams have reached up
to 13 m vertical run-up and an avalanche overran a 20-m high catching dam in one case with-
out anyone coming to harm. The outlines and other observations of the avalanches provide
interesting insight into the dynamics of snow avalanches that hit obstructions. The avalanches
on the deflecting dams have in some cases been observed to form a narrow stream along the
dam side that is interpreted as an indication of the formation of an oblique shock in the
interaction with the dam as predicted theoretically by depth-averaged granular-material dyn-
amics. The avalanche dams have greatly improved the safety of several settlements threatened
by snow avalanches. The engineering principles on which the dam design is based are prim-
itive and the improvement in safety provided by the dams can, therefore, not be quantitatively
assessed. It is clear that the dams have stopped or deflected several avalanches that would
otherwise have come very close to or even entered the respective settlements.

1. INTRODUCTION

A programme for the construction of protection measures for settlements endangered by snow
avalanches and landslides was initiated in Iceland after two catastrophic avalanches in 1995
claimed 34 lives at Stidavik and Flateyri in the Westfjords, NW-Iceland. Ten deflecting dams
and sixteen catching dams for the protection of settlements, with height in the range 10-22 m,
have been built until now. Several of them have already been hit by snow avalanches, some of
them up to nine times.

The observations of avalanches that have hit the recently constructed dams can be interpreted
to consider (1) the prioritization that was used to decide which settlements were first protected
with dams after 1995 out of the many settlements in need for protection, (2) the hazard zon-
ing, in particular the assumptions about the frequency of avalanches, on which the dam design
was based, and (3) the performance of the dams and the realism of the employed design
assumptions. Continuous reassessment of these three key questions is an integral part of the
risk management for settlements threatened by snow avalanches and landslides in Iceland and
an essential part of the justification for the large investments that are made in the programme
to improve the safety of these settlements.

This paper summarises the lessons learnt from observations of avalanches that have hit the
deflecting and catching dams in Iceland in the last two decades and describes observations at
four of the locations in some detail.
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2. SNOW AVALANCHES HITTING DAMS

Table 1 summarises key information about protection dams hit by snow avalanches in Iceland
since 1997. In total, more than 40 avalanches have hit seven deflecting dams, one deflecting
wedge and seven catching dams/mounds in six towns and villages. Since the landscaping of the
excavation area is an important aspect of the design of avalanche dams, avalanches, that enter the
excavation area, are counted in the table in addition to avalanches that hit the dams themselves.

Table 1  Deflecting and catching dams in Iceland that have been hit by snow avalanches in
the period 1997-2018, construction year (7¢), the type of the dam (“D” for deflect-
ing dam, “C” for catching dam, “W” for a deflecting wedge, “I” for an upper dam
side of loose materials, ““s” for a reinforced, steep upper dam side, “s-1” for a steep
upper dam sides sitting on top of a base with less steep slope, “l-s” upper side
mostly constructed from loose materials but with some steeper parts), vertical dam
height (Hp, m), crown length (L, m), fill volume (¥}, thousands of m?), deflecting
angle (¢, degrees, only for deflecting dams), and number of avalanches that have
hit the dam or entered the excavation area (N) are specified for each dam.

Location/path T. Type| Hp L Vel N| ¢ |Comment

Bildudalur, NW-Iceland

Budargil 2008-2010 | D/s-1| 22 [300 | 75 [ 1 | 22 [Lower end of loose materials
Flateyri, NW-Iceland

Skollahvilft 1996-1998 | D/1 | 15-20 | 600 | 375 | 9 |18-20
Innra-Bagjargil | 1996-1998 | D/1 | 15-20 | 600 | 375 | 5 | 18-25
Bolungarvik, NW-Iceland
Ytragil/Gil 2008-2012 | D/s-1 22 720 | 380 | 1 -
Isafjorour, NW-Iceland
Seljalandsmuli | 2003-2004 | D/1-s | 13.5-16 | 700 | 370 | 2 |45-50
Funi 1999-2002 | W/s-1 10 2x50| 30 | 6 30 | Lower ends of loose materials
Siglufjorour, N-Iceland

The dam information applies
to the Ytra-Strengsgil dam.

Ytra-Strengsgil/ | 1990 1999| D1 | 15-18 | 700 | 400 | 6/5| 15-18 | The number of avalanches

Jorundarskal includes five avalanches on a
small dam below Jorundarskal

Hafharfjall 2003-2008 | C/s-1 | up to 15 | 2500 | 440 | >5 | — | Many avalanches that hit five
dams in total

Bakkahverfi 2003-2008 | D/1 9 200 9 1 ~30 | Defl. dam north of the village

Seydisfjorour, E-Iceland
Brén in Bj6lfur [2003-2004| C/s-1| 20 [450 [150 3 | — |

Three locations stand out with an exceptionally large number of avalanches, the two deflect-
ing dams at Flateyri, a deflecting wedge protecting a single, industrial building at Funi in {sa-
fjordur and the deflecting dams that protect the southern part of the town of Siglufjordur. Be-
tween six and nine avalanches have hit dams at each of these locations since the construction
of the dams around the year 2000 as described in more detail in separate subsections below.
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2.1 Deflecting dams at Flateyri

Figure 1 shows the outlines of avalanches from the paths Innra-Bajargil and Skollahvilft in
Eyrarfjall mountain above the village of Flateyri, NW-Iceland, since two deflecting dams and a
catching dam were built above the village in 1997 (VST and NGI, 1996), only two years after
the catastrophic avalanche in 1995 that claimed 20 lives. The avalanches have terminated along
the entire Skollahvilft dam east of the village with the longest one on 21.2.1999 running ca. 150
m beyond the end of the dam and with a maximum vertical run-up of 13 m on the dam side.
Avalanches since 1997 have also terminated along the entire dam below Innra-Bejargil with the
longest one on 28.2.2000 terminating in the ocean. It had a maximum vertical run-up of 11-12
m on the dam side. The maximum run-up on both dams was ca. 5 m short of the top of the dam.

Figure 1  Outlines of snow avalanches at Flateyri, NW-Iceland since the construction of de-
flecting dams above the village in 1997. The background is a transparent shading of a
lidar DEM from 2009 superimposed on an orthophoto from Loftmyndir ehf (©). The
figure to the right shows a zoom-in of the dams and an estimate of the return period of
snow avalanches in the settlement before the construction of the dams (Arnalds and
others, 2004; Johannesson, 1998). Symbols show the location of FMCW radars in-
stalled on the eastern dam in 2004 to measure the velocity of the avalanches.

An FMCW radar that measures the velocity of the avalanches has been operated on the
Skollahvilft dam since 2004, measuring velocities of up to 50-60 m/s for an avalanche on
30.3.2009, presumably several hundred meters upstream from the dam, and 25-40 m/s for the
bulk of the avalanche as it flowed against and along the dam.

Figure 1 also shows an estimate of the return period of snow avalanches at Flateyri before the
construction of the dams (Arnalds and others, 2004; J6hannesson, 1998; a rough estimate for
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the shorter return periods was added here). The run-out length of the avalanches along the dams
may be expected to be longer than it would have been without channelling effect the dams, for
example the longest avalanche in 1999 has been estimated to have reached ca. 100 m longer
than it otherwise would because of the interaction with the dam. When the longer run-out due to
the dam is taken into consideration, the large number of avalanches that have reached the dams
in only two decades seems more-or-less consistent with the estimated return period.

2.2 Deflecting dam at Seljalandsmuli, Isafjorour, NW-Iceland

Two avalanches in 2004 and 2005 have reached the excavation area of a deflecting dam below Selja-
landsmili in fsafjordur, NW-Iceland (Hnit and NGI, 1996). One of them left some marks on the
dam side but run-up distance and run-up height were hard to determine because of heavy snowfall
and snowdrift. The other reached two rows of braking mounds that are located upstream of the dam.

2.3 Catching dam and braking mounds at Bolungarvik, NW-Iceland

One avalanche in 2012 reached the row of braking mounds upstream from the 22 m high cat-
ching dam at Bolungarvik, NW-Iceland. The avalanche was stopped at the mounds and did
not reach the dam.

2.4  Wedge at Funi, Innri-Kirkjubélshlid, isafjorour, NW-Iceland

The Funi industrial building in Isafjordur, NW-Iceland, may be the building, with substantial
presence of people, that is most heavily threatened by snow avalanches in Iceland. Figure 2
shows the outlines of avalanches before and after the construction of a protective wedge in 2000
(VST & NGI, 1996). The building was severely damaged by a snow avalanche in October 1995
which is depicted on the map with an outline that surrounds the building on three sides.

Figure 2 Outlines of snow avalanches at the Funi industrial building below the Innri-Kirkju-
bolshlid mountainside in {safjordur, NW-Iceland, since the construction of a de-
flecting wedge above the building in 2000 (red curves), as well as all recorded av-
alanches before this time (black curves). The background is a transparent shading
from the ArcticDEM superimposed on an orthophoto from Loftmyndir ehf (©).
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The wedge has been hit by snow avalanches six times since 2000 and it is likely to have saved
the industrial building it is intended to protect from damage several times. In some of the cases,
the avalanches seem to have hit the wedge with an explosion-like impact that threw snow clods
ballistically over the dam, leaving an up to 0.5-m-thick layer of snow clods on the back side of
the dam and in the area between the wings of the wedge. The return period estimate of the hazard
zoning (Arnalds and others, 2007) and the recent avalanche history indicate that the return period
of avalanches at the location of the building before the construction of the wedge may be ~5
years or even shorter which is a remarkable situation for an industrial building with regular
presence of employees. Two reported avalanche tongues from the early and middle 20" century
(in 1910-1920 and 1946/1947) at the bottom of the fjord in the middle of the valley, far below
Funi as shown on Figure 2, are another indication of the extreme avalanche danger in this area.

2.5 Deflecting and catching dams at Siglufjorour, N-Iceland

Figure 3 shows the outlines of avalanches from the paths Ytra-Strengsgil and Jérundarskal in
Hafnarfjall mountain above the village of Siglufjérdur, N-Iceland, since two deflecting dams
were built above southern part of the village in 1998 (VS, 1997). The two dams have been hit
by eleven avalanches in the two decades since their construction, some of which seem likely
to have come very close to or even entered the settlement if the dams had not deflected them
away from the village. This is largely consistent with the estimated return period of ca. 10
years for avalanches that reach near the top of the settlement (Arnalds and others, 2001; a
rough estimate for the shorter return periods was added here).

Figure 3  Left: Outlines of snow avalanches from the Ytra-Strengsgil and Jorundarskal aval-
anche paths at the southern end of the town of Siglufjorour, N-Iceland, since the
construction of deflecting dams above the settlement in 1998 (red curves), as well
as an estimate of the return period of snow avalanches in the area (Arnalds and
others, 2001) (blue curves). The background is a transparent shading from a lidar
DEM from 2009 superimposed on an orthophoto from Loftmyndir ehf (©). Right:
Outlines of avalanches before (red curves) and after (black curves) the construction
of five catching dams and a deflecting dam above the main settlement in 2004.
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Good measurements of the run-up on the dam side have been hard to make for these avalan-
ches because the tongues of the largest avalanche have been covered with new snow and
snowdrift before measurements could be made. The maximum run-up may have been close to
or a little more than half the dam height. Overall, the Ytra-Strengsgil and Jorundarskal dams
and the adjacent excavation areas seem to have deflected avalanches smoothly away from the
settlement in a manner consistent with the design assumptions for the dams.

Several avalanches have hit the row of five catching dams above the entire settlement of
Siglufjordur north of Ytra-Strengsgil (VS, 2002) (Figure 3). The avalanche debris has reached
almost to the top of the steep upper dam sides in two cases, underlining the importance of
supporting structures to provide improved safety for the main settlement in Siglufjordur.
Approximately 4.5 km of supporting structures have been installed in the mountainside of
Hafnarfjall and Grouskardshnjukur since 2004.

2.6 Catching dam at Seydisfjorour, E-Iceland

Figure 4 shows the outlines of avalanches that have hit a 20-m high catching dam that was
built on a shelf at 650 m a.s.l. in the mountain Bjolfur above the town of Seydisfjordur, E-Ice-
land, in 2003-2004 (VA and NGI, 2003). The largest avalanche, in 2006, presumably a fast-
moving, dry-snow avalanche, partly overran the dam without leaving much of a snow deposit
above the dam. The tongue that overran the dam was composed of snow clods that appeared
to have been thrown ballistically over the dam after the impact with the steep upper dam side.

Figure 4  Outlines of snow avalanches from the Bjolfur mountain above the town of Seydis-
fjordur, E-Iceland, since the construction of 20-m high catching dam and a deflect-
ing dam on the shelf Brin at 650 m a.s.l. in the mountainside in the year 2003 (red
curves), as well as all recorded avalanches before this time (black curves), and an
estimate of the return period of snow avalanches that reach the edge of the shelf
(Arnalds and others, 2002). The background is a transparent shading of a lidar
DEM from 2011 superimposed on an orthophoto from Loftmyndir ehf (©).
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3. DISCUSSION AND CONCLUSIONS

The very high frequency of avalanches at Flateyri, Funi and at Strengsgil/Jorundarskal in
Siglufjorour in the last two decades is consistent with the frequency assessment of the hazard
zoning at these locations and confirms the great hazard in the respective settlements before
the construction of protection dams. This recent avalanche history, thereby, also confirms the
prioritization developed in the aftermath of the catastrophic avalanches in 1995 (e.g. Jo-
hannesson and others, 1996), which led to the construction of protection measures for these
locations in the first phase of the buildup of protection measures for settlements in Iceland.
This prioritization was based on the recorded avalanche history before 1995 as summarized
by many workers, in particular Jonsson et al. (1992), Grimsdoéttir and Seemundsson (2001),
Haraldsdéttir (2002) and Agustsson (2002) for the areas discussed in this paper.

The avalanches that have hit deflecting dams have in all cases been successfully deflected and
the outlines and other observations of the avalanches provide interesting insight into the dyn-
amics of snow avalanches that hit obstructions. The avalanches on the deflecting dams have in
some cases been observed to form a narrow stream along the dam side that is interpreted as an
indication of the formation of an oblique shock in the interaction with the dam as predicted
theoretically by depth-averaged granular-material dynamics (Cui and others, 2007). One aval-
anche partly overran the 20-m high catching dam at Brin in Bjolfur in Seydisfjordur without
anyone coming to harm, demonstrating the ability of snow avalanches to scale even the high-
est catching dams. The avalanche dams have greatly improved the safety of several settle-
ments in Iceland threatened by snow avalanches. The engineering principles on which the
dam design is based are primitive and the improvement in safety provided by the dams can,
therefore, not be quantitatively assessed, particularly for the catching dams. It is clear that the
dams have stopped or deflected several avalanches that would otherwise have come very
close to or even entered the respective settlements. The performance of the dams, especially
the catching dams, for much greater avalanches is nevertheless not certain. Improved models
to simulate avalanche flow against dams are, therefore, urgently needed. Observations of real
avalanches that have hit dams, such as the avalanched discussed in this paper, will be essential
for the development of such models.
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ABSTRACT

The Norwegian Public Roads Administration (NPRA) is challenged by nature during planning
of new roads or renovation of existing roads. Steep mountain sides and limited suitable land for
roads force the NPRA to plan for roads in areas prone to natural hazard processes. In the last
years, the NPRA has been planning for new roads at several locations in Troms County,
Northern Norway. Two of them are on E8 in Ramfjord and Lavangsdalen, 20 km respective 40
km from Tromse. Dry-snow avalanches are the main concern for these new roads. A new
Norwegian method for calculating acceptable risk on roads was applied to these road sections
and it proved to be a challenge to reach desired risk level at several locations. A simple cost-
benefit analysis was carried out for necessary mitigation measures. Lavangsdalen proved to be
the most challenging location. It is known for long dry avalanche runouts and roughly every
winter road travellers are hit by avalanches. Mitigation measures for the desired safety level
proved to extremely costly and therefor mitigation measures for two other and lower safety
levels were also worked out. It will be up to the NPRA to decide which safety level they go for
in the final stages of this work.

1. INTRODUCTION

Figure 1. Overview over Troms county Norway. The road sections are shown as hatched
areas. Area 1 shows the road section in Ramfjord, area 2 shows road section in
Lavangsdalen. Background map: norgeskart.no.

The Norwegian Public Roads Administration (NPRA) is actively working on improvements of
the road and highway network in Norway. The work on renovation of the E8 road section from
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Tromse to Balsfjorden southeast of Tromse (areas 1 and 2 in Figure 1) has been going on for a
while. The ES8 is the main road and important transport route to the city from Finland. In 2015
the NPRA decided to work out a preliminary plan for mitigation measures against snow
avalanches for road sections 1 and 2. These road sections are mainly threatened by snow
avalanches, but slush flows may also occur. This work is described in (Norges Geotekniske
Institutt NGI, 2017a, 2017b).

2. CRITERIA

2.1 Ramfjorden — Indre Laukslett/Nordbotn
2.1.1 Criteria

In 2014 NPRA presented at guidelines for acceptable risk on highways in Norway (SVV, 2014).
These guidelines are the main criteria for preliminary design presented in this work.

In the work presented here NPRA has planned for annual average daily traffic in twenty years
(AADT?20) to be between 4000 and 8000 vehicles/day; 8000 vehicles/day was set as the design
value. According to Figure 2 in the guideline this traffic volume would according to probability
class VI or probability of closure f be between 1/100 and 1/1000 pr. unit length of road (1000
m in the guidelines).

Two avalanche simulation models are used for this road section, Voellmy MoT (from NGI) for
Indre Laukslett area and RAMMS (Christen et al., 2010) for the Nordbotn area. Data from
RAMMS simulation were already available for the Nordbotn area when this work started, and
it benefitted from it.

2.1.2 Hazard assessment and mitigation measures

Figure 2  The figure shows the location of new planned road E8 at Indre Laukslett (to the
left) and Nordbotn (to the right) in Ramfjorden. Proposed supporting structures are
shown with yellow lines and the colored areas are avalanche simulations from
Voellmy MoT to the left and RAMMS to the right. The simulations shown are
without any mitigation measures. The distance between the light gray contour lines
is 10 m. Aerial photo: Norgeskart.no.
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The avalanche site to the left in Figure 2 does not have any registered avalanches to the planned
road but tree damages at the starting zone indicate some activities and the topography indicates
the possibility that avalanches can reach the road. There are several registered avalanches at the
avalanche site to the right some of them stopping just above the residential area.

The planned relocation of the road ES8 at the residential area at Indre Laukslett and Nordbotn in
Ramfjorden has the aim to improve the road geometry and move the traffic from the residential
and coastal area further away. However, this relocation comes with a cost as the avalanche
hazard must be mitigated for parts of the road.

The avalanche risk at planned road at Indre Laukslett area (to left in Figure 2) is little and only
small, approx. 6.5 m high catching dam above the planned road is needed to mitigate the risk
to an acceptable level. The catching dam geometry is similar to the one shown in Figure 3.

At Nordbotn the planned road is in steep terrain where mitigation measures are needed, and
only limited space is available for large catching dams. By combining small catching dams and
supporting structures in the starting zone the risk for the road traffic is mitigated to an acceptable
level. Figure 3 shows a typical cross section in planned road and a catching dam at Nordbotn.
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Figure 3. Typical cross section in planned road and a catching dam in Nordbotn.

2.2 Ramfjorden-Serbotn

2.2.1 Criteria
AADT?20 and safety level is the same as in chapter 2.1.1.

RAMMS avalanche simulation model was used for this road section as most of the simulation
had already been done when planning the mitigation measures started.

2.2.2 Hazard assessment and mitigation measures
Hazard assessment for this road section was done by NPRA in 2014 (Larsen, 2014) and in 2015
NGI worked out hazard assessment for large area of Troms county where Serbotn was part of
the work (Norges Geotekniske Institutt NGI, 2015).
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Figure 4. The figure shows avalanches from Maritindan mountain in Serbotn, Ramfjorden.
Blue line shows initial road alignment, white line shows the new planned road E8
in a tunnel and red circles show the tunnel portals. The main avalanche tracks are
shown with colored areas (RAMMS simulation), avalanche velocity scale is shown
in Figure 2.

Avalanches from Maritindan mountain are well known but they have not reached the settlement
in recent years. The initial plan for new road alignment is shown in Figure 4 as a blue line just
above the settlement along the coast line. Passing the avalanche paths was a huge challenge as
all changes in existing terrain might contribute to unforeseen consequences for the settlement
below. Galleries were considered but they would have been costly and might have increased
the avalanche runout distance. Steep terrain is not favorable for large catching dams of earthen
material and they were not really an alternative here. Tunnel was the only option left but there
was a problem to find a suitable location for the portals due to excess of loose material and bad
rock. The white alignment in Figure 4 shows the proposed location today. A short deflecting
dam above the east portal is proposed as avalanches might hit the portal and cause closures.
The height is set to approx. 5 m, but it has to be reconsidered in the detail design phase as snow
drift might reduce the effective height.

2.3 Lavangsdalen

2.3.1 Criteria

The traffic volume AADT20 is the same as for previously mentioned sections and in the
beginning the probability of closure f was between 1/100 and 1/1000 pr. unit length of road. As
work progressed NPRA wanted also to check the magnitude of mitigation measures for
probability of closure f 1/50 - 1/100 and 1/20 - 1/50.

Vollemy MoT avalanche simulation model from NGI was used for this road section.
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2.3.2 Hazard assessment and mitigation measures

Figure 5. The avalanche site in Lavangsdalen. Planned new road E8 is shown with white line,
proposed catching dams are shown with orange and blue colors, and avalanche
paths and simulated avalanche velocities (with Voellmy MoT) are shown as the
colored areas. Velocity scale is shown in Figure 2.

No hazard assessment was available for this area prior to this work. The aim of this work was
not to make hazard maps but to assess the hazard and plan for mitigation measures.

Lavangsdalen is known for its avalanche problems during winter time. In recent times
avalanches have hit vehicles in the northern part of the valley but fortunately without any
fatalities. As NPRA is planning to relocate approx. 3 km of existing road E8 at the southern
part of Lavangsdalen (Figure 5) an assessment of the avalanche danger was worked out for the
new location. Several scenarios of simulated avalanches were checked, Figure 5 shows the case
for probability of closure 1/50 - 1/100. The other simulation scenarios 1/100-1/1000 shows
longer runouts and larger volumes, and 1/20-1/50 shows shorter runouts and less volumes.

To mitigate the avalanche hazard supporting structures were considered in the starting zone as
well as catching dams just above the planned road. A large volume of supporting structures,
approx. 20000 m to 40000 m, were considered to fulfill the initial safety criteria or 1/100 to
1/1000, but the estimated cost proved to be enormous and therefore not a realistic alternative
and was put aside.

Figure 5 shows the avalanche simulation for probability of closure 1/50-1/100. Four main areas
A-D in Figure 5 are identified where avalanches can hit the road. Of those four area B has the
largest volume and highest avalanche velocity. It was necessary to add one line of approx. 8 m
high mounds some 80-100 m uphill to reduce the velocity at catching dam enough to be able to
build a catching dam.
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Ground investigations revealed that catching dam B was located on a quick clay area and the
geotechnical stability could not be secured without extensive ground/base stabilization. Also,
one of the criteria for stability is to excavate as little as possible above the dam as the upslope
stability would be threatened.

The proposed height of catching dam B is 15 m with the mound’s upslope, other catching dams
at areas A, C and D are between 8 and 13 m high. The geotechnical engineer’s advice for the
other catching dams is also to reduce excavation upslope due to possible stability problems.
Almost all building material must be transported to the site.

The proposed cost of these catching dams is high and therefore NPRA asked for further study
of mitigation measures with reduced level of safety or 1/20 to 1/50. Avalanche simulation for
this level reveals that only area B will need a catching dam to meet acceptable safety level. The
proposed dam height in this case is 13 m and the length are approximately 280 m.

3. EPILOG

The renovation and relocation of highway E8 in Ramfjord and Lavangsdalen is as of today still
in a planning phase. It is unclear when NPRA will be able to fund the construction of these road
sections and it is also unclear which safety level they will accept for the road sections.
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ABSTRACT

After a deadly avalanche in December 2015 and material damages due to an avalanche in
February 2017 the national and local authorities in Norway have initiated mitigation work in
Longyearbyen, Svalbard. Snow fences were built in the mountain side above the town in
February 2018 and supporting structures and a drainage canal are near completion late fall 2018.
Further work on planning of mitigation measures below the Sukkertoppen mountain and Vann-
ledningsdalen valley is in progress and a plan for construction start is set at the beginning of the
summer 2019.

The ongoing work on the mitigation is focusing on two main areas: the area just above the town
centre and the area on and around the delta below Vannledningsdalen valley. Vannlednings-
dalen, a nearly 2 km long valley, has a history of slush flows, some of them fatal. For mitigation
here, two main concepts are being studied: deflecting walls along the stream to the main river
Longyearelva and a curved up to 15 m high deflecting wall which directs the slush flow out of
the main stream to an open area below Sukkertoppen. For the centre area supporting structures
are being studied in combination with a small catching dam for debris flows, or a row of braking
mounds in combination with approx. 13 m high catching dam. The effect of expected climate
change is uncertain but plays a large role in the final choice of the mitigation concept.
Permafrost and solifluction are one of the greatest concerns for these structures, as it is unclear
if the permafrost ground can carry the weight of these large dams. Ground- and surface water
is also a big issue as the permafrost limits the drainage possibilities.

1. INTRODUCTION

The avalanche danger in Longyearbyen (Figure 1) has been known for a long time and has been
described by Erik Hestnes and others in several NGI reports such as (Norges Geotekniske
Institutt NGI, 2001). In December 2015 and February 2017 avalanches hit residential buildings
at the root of the Sukkertoppen mountain (location Lia) killing two persons in the December
incidence and caused considerable material damages in both incidences. The 2015 incidence
has been described in (DSB, 2016), (Issler et al., 2016), (Jaedicke et al., 2016), (Hestnes et al.,
2016), (Brattlien et al., 2016), and the 2017 incidence and mitigation work in (NVE, 2017),
(Jonsson and Jaedicke, 2017) and (Jonsson et al., 2018b).

Svalbard archipelago lies in the permafrost belt north of 64°. The mean year temperature has
increased by approx. 3°C since 1900 but there have been large variations between years and
between decades (Isaksen et al., 2017). From 1970 the temperature increase on Svalbard is
amongst highest registered on earth. In the period 1971-2000 the mean year temperature was
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Figure 1. Overview over the habitation below Sukkertoppen mountain and on the delta below
Vannledningsdalen. Black polygon boundary depicts the area that poses threat to
the people and buildings in the runout zone. Blue dotted polygon to the left of
Sukkertoppen depicts the area protected in 2018.

—5.9°C but in 2016 the mean year temperature was —0.1°C (Isaksen et al., 2017). The report
also predicts for the “best” scenario an increase in temperature of 3.6°C by the end of the 21

century and the “worst” which is 9.2°C. Further details on this worst case scenario are given in
(I. Hanssen-Bauer et al., 2019).

All changes in climate in these arctic regions will affect the permafrost and thus existing and
new/future infrastructures including mitigation measures for natural hazards such as snow
avalanches, slush- and debris flows. As an example of this change the permafrost temperature
has increased at rates between 0.06°C and 0.15°C at 10 m depth from 2009 and at Adventdalen
and Janssonhaugen the active layer depth has increased by 0.6 cm to 1.6 cm per year (1.
Hanssen-Bauer et al., 2019).

This project describes an ongoing mitigation work for the area below Sukkertoppen mountain
Longyearbyen, see Figure 1. The client is The Norwegian Water Resources and Energy Dir-
ectorate (NVE) on behalf of Longyearbyen lokalstyre (LL) and the main work is carried out by
HNIT consulting Iceland, Skred AS Norway and the geotechnical consultant Rambgll Norge
AS. Information in this article is based on a report from the first phase of the hazard assessment
and the preliminary phase of the mitigation work (Jonsson et al., 2018a).

2. HAZARD ASSESSMENT

Prior to 2015 various hazard assessments had been worked out by NGI, (Norges Geotekniske
Institutt NGI, 2015a) for various residential sites in Longyearbyen. In the wake of the fatal
accident in December 2015 NVE initiated a new and complete hazard assessment for Long-
yearbyen and surroundings (Multiconsult AS, 2016) but after the avalanche accident in
February 2017 the reliability of the report and hazard zoning has been questioned. A new
workgroup was formed by NVE in 2017, the group consisted of three consultants i.e. Skred AS,
Norwegian Geotechnical Institute (NGI) and UNIS in Svalbard, and it included also one
representative from NVE. The workgroup delivered a new hazard map for the area below
Sukkertoppen mountain early 2018 (Figure 2). Hazard assessment for the delta area below
Vannledningsdalen (Haugen residential area) had been prepared by NGI in 2015 (Norges
Geotekniske Institutt NGI, 2015b) and Multiconsult AS in 2016 (Multiconsult AS, 2016). The
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Figure 2. Hazard zoning for the Sukkertoppen area in Longyearbyen. Vannledningsdalen and
the area on Haugen is not included in this hazard zoning.

criteria of these assessments have been questioned and it was therefore important to work on
new criteria and hazard assessment for the ongoing mitigation work.

3. PLANNING FOR MITIGATION MEASURES

Through the years the discussion on mitigation measures in Longyearbyen has first and
foremost been around Vannledningsdalen (slush flows) and Lia above town centre (dry snow
avalanches) (Norges Geotekniske Institutt NGI, 2013, 1992, 1991). After the fatal accident in
December 2015 the authorities initiated a hazard assessment work (Multiconsult AS, 2016) and
at the same time a work on mitigation measures in arctic areas was introduced (Larsen, 2016).
Mitigation work started in 2018 when the first phase of mitigation measures (snow fences,
drainage canal and supporting structures) were built for the town centre (Jonsson et al., 2018b).

The second phase of the mitigation work was initiated in 2018 when NVE engaged consultants
to work out a plan for mitigation measures for the area from town centre to Vannledningsdalen,
see Figure 1. A preliminary report with various mitigation combinations and hazard zoning was
delivered in December 2018 (Jonsson et al., 2018a).

3.1 Design criteria

One of the main challenges in this work was the lack of information on snow height in
Sukkertoppen mountainside and Vannledningsdalen. This is information affects both hazard
assessment and mitigation work. Two measurements, five cross sections from one “normal”
winter are available from Vannledningsdalen and provide us an indication on the snow height.
Observed annual precipitation at Svalbard airport is only 196 mm for the reference period 1971-
2000 (Isaksen et al., 2017) and it is expected to increase with several tens of percent’s by the

148 Jonsson and others



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

Figure 3. The avalanche site during rescue operation in December 2015. This photo is one of
the best information on snow conditions in Lia. The fracture line to the left is
approx. 3 m and approx. 1 m to the right with estimated average height of 2 m and
volume of approx. 15000 m*. Photo: Svalbardposten.no.

end of the 21% century. However, this scant observed annual precipitation does not say much
about possible 24h precipitation in winter. The December 2015 event (Figure 3) is probably
one of those cases where intense precipitation in combination with strong winds brings in a lot
of snow due to a long fetch behind the slope and forms unstable snow cover. The snow height
was roughly estimated to be in the range of 5-6 m on northern part of Lia (Norges Geotekniske
Institutt NGI, 2018) but the height of accumulated snow on the northern shoulder of
Sukkertoppen mountain is unknown. The release height of the avalanche in Feb. 2017 was
measured to be approx. one meter at the fracture at top but neither the snow height nor the snow
distribution elsewhere in the mountainside are known. However, there are several photos
available from “normal” winters that show the distribution in the mountain side and that
indicates large quantities at the shoulder and little snow in the middle of the mountain side.

The area to be protected can be divided into three locations, 1) the town centre, 2)
Vannledningsdalen and Haugen area and 3) the area between those two areas, the “middle area”.
In the ongoing work, areas 1) and 2) had the highest priority.

3.2 Mitigation alternatives

In (Larsen, 2016) protection of the residential area below Sukkertoppen mountain is discussed
briefly and earlier NGI has proposed mitigation measures for the same area. In early 2017 NVE
initiated a mitigation work for the 2015 avalanche accident area (Lia), shortly described in
(Jonsson et al., 2018b). The second phase of the mitigation work was initiated in 2018 and a
preliminary report on proposed mitigation measures was delivered in December 2018.

The initial work was a delivery of nine sketches or combinations of which five where chosen
to be worked on further. For the town center two main concepts were studied, 1) supporting
structures in the starting zone and ii) a catching dam with or without braking mounds. For the
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Figure 4. The figure shows Sukkertoppen mountain, Vannledningsdalen, town center and the
residential area. Supporting structures, catching dam and deflecting dams are the
chosen alternatives for Longyearbyen municipality. Mitigation measures built in
2018 are shown on the left side of the figure. The area between the catching dam
and deflecting dams is according to cost/benefit analysis not feasible to protect and
the buildings and other infrastructure will most likely be sanitated. Contour lines
equidistance is 5 m.

Vannledningsdalen two concepts were studied, 1) a curved deflecting dam (called “swing dam”)
that starts as deflecting dams but gradually diverts the flow out of the stream to an open space
north of the valley, and i1) deflecting dams on both sides of the stream from Vannledningsdalen.

The chosen alternatives (Figure 4) shows approx. 1500 m of supporting structures with Dk
height varying from 3.5 m to 5.0 m. The catching dam below the supporting structures is approx.
5.5 m high and its purpose is to stop small flows such as small avalanches, slush flow and debris
flow from entering the town center. The impact side of the dam is supposed to be steep and of
reinforced facing material. Total length of the catching dam is approx. 360 m.

The deflecting dams and canal between them is approx. 600 m long. The maximum height of
the dams is approx. 14 m but most of the length above Road 500 it is 12 m. Below Road 500
the height is max. 7 m. The cross section of the dams is for the gentlest slope like 1:2 but it is
necessary to build steeper walls to cope with the slush flow undulation. Fine tuning is still not
finished.

It will be necessary to cut off Hilmar Rekstens road at the dams/canal but the bridge on the
main Road 500 must be rebuilt to let most of the slush flow under. The crossing of the road and
canal/dams will be challenging as the flow must pass the road with as little as possible of the
flow masses flowing in direction of buildings. At the same time an aesthetic as well as wind
and drifting snow must be considered for a dam which is 10+ m high at the road shoulder. In
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normal summer the river water never reaches Road 500 as surface water it is infiltrated higher
up in the riverbed and it seems as part of it sinks out at the residential buildings near Road 500.
To stop this infiltration can be a difficult task.

The permafrost conditions are a challenge here for all mentioned structures, especially when
changes in climate are considered. Snow fence built in the winter and spring 2018 on northern
side of Sukkertoppen mountain indicates a movement (solifluction) of 3—5 cm/y in slope
inclination of 15-20°. The solifluction will affect the foundation of the supporting structures as
well as the frost jacking which is considerable. The weight of the dams is of great concern as
(Isaksen et al., 2017) and (I. Hanssen-Bauer et al., 2019) estimate that the permafrost will have
disappeared in Longyearbyen by the year 2100. The consequences for the dams are uncertain
but it might cause some settling of the dams and failure in the foundations.

3.3 Landscaping

Landscaping is an important part of this mitigation work specially the design of dams just above
town center and the deflecting dams along the stream Vannledningselva. As of today, the
involvement of landscaping architect has been minimal as the work until now has been
conceptual rather than on details. Hints have though been given on some of the important and
most visual part of these constructions. The landscaping work will be in close cooperation with
the local authorities.

3.4 Hazard zoning

To make possible a cost/benefit analysis of the different mitigation concepts, hazard zones were
made for each concept. These hazard zones were then used to evaluate which buildings could
be left in the area after the measures were implemented, and which have to be removed.

4. EPILOG
The client NVE and LL decide to go for supporting structures as a mitigation measures for the
town centre and deflecting dams along both sides of the stream from Vannledningsdalen.

When this article was written the work on the technical design and tender documents for
supporting structures has just started.

List of references

Brattlien, K., Hestnes, E., Domaas, U., 2016. The Svalbard Fatal Accident 19th December 2015
— Assisting Local Authorities in the Acute Phase, in: International Snow Science Work-
shop 2016. Breckenridge.

DSB, 2016. Skredulykken i Longyearbyen 19. desember 2015-Evaluering av héndtering,
beredskap og forebygging. Direktoratet for samfunnssikkerhet og beredskap, Oslo.

Hestnes, E., Bakkehgi, S., Jaedicke, C., 2016. Longyearbyen, Svalbard — Vulnerability and risk
management of an Arctic settlement under changing climate — A challenge to authorities
and experts, in: International Snow Science Workshop 2016. Breckenridge.

I. Hanssen-Bauer, Forland, E.J., Hisdal, H., Mayer, S., Sandg, A.B., Sorteberg, A. (Eds.), 2019.
Climate in Svalbard 2100 — A knowledge base for climate adaptation (No. M-1242/2018).

Isaksen, K., Farland, E.J., Dobler, A., Benestad, R., Haugen, J.E., Mezghani, A., 2017. Klima-
scenarioer for Longyearbyen-omrédet, Svalbard. Delrapport 1, Statsbygg oppdrag: «Bygg-
ing og forvaltning pa Svalbard i et langsiktig klimaperspektiv» (No. 15/2017).

Issler, D., Jonsson, A., Gauer, P., Domaas, U., 2016. Vulnerability of houses and persons under

Longyearbyen Svalbard — Mitigation Measures for Sukkertoppen and Vannledningsdalen 151



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

avalanche impact — The avalanche at Longyearbyen on 2015-12-19, in: ISSW 2016 — Int-
ernational Snow Science Workshop, Breckenridge, Proceedings.

Jaedicke, C., Hestnes, E., Bakkehoi, S., Merk, T., Brattlien, K., 2016. Forcasting the fatal Long-
yearbyen avalanche. Possibilities and challenges, in: ISSW 2016 — International Snow
Science Workshop 2016, Breckenridge, Proceedings.

Jénsson, A., Jaedicke, C., 2017. Lawinen in Longyearbyen Svalbard 2015 und 2017. Zeitschrift
fiir Wildbach-, Lawinen-, Erosions- und Steinschlagschutz.

Jénsson, A., Kronholm, K., Nilsen, L.E., 2018a. Svalbard, Longyearbyen - Prosjektering av
sikringstiltak, Sukkertoppen og Vannledningsdalen. Forprosjektering av sikringstiltak —
Fase B2 (No. 18241-03-4). Al.

Jonsson, A., Nerland, @., Lande, J., Kanstad, S.B., Hellum, ©.S., 2018b. The challenges of
mitigation measures in Longyearbyen Svalbard, in: ISSW 2018 — International Snow
Science Workshop, Proceedings. Innsbruck.

Larsen, J.O., 2016. Skredsikring og fundamentering i permafrost. Case: Arktiske strok —
Longyearbyen, Svalbard. Kompendium: 2016-12. Almaviva AS, Drammen.

Multiconsult AS, 2016. Skredfarekartlegging i utvalgte omrader pa Svalbard (No. 713416-
RIGberg-RAP-001). Multiconsult AS, Tromse.

Norges Geotekniske Institutt NGI, 2018. Detaljprosjektering av sikringstiltak — Lia mellom veg
230 og 228. Prosjekteringsrapport for stotteforbygninger (No. 20170299—05-R). Norges
Geotekniske Institutt NGI, Oslo.

Norges Geotekniske Institutt NGI, 2015a. Longyearbyen, Svalbard — Tidligere skredvurdering-
er og skredgrenser ved NGI (No. 20150715-01-TN), 20150715-01-TN. Norges Geotekn-
iske Institutt, Oslo.

Norges Geotekniske Institutt NGI, 2015b. Vannledningsdalen, Longyearbyen. Forprosjektering
av sikringstiltak for bebyggelse og infrastruktur nedenfor Vannledningsdalen (No.
20120650-01-R), 20120650-01-R. Norges Geotekniske Institutt, Oslo.

Norges Geotekniske Institutt NGI, 2013. Forprosjektering av sikringstiltak for bebyggelse og
infrastruktur nedenfor Vannledningsdalen, Longyearbyen — Teknisk notat. Norges Geo-
tekniske Institutt, Oslo.

Norges Geotekniske Institutt NGI, 2001. Vannledningsdalen—Gruvedalen, Longyearbyen.
Skredfarevurdering (No. 20011167-1). Norges Geotekniske Institutt, Oslo.

Norges Geotekniske Institutt NGI, 1992. Lia Longyearbyen. Vurdering av sneskredfare og
tiltak for & hindre ulykker ved veg 226-230 (No. 904025-2). Oslo.

Norges Geotekniske Institutt NGI, 1991. Longyearbyen. Vurdering av tiltak mot sneskred, sor-
peskred og drivsng i Longyearbyen (No. 904025-1). Norges Geotekniske Institutt, Oslo.

NVE, 2017. Gjennomgang og evaluering av skredhendelsen i Longyearbyen 21.02.2017 ( NVE
Rapport nr 31-2017). Oslo.

152 Jonsson and others



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

Wind simulation for Longyearbyen mitigation measures

Arni Jonsson'*, Kalle Kronholm?, Di Li®, Arne Reidar Gravdahl?

! HNIT Consulting Engineers, Haaleitisbraut 58-60, IS-108 Reykjavik, ICELAND
Skred AS, Baklivegen 27, N-3570 Al, NORWAY
*WindSim AS, Fjordgaten 15, N-3125 Tonsberg, NORWAY
*Corresponding author, e-mail: arni (at) hnit.is

ABSTRACT

The national and local authorities in Norway have initiated the second phase of mitigation work
in Longyearbyen Svalbard archipelago. The work is a continuation of earlier work carried out
in 2017-2018 and the aim is to protect infrastructure, mainly houses and hotels, from processes
as snow avalanches, slush flows and debris flows. The planned mitigation is a combination of
physical structures and removal/relocation of buildings. Wind is not directly one of the
processes leaving the infrastructure at risk but plays an important role in the snow distribution
in this open and bare landscape. Any physical measures located near buildings will affect the
local wind flows and it can cause unwanted snow accumulation or wind fields that can cause
problems for the traffic.

The authors have earlier used wind simulation (CFD model) on a small-scale surface model to
study wind fields around planned roads and highways, and mounds for snow avalanches. The
aim of this work is to find out if planned deflecting dams made for slush flows along the river
“Vannledningselva” will cause unfavourable wind fields for roads and buildings. Three wind
directions were modelled with boundary windspeeds of 15, 20 and 25 m/s at three elevations 2,
5, 10 m height over the surface model.

1. INTRODUCTION

The aim of the second phase of mitigation work in Longyearbyen is to protect the residential
area for dry snow avalanches from Sukkertoppen mountain and from slush flows from
Vannledningsdalen valley. A preliminary study of mitigation measures for The Norwegian
Water Resources and Energy Directorate (NVE) and the local authorities, Longyearbyen
lokalstyre (LL) was carried out early winter 2018/2019 (Jonsson et al., 2018). The findings
show that supporting structures in part of Sukkertoppen mountain together with a small catching
dam in the runout zone will protect the centre of the town, and two deflecting dams alongside
the Vannledningselva will protect the residential area below Hilmar Rekstens road and at
Haugen area.

These two deflecting dams will start at the apex of the river/debris flow fan above the residential
area at Haugen (Figure 1) and reach the main river, Longyear river, in the middle of the
Longyear valley. The total length is approx. 600 m. The proposed measures have to cross the
main road between Nybyen residential area and the town centre. The crossing is challenging in
many ways such as how to divert the slush flow when it crosses/passes the road (where a new
bridge will be built) and how to form the dam ends at the road side. Another problem the dams
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Figure I  Overview over Longyearbyen and Vannlednings valley. The planned location of
the deflection dams along the Vannledningselva is inside the ellipse.

will cause are wind currents and/or turbulences at the main road. Three main wind directions
are thought to affect the road at the crossing. Wind is also the main contributor to relocation of
snow and snow drifts can have unwanted effects on the roads and housing when the deflecting
dams are in place.

Wind simulation for snow avalanche mitigation measures has previously been described in
(Jonsson and bordarson, 2003) where wind fields and possible snow accumulation around
mounds was studied and in (Pérdarson and Joénsson, 2005) where CFD simulation was used to
try to understand snow drifts in an area with planned supporting structures in Hafnarhyrna
mountain Siglufjordur Iceland.

One of the main concerns about the deflecting dams and planned new bridge is how much
drifting snow will accumulate in the canal between the deflection dams during winter time and
if the drifts will cause problems for slush flows to flow under the planned bridge in a slush flow
incidence. Too much snow might require removal of it in order to maintain the function of the
canal and bridge. Concerns are also raised about snow drifts around buildings and reduced
visibility and drifts at Road 500.

The main purpose of the wind simulation is to map the wind fields around the deflecting dams
at micro scale and to interpret how snow will accumulate.

2. WINDSIMULATION METHOD

There is a broad variety of CFD models on the market that can simulate wind, but fewer models
simulate drifting snow. The authors have some experience of wind simulation and interpretation
of the wind fields but much less experience with these particle CFD models. Neither the budget
nor the time frame allowed for the study of particle CFD models.
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Figure 2  The figure shows Vannledningselva (dark shapes), Road 500 and the planned
deflecting dams on both sides of Road 500 (red contours). Letters A-C depict top
of dams. The distance between contour lines at the dam is 1 m. This digital elevation
model of the deflecting dams was used in the wind simulation in early stage, but
the final design will be somewhat different at Road 500, but it is expected that the
main principles will be the same. The model shows the cut through road 500 for the
river.

The wind flow was simulated using the WindSim software which is a specialized tool for wind
simulation in complex terrain. The engine of WindSim is a PHOENICS solver which is a
general-purpose CFD software package widely used in different industrial and research
communities.

The digital surface model (DSM) for the area is based on a high-resolution point cloud model
were existing buildings were part of the model. The deflecting dams were merged onto the
DSM with grid resolution of 2 m. In addition, Aster Gdem v2! Worldwide Elevation Data was
used for the outer domain. Roughness is based on GLC30? and roughness contours manually
captured from Google Earth imagery. The size of the DSM was 2,4x2,65 km and the total
simulation domain is a box with dimension of 2,4x2,65x4,7 km. The total number of cells was
approx. 2,9 million (WindSim AS, 2018).

The inlet wind directions were: 40°, 220° and 340° and wind speed 10 m/s, 20 m/s and 25 m/s.
In total 9 simulations were performed to have 3D wind field for +£15° around the inlet directions.
Wind velocity plots are shown at 2 m, 5 m and 10 m above ground for the wind direction of
40°, 220° and 340°. The wind directions 40° and 220° are in and out Longyear valley and 340°
is along Vannlednings valley. The wind directions 40° and 220° are used in the further work as
they represent wind approx. perpendicular to the dams.

! https://asterweb.jpl.nasa.gov/gdem.asp
2 Global Land Cover with 30 m resolution.
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Figure 3
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The figure shows wind speeds as colored vectors. Wind speeds in m/s are shown
on the scale to the left. The deflecting dams and Road 500 (blue contour lines) are
shown as blue contour lines in the background. Boundary wind direction (40°) is
shown at the upper right corner and boundary wind speed is 20 m/s for wind 2 m
over surface. Letters A-C shows the location of the dams.

Wind speeds are shown here as colored vectors. Wind speeds in m/s are shown on
the scale to the left. The deflecting dams and Road 500 (purple outlines) are shown
in the background. Boundary wind direction (220°) is shown at the upper right
corner and boundary wind speed is 25 m/s for wind 2 m over surface. Letters A-C
shows the location of the dams.
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3. RESULTS

The results from the high-resolution wind simulation at the crossing of Road 500 and the
deflecting dams are shown in Figure 3 and Figure 4. No wind simulation has been done for the
existing terrain/surface and infrastructure and therefore we do not know if wind from 40° or
220° will cause increase in wind and snow drift accumulation due to the dams.

Figure 3 show relative strong wind flow along the Road 500 past dams A and B (see also
numbering in Figure 2). A small “lee” zone can be seen below the Road 500 and dam A. The
most important and interesting area is between dams B and C and Road 500. The wind
simulation indicates a large lee zone up to 100 m from Road 500. At the same stretch the dam
height is changing from 8 m near the road to 12 m further up. The vector lines show the wind
blows around the dam end at the road and then turns up the canal; part follows the steep dam
face at northern deflecting dam and a bit stronger wind turns to the south and passes the southern
deflecting dam (C). The wind blows also over the dam top and it is quite strong. A combination
of these wind fields seems to cause a vortex starting at Road 500 and fading out approximately
at line between B and C on Figure 3 (the black spot in the canal). A contributor to all this might
also be the wind around the buildings along Hilmar Rekstens road which also hits the dam just
about where the dam has reached its highest part. Snow drifts can expect from the road and
upward in the canal. It is also interesting to see how the buildings below and above Hilmar
Rekstens road contributes to lower wind speed at the dam compared to the open space at Hilmar
Rekstens road.

Further up the dam one can expect cornices at lee side of dam top on both deflecting dams. The
wind simulation shows the wind blowing up the canal for some 40-70 m before the it turns to
south and over the south deflecting dam C.

As mentioned earlier the wind simulation indicates increase in wind on Road 500 at the dam
crossing for wind blowing in the valley (40°). Prior to the wind simulation work snow drifts
were expected to form at the end of the dams at the road but the simulation does not indicate
this in the same extend.

For wind direction out the Longyear valley (220°) the wind simulation indicates much less force
in the wind at the deflecting dams than for the opposite wind direction (Figure 4); here wind
speed is 25 m/s to make coloured vectors more visible. The residential area on Haugen
contributes to relatively large lee area from the buildings to dam C. Interesting is the lee side
just above Road 500 north of dam B. Wind that passes the dam hits the roof tops with little
lower wind speed but between the buildings and the dam appears to be a vortex that might
contribute to snow accumulation at planed pathway and buildings at the north side of the dam.

Above the residential area, at the apex of the fan, the simulated wind flows partly down
Vannlednings valley between the dams and large cornices are not expected but further down
cornices are expected.

A similar condition to the upper part of the dams at Vannledningselva are the catching dams in
Bolungarvik Iceland, Figure 5. Wind did blow along the dams and none or only small cornices
were formed at dam top. Further to the left (outside the figure) a curvature in the dam geometry
caused a lee area outside the dam where snow accumulated. The opening between the dams
canalize the wind and that might help clearing the dam slopes of snow.
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Figure 5 Snow drifts around houses and catching dams in Bolungarvik Iceland after a storm
period; wind was blowing from upper right corner to the left, see yellow arrow.
Source: Google.com/Maps.

4. CONCLUSIONS

The deflecting dams discussed in this work have not yet been built and therefore we cannot
verify the findings discussed in this article. The wind simulation results are interpreted and
correlated to the authors knowledge from other works and observations from real dams and
residential areas. The authors claim that wind simulation software like in our case WindSim are
useful tools for studying small scale wind fields around mitigation measures like dams. From
the wind fields the snow accumulation areas can be predicted by studying the gradient and lee
areas but the limitation is that the volume of snow cannot be predicted.

It will be interesting to follow up this work when the deflecting dams have been built, maybe
around 2024-2025, and some experience has been gained from winter conditions.
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ABSTRACT

After two catastrophic avalanches in 1995, that killed 34 people in their homes, laws and
regulations regarding avalanche hazard in Iceland were changed and the hazard management
responsibilities of the involved governmental agencies and institutes were clarified. Since then,
hazard zoning has been carried out for 23 towns and villages in Iceland where there is some
avalanche hazard. Local governments are required to take actions to mitigate the risk for
settlement with some residential houses in red zones according to the hazard maps. Most of the
houses in the worst areas have been protected. The Icelandic Meteorological Office is
responsible for avalanche monitoring for settlements and evacuation of houses during aval-
anche cycles. Without avalanche protection, the areas with the greatest hazard would often be
evacuated. The protection measures that have been built both improve safety and reduce the
discomfort associated with avalanche cycles for the inhabitants. They also make the daily
avalanche monitoring for settlements easier by reducing number of areas that need monitoring
during “normal” avalanche cycles. Avalanche hazard assessment has also been carried out for
a great number of farms and recreational buildings in rural areas where the new regulations
require hazard assessments for all new buildings.

1. INTRODUCTION

After two catastrophic avalanches in 1995, that killed 34 people in their homes, laws and
regulations regarding avalanche hazard in Iceland were changed and the hazard management
responsibilities of the involved governmental agencies and institutes were clarified. The
Icelandic Meteorological Office became responsible for hazard zoning, avalanche monitoring,
evacuation of endangered areas in collaboration with civil defence authorities and technical
advice to the government regarding avalanche protection measures.

2. HAZARD MAPPING

According to laws and regulations about avalanche safety, the Icelandic Meteorological Office
(IMO) is responsible for hazard zoning in Iceland. It has been decided to use annual probability
of an individual being killed in an avalanche as a measure of avalanche risk (Jonasson and
others, 1999). The acceptable risk according to the regulation is 0.2 of 10.000 per year (local
risk of 0.3 of 10.000 per year if continuous presence in the endangered area is assumed) and
areas with unacceptable risk are divided into three hazard zones (A, B and C, also denoted with
the colours yellow, blue and red) with increasing level of risk with the C-zones having the
highest risk.
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After the regulation change, following the avalanche accidents in 1995, hazard zoning has been
carried out for 23 towns and villages where some avalanche hazard was considered likely.
Hazard zoning has, furthermore, been carried out for two ski areas. Avalanche hazard
assessments have also been carried out for a great number of farms, recreational buildings,
hotels and other constructions in rural areas where the new regulations require hazard
assessments for all new buildings. This type of hazard assessment has become more important
in recent years with increased tourism in Iceland. Hazard assessments have now been made for
over 130 such locations in rural areas, see Figure 1. Hazard management related to thawing
permafrost and landslides on downwasting glaciers due to warming climate has also come up
as an urgent task in recent years.

Figure 1  Areas where hazard due to snow avalanches and landslides has been assessed in
Iceland since 1995. The black points show settlements and ski areas. The white
points denote locations in rural areas where hazard assessments have been made.

3. AVALANCHE PROTECTION

Local governments are required to act to mitigate the risk for settlements with some residential
houses located in C-zones according to hazard maps. Many houses in the worst areas have been
protected with avalanche defence structures but several areas with some residential houses in
red zones remain to be protected. The avalanche hazard zoning of protected areas is updated to
take into account the improved safety provided by the protection measures.

4. EVACUATIONS
The IMO is responsible for monitoring of avalanche danger for settlements and evacuation of
houses during avalanche cycles in collaboration with civil defence authorities. There is a high
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uncertainty in avalanche monitoring. Those involved try to be on the safe side and expect to
evacuate houses many times without the houses being hit by an avalanche. Without avalanche
protection measures, the areas with the greatest avalanche hazard would often need to be eva-
cuated, in some cases many times in the same winter.

The settlement of Bolungarvik, for example, had the most frequent evacuations of all settle-
ments in Iceland before it was protected by two catching dams and a row of braking mounds,
built between 2008 and 2012. Figure 2 shows the number of houses evacuated in the settlement
as a function of time. For comparison, evacuations of an industrial area in the neighbouring
town of {safjérdur is also shown in the figure. The area in {safjordur is unprotected and is thus
still regularly evacuated. There are roughly 10 km between the areas and the mountains above
have similar aspect. When both areas were unprotected, houses were always evacuated in
Bolungarvik when an evacuation was ordered in {safjérdur and in some additional cases in
Bolungarvik. It cannot be stated that this pattern would have continued but it is clear that
without the protection measures, the buildings in the affected area in Bolungarvik would have
been evacuated several times since the dams were built. The protection measures that have been
built since 1995 have greatly improved the hazard situation in many settlements in Iceland.
They both provide safety and reduce the discomfort associated with avalanche cycles for the
inhabitants. They also make the daily avalanche monitoring for settlements easier by reducing
number of areas that need monitoring during “normal” avalanche cycles because protected areas
such as in Bolungarvik are not of regular concern.

S 7 Bolungarvik
= |safjorour-area 9

20
|

Number of evacuated houses
10 15
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Figure 2 The number of evacuation of houses in Bolungarvik and the most exposed evac-
uation area in the neighbouring town of Isafjordur. The settlement in Bolungarvik
has been protected with two catching dams and a row of braking mounds built,
between 2008 and 2012.
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5. CONCLUSIONS

The presentation will give an overview of the status of hazard zoning in Iceland with a focus
on changes in hazard management after a substantial number of settlements have been protected
with permanent structures, and on future tasks and challenges. The protection measures that
have been built, following hazard zoning where residential houses have been judged to be
located in C-zones, both provide safety and reduce the discomfort associated with avalanche
cycles for the inhabitants. They also make the daily avalanche monitoring for settlements easier
by reducing number of areas that need monitoring during “normal” avalanche cycles. An
increasing number of requests for hazard zoning have been received in recent years in connect-
ion with buildings in rural areas, in particular recreational buildings and buildings associated
with tourism. It is foreseen that future hazard assessment work in Iceland will mainly deal with
avalanche hazard in ski areas, rural areas and reassessment of hazard where protection measures
have been constructed as hazard assessments have now been made for all threatened towns and
villages. Hazards due to landslides from thawing permafrost and steep slopes above
downwasting glaciers are also of growing concern.
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ABSTRACT

In Switzerland, supporting structures are the most important structural avalanche protection
measure with replacement costs of around CHF 1.5 billion. The analysis of the snow-rich
winter 2018 gave new insights into the effectiveness and vulnerability of protective measures.
The effectiveness and maintenance are important aspects in the service life of a protective
measure. For efficient maintenance, a register of protective structures and periodic inspections
are required. In future, maintenance will be more important than the construction of new
protective measures.

1. INTRODUCTION

Switzerland has a high natural hazard risk. This is due to the mountain topography, to the very
dense population and the large number of infrastructure facilities. Today's settlement patterns
and societal functioning would not be possible without the existing protective measures.
Around 22% of the Swiss population lives in flood-prone areas. The risk of avalanches is
much lower. Less than 1% of the population lives in areas endangered by avalanches. In order
to counter this risk, protective measures against natural hazards amounting to around CHF 50
billion have been implemented (Martin, 2009). The proportion of technical avalanche
protection measures is much smaller. Estimates show that around CHF 2 billion has been
invested in technical avalanche protection over the past 50 years. Supporting structures are the
most important permanent structural protection measure in Switzerland. Today, more than
500 km of permanent supporting structures exist, with an estimated replacement value of CHF
1.5 billion. Major efforts are required to maintain the high safety standard. Two important
tasks which are discussed in greater detail below are i) the analysis of the effectiveness and
vulnerability of mitigation measures during major avalanche cycles such as in winter 2018
especially regarding the rezoning of hazard maps and ii) the management of maintenance to
preserve the effectiveness of the mitigation measures.

2. AVALANCHE WINTER 2018

The analysis of avalanche winters provides valuable information to be able to verify the
functioning of the protective measures in realistic situations. In January 2018, 2.5 to 5 m of
snow fell widely at high elevations in the Swiss Alps over a period of 25 days. This was as
much new snow as registered at certain stations every 75 years. On 22-23 January, a north-
west storm led to a serious avalanche situation. The highest hazard level (5, very high) was
forecasted for a widespread area for the first time since 1999. Many large and several very
large avalanches occurred, with the cantons Valais and Grisons being most severely affected.
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The humid snowpack at medium elevations slowed down the avalanches, which released as
dry avalanches higher up, so that no settlements were hit. In some cases, however, they were
only just missed. By the end of April, more than 360 destructive avalanches had been reported
to the SLF. No permanently inhabited buildings were destroyed and no people were injured in
settlements or on traffic routes. Numerous traffic routes were closed for up to 9 days due to
avalanche danger. However, the 2018 avalanche winter was less extreme than the avalanche
winter 1999. For the first time satellite images (SPOT 6) with a resolution of 1.5 m of all
areas with hazard level 5 (very large) were evaluated to document the avalanche activity
(SLF, 2019). More than 18’000 avalanches were mapped in the investigated area of 12°000
km?, which covers about 50% of the Swiss Alps. Around 16% of the avalanches surveyed had
a volume exceeding 80’000 m® and started in southern to eastern aspects.

3. PERFORMANCE OF MITIGATION MEASURES IN WINTER 2018

3.1 Snow supporting structures:

In January 2018 the snow distribution was rather irregular due to wind. As a result, several
areas with supporting structures were locally overfilled with snow (Figure 1). Since an
increase in snow depths was to be expected in the further course of the winter, emergency
measures were drawn up in case new snowfall events overfill the structures extensively and
reduce the effectiveness of the controlled areas. Surprisingly, relatively large avalanches
triggered in around 10 sites with supporting structures during the avalanche cycle of 22/23
January 2018 (Figure 2). The fracture depths of these avalanches were rather small, mostly in
the range of 0.5 m. Since the supporting structures were usually not completely filled with
snow, the avalanche snow was slowed down and partly stopped by the lines of structures. The
steeper the terrain and the more the structures were prefilled with snow, the less avalanching
snow could be retained. With regard to the fracture propagation, the lines of structures
showed practically no effect in some cases.

Figure 1 Supporting structures in the Valais, Figure 2 Supporting structures in the Bernese

in the centre the structure height is 6 Oberland, on 22 January 2018 a
m. On 24 January 2018 the snow large slab avalanche released within
height was locally > 8 m (Photo J.J. the controlled area (Photo U. Ryter).
Lugon).

The snow masses flowing out of the controlled perimeter were mostly small and caused no or
only insignificant damage. As a result of high snow depths and strong snow gliding, the snow
pressure loads on supporting structures were high in winter 2018. Consequently several
supporting structures were damaged. In most cases, the damage was local and did not or not
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yet significantly affect the function of the structure. In the winter of 2018, the total amount of
damage to supporting structures amounted to around CHF 1.5 million. In comparison to the
total number of supporting structures, this figure is in the per mil range. The most frequent
damage was to the valley-side buckled steel supports of snow bridges. Around 200 supports
from older structures buckled out, because in addition to the normal force, a transverse force
occurred (Figure 3; Margreth, 2007). The snow layer below can cling to the supports. In some
snow-covered structures, girders and cross-beams broke or were bent. Such damages typically
occur if a structure is overfilled with more than 1.0 m of snow. In some locations, where the
distance between the lowest crossbeam and the ground was large (> 0.3-0.5 m), the uphill
anchor bars were deformed or broken (Figure 4). This damage typically occurred in
connection with strong snow gliding.

Figure 3 Buckled supports of end of line Figure 4 Deformed crossbeams and anchors

structures in the Valais. No lateral because of a too large gap between
snow pressure was considered in lowest crossbeam and ground,
the design (Photo Nivalp SA, canton Uri (Photo R. Planzer, 2018).
2018).

3.2 Snow drift fences

The combination of snow drift fences and wind baffles was efficient in conditions with
snowfall and strong winds. Detailed observations are available from the snow drift fence at
Tanngrindel in the Bernese Oberland. The 4 m high and about 90 m long fence reduces snow
accumulations in an avalanche release area. The fence is located at a distance of 30 m from
the edge of the terrain. On 27 January 2018, a laser scan-based snow depth map was prepared.
Behind the fence about 40 m® snow per m was deposited. The maximum deposition height
was slightly over 4 m. A total of about 5000 m’ of snow was retained by the fence. Significant
damage occurred at a 275 m long snow drift fence at Valtschamela in the canton Grisons,
which was constructed in a 25° to 30° slope. Since the ground gap of the 4 m high fence was
only about 40 cm, the fence was covered with snow relatively early in the winter. As a result
snow pressure acted on the fence. Several steel girders and anchors were bent in the direction
of the valley (Figure 5). The snow drift fence must be completely rebuilt. In inclined terrain,
snow pressure as well as wind loads must be taken into account for the design of snow drift
fences.
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Figure 5 Snow drift fence damaged by lateral Figure 6 Deflecting dam made of snow,
snow pressure acting in the line of canton Valais (Photo W. Gitz,
slope, Valtschamela, canton Grisons 2018)
(Photo S. Margreth, 2018).

3.3 Snow sheds and avalanche dams

At least 50 snow sheds were hit by avalanches in January 2018. One problem with snow
sheds is their length, which is often planned to be as short as possible for financial reasons. At
least ten snow shed portals were overflowed laterally. The structure of a snow shed protecting
a railway line was damaged due to lateral snow pressure. A number of avalanches occurred in
avalanche tracks protected with dams. However, only few avalanches reached the dams. In
the Lotschental (Canton Valais), a site with supporting structures was largely destroyed by an
avalanche in winter 1999. In order to protect the village and the supporting structures from
avalanches, a 380 m long and 10 m high wedge-shaped deflection dam was constructed on a
terrain terrace above. In January 2018, an artificially triggered avalanche reached a similar
size as in 1999. The snow masses were completely deflected by the dam. At the upper end of
the dam, the snow masses practically reached the top of the dam. In the Matter valley, 3 to 7
m high dams of snow were built in the lower part of four avalanche tracks in order to prevent
the railway from being buried by subsequent avalanches, which could have a longer runout
than usual in the smoothed out avalanche tracks (Figure 6).

4. MAINTENANCE MANAGEMENT IN SWITZERLAND

4.1 Overview

In Switzerland, protection against natural hazards is a joint task of the Confederation, cantons
and communes. For the management of protective structures, this means that the
Confederation issues the legal base, defines a minimum data model for the protective
structure register and ensures partial funding. The cantons keep the register of protective
structures and ensure their maintenance. The communes periodically check the protective
measures they own and carry out simple repairs themselves (Frei, 2013). In the case of major
maintenance measures, they receive technical and financial support from the Confederation
and the canton. In the future, the focus will be on preserving the existing protective structures
and not on constructing new ones. The goal of protective structure management is to achieve
the longest possible service life for the structures. Since the effect of the protective measures
is considered in hazard maps, structural safety and serviceability must be guaranteed. Both are
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influenced by aging. In the case of supporting structures, the quality of the building materials,
the construction work, the climatic conditions, the effect of snow pressure and the
geotechnical situation are decisive. Snowy winters and heavy rainfall with erosion can lead to
faster aging. Timely execution of maintenance measures can have a positive counter-effect on
aging. In order to be able to carry out maintenance measures in time and to know the long-
term financial need for maintenance, an overview of the number and condition of all
structures is required. A functioning protective structure management system includes a
register of protective structures, a manual for structure inspections and multi-year planning.

4.2  Protective structure register

The register is kept by the cantons and gives an overview of “what measure is where and in
which condition”. An administrative data base contains all relevant information on the project
perimeter such as name, commune, owner, person responsible for periodic on-site inspection,
inspection cycle, protection goal, year of construction and cost. A spatial database contains
the positions of the single structures with attribute tables showing the structure number,
structure type, year of construction, structure height, foundation type, anchor length, date of
inspections with structure state, observed damages, repair cost and so on (Figure 7).
Additionally an archive of the project files such as the extent of the project perimeter,
structure drawings, protocols on anchor pull-out tests and grout checks as well as
correspondence and photos. The numbering of the structures is very important to allow on-site
identifcation.

Figure 7 Protective structure register Canton Graubiinden with extract of the map server,
overview photo and structure numbering

4.3 Manual for structure inspections

Several cantons have developed a manual for the structure inspections (AWN et al., 2018).
The two-stage procedure consists of an inspection of the single structure and an overall
evaluation of the protection goal. The inspection on site is carried out visually by going from
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the general to the detail. Large-scale slope failures, local soil movements or soil erosion can
lead to structural damages. The assessment of the geometry of a line of supporting structure
often provides indications of possible damage. The single superstructure is analyzed visually
typically in regard of deformation or failure of steel members or wire ropes, geometry
changes, displacements of steel bed plates, erosion around foundations and cracks in anchor
grout or concrete foundations. The manual contains a checklist with photos which show the
most relevant and frequent damages or defects of supporting structures (Table 1).

Table 1: Example of a check-list for evaluating the state of crossbeams

Crossbeams Damage and cause Maintenance

Crossbeams with dents, deformation or None, observation.
formation of cracks. Check if the girder is Repair (straightening)
also deformed. epair (straightening
Too high snow pressure (snow gliding, Replacement
overfill with snow), impact of rockfall,

impact of avalanches.

Defect fastening of the crossbeams: broken | Replacement; tighten screws.
brackets, missing screws, loose screws,
shifted fastening rail.

Particularly tricky when the direction of
the crossbeams changes (convex position).

Snow pressure, rockfall, wind load
(vibrations).

Missing crossbeams. Replacement; check that
overlap of main and
intermediate crossbeam is

> 5 cm; the planned distance is

Vibrations because of varying wind loads,
avalanche impact, rockfall,

overlapping of main and intermediate
crossbeams often too small.

typically around 25 cm.

Filling of the supporting plane with stones
and earth. Problematic if the effective
height is smaller than approx. 50 cm.

Deposit from rockfall, erosion or landslide.

Removal of deposited material
if thicker than 50 cm.

Evaluate the cause of the
ground instability and fix it if

necessary.

The inspection made by local foresters or engineering companies is done as a negative check
by documenting only damages. It is preferable that the inspection is always carried out by the
same person, in order to detect changes better. The corresponding documents exist for
reporting. The damages are classified into five condition classes (Table 2). Condition class 1
means very good, it is a new structure. Condition class 5 means alarming, i.e. the structure is
heavily damaged or destroyed and should be repaired immediately. The most common forms
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of damage to supporting structures are deformations of the superstructure and foundations due
to great snow pressure resulting from severe snow gliding or when the structure is overfilled
with snow. The worst damage occurs during dynamic avalanche impact, especially if an

avalanche enters the defense area from the top or the sides.

Table 2 Condition evaluation of snow supporting structures (AWN et al., 2018)

Condition | State characterization Urgency for Time horizon Example of damages
level maintenance for consequen-
tial damage
1 very New structure None - -
good
2 good As good as new until None - Natural aging, small
first signs for aging deformation of cross beams
3 Small damages, Small urgency, > 5 yrs. Bent cross-beams, erosion
sufficient | structural safety and observation around foundation < 10-20
serviceability fulfilled cm, debris on the grate < 50
cm, uniform corrosion (rust)
4 poor Damages and weak Middle urgency, 2-5 yrs. Slightly buckled posts, a
points, reduced structural | maintenance pressed in micropile, eroded
safety, serviceability required in 1-2 yrs. anchors > 20-40 cm,
mostly fulfilled displaced cable clips
5 alarming | Risk of collapse, High urgency , <1yr. Buckled supports, broken or
structural safety and maintenance pulled out anchors, broken
serviceability very required in less than girders, broken wire ropes
limited 1 yr.

The inspection cycle depends on the geotechnical conditions of the site, the snow situation
(e.g. area with strong snow gliding), the complexity of the perimeter, possible rockfall
activity, type, age and vulnerability of structures and the results of the former inspections. A
rough visual inspection is performed yearly. A more detailed inspection where all structural
members and foundation components are closely verified visually is performed at intervals of
1 to 5 years and after snow-rich winters. Specific inspections e.g. performing anchor pullout
tests are arranged if the uncertainty on the structural state is very high or if a bigger
maintenance project is planned. For future anchor pullout tests additional anchors
representative of the types installed are drilled and marked accordingly.

The causes of damage to supporting structures can be systematized by differentiating between
internal causes that directly affect the structure and external causes such as effects from the
environment (Table 3). Further the two causes can be subdivided into typical causes such as
normal aging or normal snow pressure loads and atypical ones such as design errors or the
impacts of rockfall or avalanches not considered in the design. Atypical external causes are
usually unpredictable, but can cause great destruction.
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Table 3: Overview on causes of damage to snow supporting structures (Rudolf-Miklau et al.,

2015)

Influence Internal cause for damage External cause for damage
(structure / material) (effects from the environment)

Typical (predictable): considered in | Material aging (corrosion, Snow pressure, impact of snow

the design process of a supporting embrittlement), load changes slides, erosion

structure (material fatigue)

Atypical (often unpredictable): not | Material defects, design faults, Avalanche impact, cornice

considered in the design process of | construction defects, planning collapse, rock and block fall,

a supporting structure errors falling trees, strong erosion, storm

5. CONCLUSIONS

The compilation of event analyses of avalanche winters is helpful for verification of the
performance of protective measures in extreme avalanche situations. The 2018 avalanche
winter showed that supporting structures do not provide 100% safety. Each protection
measure is designed for a specific scenario. If this scenario is exceeded, there is a residual
risk. Winter 2018 showed some weaknesses in protective measures that need to be eliminated.
In Switzerland, maintenance will be more important in future than the construction of new
protective measures. This requires efficient management of protective structures, which
typically consists of establishing a register of structures and carrying out inspections. In the
case of older structures, a conceptual review must be carried out from time to time to
determine whether the structures still meet current requirements or whether a change in
strategy is indicated in the protection concept. It is also conceivable that there are situations in
which maintenance is no longer worthwhile and the dismantling of protective measures is
envisaged.
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Snow2019 NVE.RN The Norwegian way of preventing nature
hazard
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ABSTRACT

The Norwegian Water Resources and Energy Directorate (NVE) 1s a directorate under the
Ministry of Petroleum and Energy. In 2009, NVE was given the authority and responsibility for
natural hazards concerning snow avalanches. The responsibility is connected to spatial planning
for the future, risk reduction for existing houses, hazard mapping and avalanche bulletins, flood
warnings, landslide warnings and weather warnings. We will describe how this authority is
defined and what it means that we are assisting the municipalities in the management of this
hazard.

We will also mention the avalanche forecast on www.varsom.no/en and debate how avalanche
forecasts can be used as risk assessment.

Mikkelsen 171



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjordur, Iceland, April 3-5, 2019

Geomorphic signatures of different debris-flow release processes
in Isafjorour, north-western Iceland

Costanza Morino'®*, Susan J. Conway', Matthew R. Balme? Colm Jordan?, John Hillier?,
Porsteinn Smundsson’®, Tom Argles®

! Laboratoire de Planétologie et Géodynamique de Nantes, Université de Nantes, Bdtiment 4, 2 Chemin de la
Houssiniere, 44300 Nantes, France
2School of Physical Science, The Open University, Walton Hall, Milton Keynes, MK7 644, UK
3British Geological Survey, Environmental Science Centre, Keyworth, Nottingham NG12 5GG, UK
‘Geography and Environment, Loughborough University, Loughborough, LEI11 3TU, UK
SDepartment of Geography and Tourism, University of Iceland, Askja, Sturlugata 7, IS-101 Reykjavik, Iceland
School of Environment, Earth & Ecosystem Sciences, The Open University, Walton Hall, Milton Keynes, MK7
644, UK
*Corresponding author, e-mail: costanza.morino@univ-nantes.fr

ABSTRACT

Debris flows, fast-moving bodies of poorly sorted debris material mixed with water and/or air,
pose a direct threat to many towns in Iceland. Distinguishing the release processes of debris
flows and their associated geomorphic features help in anticipating new events. Two initiation
mechanisms have been recently hypothesised for the debris flows occurring on the slope above
fsafjordur (NW-Iceland): slope failure and the “fire hose” effect. Slope failure is characterised
by discrete failures that evolve into debris flows, favoured by steep slopes and high pore-water
pressures. The “fire hose” effect arises when debris accumulated within a pre-existing channel
is remobilised and transported by a surge of water, developing into a debris flow. We identify
the geomorphic evidence to distinguish between these two debris-flow initiation mechanisms.
We compare two datasets of airborne LiDAR elevation models and aerial photographs collected
in 2007 and 2013. We report that a new generation of debris flows is initiated by slope failure,
meanwhile older generations may be regenerated by the “fire hose” effect when debris accum-
ulated in channels is remobilised by a later injection of water. These older channels can store
deposits at rest angles over 35°, and form a potential hazard for inhabited areas downslope.
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ABSTRACT

The Northern Norwegian road network often connects remote communities to central parts of
the country through avalanche alpine landscape. These communities are often vulnerable to
isolation due to avalanche hazard on the road and no detour possibilities. These are mostly low-
traffic roads with important transportation such as fresh fish for the European market.

In order to reduce road closures and increase safety for road users due to avalanche hazard in a
cost effective approach on low traffic roads, the Norwegian Public Road Administration
(NPRA) utilize different methods. The avalanche protection methods are under continuous
improvement inspired by new technology and projects from other parts of “the avalanche
world”. The presentation will show the planning and choice of methods in some projects with
avalanche protection in Finnmark County, the northernmost part of Norway at about 71 degrees
north.

We will also present some experiences with the use of active avalanche control through the last
winter seasons. Conditions are often challenging due to extreme arctic climate and lack of
daylight during midwinter.
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ABSTRACT

The Avalanche and Landslide Fund has played an important role in increasing the safety of
the inhabitants of avalanche-prone municipalities in Iceland. This has been accomplished by
establishing the safety criteria for avalanche and landslide hazard mapping and for the design
of protection measures as well as by providing for over 90% of the actual cost of such meas-
ures undertaken in local municipalities in Iceland since 1995. After two catastrophic avalan-
ches in two small towns in the north-west of Iceland in the year 1995, the Icelandic Govern-
ment reorganised its support and at the same time increased public funding to local municipal-
ities for dealing with the threat from avalanches and landslides. The Icelandic Meteorological
Office was designated as the expert advisory body and the Government established an Aval-
anche and Landslide Fund to provide funding for local municipalities to implement the nec-
essary measures.

1. INTRODUCTION

Catastrophic avalanches in the small towns of Stidavik and Flateyri in 1995 caused 34 fatalit-
ies and extensive economic damage in areas considered to be outside avalanche hazard zones.
The public and political opinion on avalanche safety in Iceland was instantly changed by
these tragic events. Hence, the prime minister established a committee in the fall of 1995 to
review the legal framework for all aspects of risk assessment, hazard evaluation and protect-
ive measures against avalanches and landslides. Furthermore, the administration in this field
needed to be strengthened and an improved scientific and technical approach was needed.

This work resulted a complete and radical change in the administration and involvement of
the government in the field of avalanches and landslides protection, i.e.:

- Requirements to municipalities to secure protection from avalanches and landslides.

- The administration in the field of avalanches and landslides was transferred from the
Ministry of Social Affairs to the Ministry for the Environment.

- Research and advice on preventive measures and responsibility for hazard zoning,
regular snow observations and hazard monitoring was given to the Icelandic Meteoro-
logical Office (IMO), an institute under the Ministry for the Environment.

- A new Avalanche and Landslide Committee was established under the Ministry for
the Environment.

2. THE AVALANCHE AND LANDSLIDE COMMITTEE
An act on protective measures against avalanches and landslides was approved by the parlia-
ment (Althing) in 1997 (no. 49/1997). Public meetings were organized in all communities
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where avalanche hazard was known to introduce the new measures in the field of avalanche
protection and to raise public awareness of the problem. Comprehensive plans on monitoring
and evacuation schemes were developed for all the communities in question and it was in-
formed that the implementation of permanent protection structures would take several years.

The main thrust of the legislation on protective measures against avalanches and landslides
was to aim for permanent structures unless cost—benefit analysis showed that it would be con-
siderably less costly to purchase the buildings in the respective hazard zone. The new act
established a national fund, the Avalanche and Landslide Fund. The main income of the fund
derives from an annual fee levied on all property insured against fire, 0.3%o of the insured
value which amounts to around 2.5 billion ISK (ca. 21 million €) in 2019. However, the
actual expenditure from the Avalanche and Landslide Fund is determined annually by the Ice-
landic Parliament, Alpingi. The key role of the fund is to assist municipalities to deal with
protective measures for existing populated areas within towns and villages, mainly the
domestic rather than the industrial areas.

The new act also established an Avalanche and Landslide Committee. The role of the comm-
ittee is to decide on proposals from municipalities for protection measures and to allocate
funding from the Avalanche and Landslide Fund. Assets of the fund can be used to pay the
cost of protection against avalanches and landslides and other relevant measures in accord-
ance with the following:

a. total cost of hazard zoning of populated areas considered to be at avalanche risk,

b. total cost of measuring equipment for research and monitoring of areas considered to
be at avalanche risk,

c. up to 90% of the cost of preparation, design and construction of protection structures,

d. up to 60% of the cost of maintenance of protection structures,

e. up to 90% of the cost of buying houses and apartments and transportation of property
to areas outside hazard zones.

The act on protective measures against avalanches and landslides was modified in 2014 and
again in 2017 allowing the use of funds for hazard zoning regarding other natural hazards than
snow avalanches and landslides, i.e. eruptions and river and ocean floods (see Figure 1 for an
overview of the different natural hazards that need to be considered in Iceland). Extensive
research under the direction of IMO is ongoing in the fields of these new tasks. A further
modification of the act occurred in 2018, stipulating that the annual fee levied on all property
will no longer go to the Avalanche and Landslide fund and that government funding in this
field will be the determined directly by the Icelandic Parliament each year.

3. CAPACITY-BUILDING

The reorganisation of the management of avalanche problems in Iceland was carried out in
collaboration with several international avalanche research institutes and experts, in particular
from Norway, Switzerland, France and Austria. Several international research projects supp-
orted by the European Commission have also been important in the build-up of expertise in
avalanche science in Iceland. An experiment on supporting structures under Icelandic cond-
itions was carried out in Siglufjordur at an early stage of the preparations. This experiment
was primarily intended to study the loading and foundation conditions for supporting struc-
tures in typical Icelandic environmental conditions. Important lessons were learned from this
experiment, such as regarding snow load, wind load, corrosion and installation of the struc-
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tures. The experience gained through the experiment was formalised into an Icelandic annex
to the Swiss Guidelines for Supporting Structures to be applied when designing such struc-
tures for Icelandic circumstances.

An implementation plan for protection measures was drawn up by the Avalanche and Land-
slide Committee in consultation with the local municipalities in 1996 and 1997. According to
this original plan, the most urgent tasks were to be finished before 2010. However, this plan
was revised, and the target year changed to 2020. The plan now needs to be revised again with
a new target to be set. The prioritization took into consideration the estimated hazard level in
the different threatened settlements, the wishes of the municipalities, different local circum-
stances and the financial capabilities of the Avalanche and Landslide Fund each year and the
various actions needed. The framework plan was adopted by the Government in 1996 and re-
vised in 1997. The actual implementation of the protection measures has largely been accord-
ing to this plan with some deviations due to practical circumstances. The plan with its detail-
ed prioritization has proved to be a valuable tool for organizing the various tasks and for dist-
ributing the available funding between the various municipalities.

Figure 1  Geological characteristics of Iceland that determine natural hazards in different
areas of the country. The map shows transform faults in SW-Iceland and central
N-Iceland (earthquakes), the central volcanic zone that strikes across Iceland from
SW to NE (volcanic eruptions, the most active volcanic area is indicated with an
oblique, red ellipsoid), the glaciers (jokulhlaups) and the mountainous regions in
NW-, central N- and E-Iceland (snow avalanches and landslides, dark blue oval
areas). The main villages threatened by snow avalanches and landslides are shown
with dark blue labels. (Map from the Icelandic Meteorological Office.)
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4. ACCEPTABLE RISK AND HAZARD ZONING

A definition of acceptable risk from avalanches and landslides for living quarters in towns and
villages was needed before permanent protective structures could be designed for the areas in
question. This required the involvement of several experts and eventually a political decision.

The regulation no. 505/2000 on hazard zoning due to avalanches and landslides, classific-
ation and utilization of hazard zones defines acceptable risk.

“Local risk to humans in residential dwellings, schools, day-care centres, hospitals,
community centres and similar locations is considered acceptable if it is less than 0.3
x 10~ annually. For commercial buildings where there is steady activity, the risk is
acceptable if local risk is less than 1 x 10* annually. For recreational homes, risk is
acceptable if local risk is less than 5 x 10~* annually. In determination of these limits
an exposure of 75% is assumed for residential dwellings, 40% for commercial build-
ings and 5% for recreational homes. In addition, it is assumed that children do not
generally occupy commercial buildings, except for schools and day-care centres.”

Based on the above definitions a hazard map on the scale 1:5000 shall show a hazard line, i.e.
on one side an area of acceptable risk and on the other upslope areas marked with A, B or C
with increasing local risk according to the following table:

Lower limit Upper limit
Hazard zone A 03 x10* 1.0 x 107
Hazard zone B 1.0 x 107 3.0x 107
Hazard zone C 3.0x 10 -

The term “local risk” is defined as the “annual probability of death because of snow- or land-
slides for an individual, dwelling continuously in a non-reinforced single-family building”,
i.e. it is essentially individual risk of accidental death but without regard to the so-called
“exposure”’, which is the probability of being in hazard zone when a snow- or landslide falls.

In areas protected by permanent structures, risk with and without the structures shall be
shown. Furthermore, the map shall especially identify structures and landscape features
which reduce risk and hence may not be altered for safety reasons.

No residential, recreational or commercial activities may be planned unless it has been estab-
lished that the risk due to avalanches and landslides is acceptable. An existing detail and/or
master plan which is not in accordance with the hazard map must be revised. Disputes re-
garding revised plans can be referred to the Ruling Committee for Environment and Natural
Resources.

Since 1996 hazard zoning has been completed for the following towns and villages:

Olafsvik Hnifsdalur Talknafjordur
Patreksfjorour Sudavik Drangsnes
Bildudalur Siglufjorour Akureyri

bingeyri Olafsfjordur Kirkjubajarklaustur
Flateyri Seydisfjorour Vik

Sudureyri Neskaupstadur Mosfellsbaer
Bolungarvik Eskifjorour Reykjavik
[safjorour Faskradsfjorour

Hazard zoning is currently in preparation for the village of Stodvarfjordur in E-Iceland.
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When the present efforts to improve safety due to avalanches and landslides were initiated, it
was generally considered that mainly 8—10 local communities were threatened by avalanches
or landslides in Iceland. However, the total number of local communities that are now con-
sidered endangered to some degree is 24 after further evaluation.

5. PROTECTIVE MEASURES

According to the regulation no. 505/2000 on hazard zoning due to avalanches and landslides,
classification and utilization of hazard zones, protection structures are only to be built to
ensure safety of people in already populated areas. Within six months from the completion of
hazard zoning, the municipality must make an action plan to ensure safety of people in resid-
ential buildings. In hazard zone C, security shall be ensured with permanent protection struct-
ures or the purchasing of residential housing. For hazard zones A and B, the safety of people
can be ensured through monitoring and evacuation.

One of the first tasks supported by the Avalanche and Landslide Fund after revision of the
legal framework was the relocation of the small town of Sidavik. This task was approved in
the fall of 1995 and mostly completed in the spring of 1997. A total of 55 new residential
units were built in a safe area and a few houses were relocated in the process.

6. CONSTRUCTION OF PROTECTION STRUCTURES

The first permanent protection structures were built in Flateyri and completed in 1998. The
Avalanche and Landslide Fund has since then supported the construction of protection
structures at more than thirty locations in fifteen municipalities. Several of those structures
have been hit by avalanches and hence have already proven their value.

Protection structures have been constructed or houses purchased in the following towns and
villages:
- Sudavik — relocation project completed in 1997.
Flateyri — construction of two deflecting dams and a catching dam was completed in 1998.
[safjorour:
= construction of a deflecting dam for Seljaland area was completed in 2004.
= construction of a catching dam for the Kubbi area was completed in 2013.
= construction of catching dams for the Gleidarhjalli area was completed in 2017.
= construction of supporting structures for the Kubbi area was completed in 2018.
- Hnifsdalur — purchase of houses and demolition completed in 2007.
- Siglufjordur:
= construction of deflecting dams for the Strengsgil area was completed in 1999.
= construction of supporting structures for the Grouskardshnjukur area (phase 1) was
completed in 2004.
= construction of several catching dams above the entire town north of Strengsgil
was completed in 2007.
= construction of supporting structures for the Hafharhyrna area (phase 2) was
completed in 2015.
= construction of supporting structures for the N-Fifladalir area (phase 3) was
completed in 2018.
- Seydisfjordur — construction of a catching and a deflecting dam in the shelf Brin the
Bjolfur mountain was completed in 2004.
- Neskaupstadur:
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= construction of a deflecting dam, braking mounds and supporting structures for the
Drangagil area was completed in 2001.
= construction of supporting structures for the Trollagil area was completed in 2012.
= construction of a deflecting dam, a catching dam and braking mounds for the
Trollagil area was completed in 2015.
Olafsvik — construction of supporting structures, a small dam as well as landscaping
was completed in 2009.
Eyjafjardarsveit — construction of a small deflecting dam for Graenahlid was completed
in 2009.
Bildudalur — construction of a deflecting dam in the Budargil area was completed in 2009.
Bolungarvik — construction of catching dams and braking mounds was completed in 2012.
Olafsfjordur — construction of a deflecting dam was completed in 2010.
Patrekstjordur:
= construction of a catching dam for the Klif area was completed in 2015.
= construction of protection measures for a river Litladalsd were completed in 2015.
= construction of experimental snow fences above the Urdir, Holar and Myrar area
was completed in 2017.
Eskifjordur:
= construction of protection measures for the river Bleiksd were completed in 2015.
= construction of protection measures for the river Hlidarendaa were completed in
2016.
= construction of protection measures for the river Ljosa were completed in 2018.
Féskrudsfjorour — construction of a catching dam and a low deflecting dam in
Nyjabajarlekur was completed in 2014.

Protection structures are under preparation in the following towns:

Patreksfjordur — design of deflecting and catching dams in the Urdir, Holar and Myrar
area will be completed in 2019.

Patrekstjordur — preparation of the construction of additional snow fences above the
Uroir, Holar and Myrar area.

Neskaupstadur — construction of catching dams in under Urdarbotnar will start in 2019.
Siglufjérdur — preparation of the construction of supporting structures for the
Hafnarhyrna area (phase 4).

Neskaupstadur — preparation of the construction of additional supporting structures in
Drangagil.

Eskifjordur — design of protection measures in the river Lambeyrard will be completed
in 2019.

Eskifjordur — design of protection measures in the river Grjota will be completed in 2020.
Seydisfjorour — design of deflecting and catching dams for the Aldan and Bakkahverfi
area will be completed in 2020.

Protection structures in a preliminary stage of preparation:

Olafsvik — preparation of the construction of snow fences.

Patreksfjorour — protection measures in the Geirseyrargil and Sigtin area.
Bildudalur — protection measures in the Gilsbakkagil and Milligil area.
Télknafjordur — protection measures in the Geitarhorn area.

Hnifsdalur — protection measures in the Bakkahyrna area.

Siglufjorour — supporting structures (phase 5).

The Role of the Icelandic Avalanche and Landslide Fund 179



International Symposium on Mitigation Measures against Snow Avalanches and Other Rapid Gravity Mass Flows
Siglufjorour, Iceland, April 3-5, 2019

- Seydisfjorour — protection measures in the Pofar and Botnar area.
- Neskaupstadur — catching dam in the Nes- and Bakkagil area.

The completion of the construction of protection structures for residential settlements in the C-
zone in the various municipalities will take around 30 years if the current annual expenditure is
not increased. This delay is partly because that more towns and villages are threatened by aval-
anches or landslides than was initially realised and partly because the government decided to
slow down the construction in the years 2004 to 2007 due to general economic expansion and
again after the economic crisis in 2008. The estimated cost of the remaining effort now appears
to be around 19 billion ISK (140 million €) whereas the total accumulated cost of protection
measures, relocation of settlements and other mitigation measures since 1995 is 21 billion ISK
(150 million €). Figure 2 shows an example of the revised hazard zoning at Seljalandshverfi in
isafjorour, NW-Iceland, after the construction of a deflecting dam.

Figure 2  Snow avalanche hazard zones for Seljalandshlid in [safjorour, NW-Iceland. The
solid lines show the boundaries of the A (yellow), B (blue) and C (red) zones of the
Icelandic hazard zoning regulation. The dashed lines show the zones before the con-
struction of a deflecting dam at Seljalandsmuli, seen as kinks in the contour lines in
the shadow area on the map. (Map from the Icelandic Meteorological Office.)

7. CONCLUSIONS

The establishment of the Icelandic Avalanche and Landslide Fund for avalanche-prone areas
has proven to be of vital importance for the safety of the inhabitants of the concerned
municipalities. Substantial improvements have been made in safety against avalanches and
landslides for the communities that were endangered by snow avalanches and landslides in
Iceland by the actions taken during the past two decades. Invaluable knowledge on hazard
zoning, design of permanent structures and construction of the same has been gained, aware-
ness has been raised at the municipal level and with the public at large. Permanent protection
structures have already been established in almost all the affected communities and several
have already proven their value. The local municipalities would never have had the resources
to deal with the threat of avalanches and landslides without the support of the Icelandic Aval-
anche and Landslide fund.
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ABSTRACT

Understanding the dynamics of slushflows and snow avalanches plays a major role in estimating
their flow in natural terrain and their effect on obstructions and man-made structures and, and
more importantly, risk assessment regarding people’s safety. Several factors contribute to the
high complexity of such flows, among them the geometrical complexity of the flow path
(ground), the physical behaviour of free-surface flows where complex hydraulic jumps occur, and
the non-Newtonian fluid properties in the case of snow avalanches. Finally, the understanding of
the flow dynamics is fundamental in the design of flood mitigation structures, both in terms of
their strength and effectiveness in directing floods away from sensitive structures and people.

Experiments with scaled-down models have been used for decades to visualize floods and esti-
mate their effect on sensitive structures. The scaling itself must be carefully conducted in order
to preserve the fundamental behaviour of floods, which can be difficult in some cases, e.g. when
both the dynamic similarity of the Reynolds and Froude numbers should be preserved. Never-
theless, experiments and measurements are considered the best method of acquiring accurate
results, but they are in most cases quite time-consuming and costly to perform.

Computational fluid dynamics (CFD) have become an important tool in flow simulations be-
cause of increased number-crunching abilities of modern computers and the use of clusters for
large-scale computational problems. Despite this, modelling of complex phenomena such as
turbulent flow and free-surface flows still poses a great challenge. Nevertheless, many free-
surface flow problems have been investigated using CFD methods, some of which resembling
slushflows and to some extent snow avalanches.

In the current work, two CFD models have been constructed, using the public domain Open-
FOAM CFD software, in order to simulate results from a slushflow laboratory experiment
where different set-ups of barriers were tested. The purpose was to determine an efficient
design for a slushflow mitigation structure (see the paper by Hékonardottir and others in this
volume). One of the models assumes a wide uniform channel, and is therefore implemented as
a 2D problem, but the other is fully three-dimensional. Both models simulate the full Navier—
Stokes equations, with two phases present (liquid and air), and using a surface-capturing
algorithm to model the interface between the two phases.

The results show that the CFD models can replicate some of the actual results from the labora-
tory experiments remarkably well, which indicates that three-dimensional CFD models could
be a valuable tool in the designs of slushflow mitigation structures and in the design of experi-
ments. It appears possible to conduct initial laboratory experiment to calibrate a suitable CFD
model, which is then used in a series of numerical experiments to optimize the design of the
structure being considered, and finally perhaps verify the optimized design with a series of
laboratory experiments. Further work could involve simulating a non-Newtonian fluid with
properties that resemble the granular rheology of snow in a dry-snow avalanche.
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ABSTRACT

The wind field during severe winter storms was analyzed in Bolungarvik municipality on the
Westfjords peninsula, northwest Iceland, using computational fluid dynamics. The simulations
allowed for investigation on reported adverse changes in wind forcing on residential houses
near a large avalanche protection structure following its construction.

The simulations show that under certain circumstances an accelerated wind field develops along
the steep mountain hills in the outskirts of Bolungarvik. The strong wind along the hill side is
diverted by the large-scale avalanche structure towards the buildings in its closest proximity,
resulting in elevated wind forcing and thus negative impact to the residential area.

The characterization and mapping of the wind climate following the completed avalanche
protection in Bolungarvik municipality will be discussed along with an analysis forming the
basis of potential mitigation measures. Furthermore, the benefits of detailed wind field analysis
using computational fluid dynamics for examining potential adverse effects of protection
structures on their local wind climate will be outlined. Emphasis will be given to how this
methodology may assist during the planning and design phases of avalanche structures in severe
wind climates.
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ABSTRACT

We explore the possibilities of using two different programs to aid with the design of protection
dams against snow avalanches and slushflows. The RAMMS 1.6 Avalanche module, developed
by the SLF in Switzerland, was used to back-calculate large and medium sized avalanches on
the Flateyri deflecting dams. We find that the program reproduces the observed avalanche run-
out for the avalanches studied with an appropriate choice of avalanche volume and oblique
shocks are formed in the interaction with deflecting dams. A full 3D simulation is, however,
needed to study the interaction of avalanches and dams, when ballistic overflow is important
for realistic results of the simulation. OpenFOAM is an open source CFD software, commonly
used to simulate complex flows for engineering purposes. The software was used to simulate
the interaction of a slushflow with a row of mounds and a catching dam, as a two-phase flow
of Newtonian fluids, in three dimensions. The numerical solution was compared with experi-
mental results of the interaction of water with mounds and dams. The study showed that the
software may be successfully used to simulate the water—obstacle interaction and optimize the
engineering design.

1. INTRODUCTION

1.1  Interaction with a deflecting dam

We use the program RAMMS Avalanche module to simulate the interaction of avalanches and
deflecting dams. The frictional parameters used in the simulations have not been calibrated for
large Icelandic avalanches, as was done for the program Samos (Gislason and Johannesson,
2007). The software has, however, been tested for a number of large and medium-sized
historical Icelandic avalanches, with the recommended frictional parameters for Swiss
avalanches (Bartelt et al., 2016) with promising results. We have chosen to study in some detail
two medium-sized avalanches that hit the deflecting dam at Flateyri in 1999 and 2000 and a
catastrophic avalanche that hit Flateyri in 1995, see Figure 1.

The three avalanches were compared and analysed in terms of the effectiveness of the dams in
a paper by Jéhannesson (2001) and the 1999 avalanche was discussed and analysed by Johann-
esson et al. (1999). An overall agreement is found in the observed run-up of the avalanches and
the run-up based on back calculations of flow speed and the traditional formulation for run-up,
based on energy conservation of a point mass. It is concluded that the dams will be effective
for substantially larger avalanches. It is also noted that the estimated flow marks on the dams
may be an overestimate of the highest run-up of the dense part of the avalanche. Both
avalanches were channelized at the dam, but the avalanche upstream of the channelized part
appeared unaffected by the dams. This has been interpreted in terms of the formation of an
oblique shock at the dam, analogues to oblique hydraulic jumps for high Froude number free-
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surface flows of water or oblique shocks for high Mach number flows of gas. An abrupt change
in thickness, flow direction and density, occurs and a thicker and more dense current flows
along the dam.

The oblique shock, formed at the Flateyri dam in 1999, was studied numerically by Cui et al.
(2007). They found good agreement between the observed indications of an oblique shock and
the simulated shock, but less so between the highest run-up marks on the dam and the maximum
simulated flow depth and the observed run-out.

AN

Figure 1  To the left: The Flateyri avalanche deflecting dams, built in 1996-1999 (Google
Earth image, 2019). To the right: The Stekkagil ravine in Patreksfjordur, North-
western Iceland (photo: Hakonardottir, 2006) and the proposed design of defence
structures for stopping slushflows from the gully (Verkis, draft from 2016).

1.2 Interaction with mounds and a dam

Previous numerical simulations of slushflows include studies of Gauer (2004) who simulated
slushflows in three dimensions as a two-phase flow of a fluid and air, with the fluid as a multi-
component fluid, in CFX, with and without erosion of the surrounding snow-pack and also, the
much simpler approach, in RAMMS Avalanche using a single-phase, depth-averaged model,
determining frictional parameters to fit observed flow speeds (Jonsson and Gauer, 2014). We
choose an approach that is between the two in terms of complexity.

A full 3D simulation, using the opensource software package OpenFOAM, is used to study the
interaction of a slushflow with braking mounds and a catching dam, due to the ballistic nature
of the overflow. We study the proposed defence measures below the Stekkjargil ravine in
Patreksfjordur, Northwestern Iceland, Figure 1. The design entails one row of 5 pc of 5.5 m
high and 6 m wide, steep braking mounds and a 12 m high, steep catching dam located 70 m
below the mounds. An opening in the dam, with rails, similar to debris flow defences, ensures
an escape for water to the East and a spillway for water to the West. The mounds are located
on the 15° slope of a debris cone. The row of mounds is located sufficiently far away from the
mouth of the gully, such that debris, carried down the gully during spring and autumn flooding
will not block the mounds. The distance between the mounds is 5 m, allowing vehicles to
excavate debris. The design slushflow is approximately 50-10° m?, flowing at a speed of 10 to
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20 m/s, with a depth of 1 to 3 m. The design was tested in laboratory experiments described by
Hékonardottir and Agustsdottir (2019).

The OpenFOAM simulations allow calculations of the impact pressure at the mounds and at
the dam, which is especially important for the mound design in Patreksfjordur. Pressure meas-
urements have shown that the interaction between the dense core of a snow avalanche and an
obstacle can be divided into two periods (Salm, 1964; Kotlyakov et al., 1977; Schaerer and
Salway, 1980). During the first few milliseconds of the impact, a pressure peak is observed.
The peak is followed by a lower base pressure with much longer duration. Pressures, on a 20 m
high and 0.6 m wide pylon with a 62° wedge upstream, have been measured at the Vallée de la
Sionne experimental site in Switzerland for 20 years. Sovilla et al. (2018) report pressure
measurements for a slowly-moving avalanche characterized by a warm plug regime. They
measure maximum pressures at the base of the pylon. The measurements do, however, not show
a single pressure peak in the impact, but rather many peaks measured during the first 10 s of
the flow. Jaedicke et al. (2008) measured impact pressure on an obstacle in the flow path of a
slushflow, in large-scale experiments on a 30 m long chute at Weissfluhjoch, Davos, and found
the highest pressures as the flow front hit the obstacles.

2. THEORY

2.1 Flateyri: Deflecting dams
The Flateyri dams were designed based on the traditional run-up equation, based on energy
conservation of a point mass

: 2
huz%ﬂwhs, (1)

where u is flow speed, vy is deflecting angle between the dam and the avalanche and g is
gravitational acceleration, 4 is the flow depth and #; is the thickness of the snowcover on the
ground (Salm, 1990). Since 2005, dams in Iceland have been designed according to the
European guidelines (Johannesson et al., 2009), based on the formation of an oblique shock at
the dam, as has been observed in experiments with dams and granular flows (Gray et al., 2003,
Hakonardottir and Hogg, 2005). The flow depth by the dam, A may be derived from:

__ tanp _ 4sin B cos B(1-Fr?sin? B)
- tan(B-y) and tany = —3+4cos2 f(1-Fr2sin2 B)—/1+8Fr2sinZ g (2)

where (B—y) is the shock angle, measured from the dam axis.

The Froude number of a free-surface flow, upstream of the dam is given by

€)

where u is flow speed, 4 is flow depth and & is the slope angle.

u2

Fri=——
ghcos&’

The European guidelines also provide a formula for the spreading of an avalanche downstream
from the dam and the added flow depth due to curvature of the dam axis. Spreading is given by:

2 5 1
Pisp = E - 3177 +0 (F)a (4)

which yields 11-21° for Froude numbers between 5 and 10. A value of 20° is often used for
large dry-snow avalanches (Johannesson et al., 2009). For slower flows with Fr between 2 and
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4 the formula yields 25-45°, which is consistent with observations of slower and wetter
avalanches (J6hannesson et al., 2009; Sovilla et al., 2012).

2.2  Patreksfjorour: Mounds and dam

The pressure in the initial impact of the flow with a dam or mound may be compared with
pressure impact theory, derived by Cooker and Peregrine (1998). They found that the maximum
value of the pressure impulse at the wall was

Prax = 0.742puh, (6)

for a rectangular wave, with the maximum located at the base of the wall. The magnitude of the
dynamic pressure, that follows the pressure peak, and the avalanche exerts on an obstacle may
be written as

Pref. = cpu2/2, ®)

with the drag coefficient ¢ and the density p. Schearer and Salway (1980) found ¢ = 1, for an
impact with a dam.

Jets of fluid or granular flows over relatively low obstacles, such as braking mounds, with the
ratio of obstacle height to the flow depth between 1 and 5, have in laboratory experiments been
observed to follow ballistic trajectories (see discussion by Hakonardottir and Agustsdottir,
2019). The launch angle may be determined implicitly from an expression, derived by Yih
(1979), for inviscid, irrotational flow, when the effect of gravity is negligible. The theory
predicts that the deflection of the jet asymptotically approaches the angle between the upstream
face of the dam and slope as the height of the dam relative to the flow depth increases.

Scaling between laboratory scale experiments, and the real situation in Patreksjfordur, is dis-
cussed by Hakonardottir and Aguastsdéttir (2019).

3. NUMERICAL APPROACH

3.1 RAMMS: Deflecting dam

The RAMMS 1.6 Avalanche module was developed by the SLF in Switzerland (Christen et al.,
2010). The core of the program is a second-order numerical solution of the depth-averaged
avalanche dynamics equations (identical to the shallow water equations), with a Voellmy-Salm
type rheology. The following simplistic approach was chosen: Frictional parameters were chos-
en according to Swiss calibration recommendations (see Table 1) and the volume was chosen
to fit the desired run-out. The density was kept constant at 300 kg/m’. No entrainment was
assumed. A 5x5 m grid was used, as recommended by Christen et al. (2010).

Table I  Frictional parameters in RAMMS simulations with volume over 60-10° m?.

Open slope Channel | Gully Flat
Coulomb friction, p 0.19 0.24 0.30 0.17
Velocity dependent friction, & (m/s?) 2000 1500 1200 3000
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3.2 OpenFOAM: Mounds and a dam

OpenFOAM is used to study the impact of a large slushflow down the Stekkagil ravine, with a
row of braking mounds and a dam. We do not attempt to model the slushflow down the entire
ravi