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Alpine Hazards in the EUSALP Space

Key function: global water, energy, and traffic
infrastructure as well as tourism

Population: 12% of the global population live
in mountain areas

Water supply: 50 % mountain regions
contribute relvantly to foreland water supply

Tourism: Alps 4% of the global tourism

Infrastructure: Valleys, Tunnels and Passes
vulnerable non-redundundant infrastructure

Landslides: 32,322 fatalities in 2620 (non-
seismic) landslides 2004-2011 (Petley 2012)

Debris flows: 77,779 casualties in 213 debris
flows 1950 to 2011 (Dowling and Santi, 2014)

European Alps: 4000 fatalities and 46 billion
€ direct losses in 150 events 1951-2009

PlanAlp: 100 billion € Alpine Nat. haz.
protection structure in the Alps

major reincestments (billions) in Alpine
safety in the near future!



Rock slope failure in permafrost rock walls

Ivgo. Huandoy

Kolka-Karmadon rock-/ice avalanche (Russ.  Huascaran rock-/ice avalanche (Peru Piz Cengalo Aug. 2017, 3.0 mio m3
Caucasus 2002, 100 mio. m3) 140 casualties 1970, 50-100 mio m3) 20.000 casualties  rock slope failure 8 casualties
Huggel et al. 2005 Erismann & Abele 2001

Walter et al. 2020

Fluchthorn Kleines Nesthorn

(Austria 2023, 1 mio. m3) (Blatten, CH 2025, >3 mio. m3)




Anticipated climate change in mountains until 2055
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In a world of increasing fluctuations of water supply and droughts

ITSG-Grace2016_dailyKalman (2004-01-01)
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Comprehensive effects of climate change beyond temperature & precipitation
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- Potential reasons: Decline in glaciers, permafrost, and karst water, geomorphological redistriblitions, etc.
- Decline in 2022 was 2.5 times larger [l enormous glacier mass losses




AlpSense: Alpine remote sensing of climate-induced natural hazards
A Benchmark Project in the EU Strategy for the Alpine Region (EUSALP) (STMWI -FUNDED)
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AP 0O: User and Process Optimized Strategy

Cable Cars: Zugspitzbahn and Kitzsteinhornbahn

Alpine Clubs/ Alpenverein Garmisch-Partenkirchen

Alpine rescue service/ Bergwacht / DAV Luitpoldhaus / DAV Donauworth Hochvogel
Landesgeologie Tirol/ Siidtirol

Bayerisches Landesamt fiir Umwelt

Municipalities/ Mayors

Stakeholdermeeting/ round table at UFS Schneefernerhaus

Landesgeologie TUM Burgermeister Landes.geologie prpwe!t-
Stidtirol Hinterhornbach Bergwacht Tirol minister

Zugspitzbahn
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AlpSense: AP 1: Identification of Hazard Hotspots
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8. Holocene Climatic Optimum

Do we understand the processes
S that link permafrost degradation
f.and rock instability?
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Quantitative ERT (Zugspitze, 2800 m a.s.l.)

snow-free rock face

Survey of fractured zones with open (=2 mm) infilled joints
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Permafrost Zugspitze 2007 & 2019
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Rock-Ice mechanical model: puts relevant driving and resisting
forces in a quantitative mechanical (Mohr-Coulomb) context

Driving forces

Hydrostatic Gravitational mass
Pressure -induced shear force
| / Resisting forces

] 16700
1. Ice deformation T = lew/Aoexp| ——
in fractures P I

K

Cryostatic
Pressure

2. Rock-Ice interfaces —1—(——144 x [+ 0.42 % o + 41 .3)

! ()_(/
3. Friction of rock-rock |10 tan (JRC ¥ logo (?) + ,o,)

contacts
+ /\/( “\/ 7[3

4. Rock bridges
2w

= Temperature dependent

Krautblatter et al. 2013 ESPL




A preliminary rock-ice mechanical model

h | — Kc‘/Ta fracture of rock bridges —

2w j
+o'tan(p + JRC * loglO(C;’j ))  fotal friction due to fracture roughness ————
g 16700 i seconciryletiay aaRot e

4, exp(——og—)

+(—145*T. + 047 *c'-3.5) failure criterion of ice in rock clefts

Dyvnamic components (yellow):

| T | shear stress at failure, Kc critical fracture toughness, 6. compressive strength and
temperature T_[°C]l und T [K]

Processes act individually, in succession or in combination



Destabilisation In time
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))  fotal friction due to fracture roughness ——

+ o 'tan(¢p + JRC * logl0(
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At very low velocities (strain rates) rock-mechnical processes dominate
Initial destabilisation.

Only at higher velocities ice-mechanical outbalance the importance of
rock-mechnical processes.



Destabilisation In space

shear force

hydrostatic ice
segregation

> »

Restriction: AT, fluid water

shear resistance

ice rock-ice rock-rock
creep &fracture failure  friction & fracturing

VYA

normal stress ice segregation
suppresses ice fracturing  vs. normal stress

< depth of shear plane



Sample sites
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Non-destructive and destructive testing techniques

Non-destructive:

* P-wave velocity

* S-wave velocity

e >Elastic moduli

* Electrical resistivivty

Destructive:
* Compressive strength (Uniaxial)
* Tensile strength (Brazilian)




Inhomogneity, scale and anisotropy

Inhomogeneity
Statistic amounts of
samples

Scale:

Differing testing scales with
respect to fracture patterns
or surface roughness

Anisotropy:

Differing testing directions
with respect to fracture/
schistosity orientation



Rock-ice fracturing test

b

Rock samples . \_




Rock-Ice-Fracturing: Temperature and stress dependence

Peak shear stress 7 (kPa)

Peak shear stress 7 (kPa)

2500

2000

1500

1000

500 ¢

2500

2000

1500

1000

500 1

Normal load 100 kPa

Normal load 200 kPa

Temperature T (°C)

2500 |
r=150.0 +-91.3*T R2=0.86 r=1302.3+-1202*T R2%=0.74
2000 |
1500 | % - %
£ %4 = T
T~k ..E 500 | %‘ %“% ~
p=0.000 ‘%“ “E'n p=0.006 %
1 1 1 1 1 | 0 1 1 1 1 1 |
-10 -8 -6 -4 2 0 -10 -8 -6 -4 2 0
Normal load 400 kPa 5500 - Normal load 800 kPa
r=1227.9+-1472*T R%=0.92 r=358.8+-147.0*T R%?=0.89
2000 |
~ -...% 1500 |
=~ :E - 1000 | % -
~ %... =
~g 500 | 41%
p=0.000 s p=0.017
L L | 0 I L L L L |
-10 -8 -6 -4 2 0 -10 -8 -6 -4 2 0

Temperature T (°C)

Mamot, Weber & Krautblatter , Cryosphere, to be subm.



Hydrostatische Driicke am Kitzsteinhorn (3.029 m NN)
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New freezing rock mechanC|aI lab f|n|shed 10/25
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Methodology

How could thawing permafrost
influence slope stability at the
Zugspitze summit crest?

Laboratory

Material parameter for
modelling:
Temperature related change of
rock-ice-mechanical properties
(along discontinuities)

- Site specific -
..for the rock slope at the Zugspitze
crest

Rock-ice-mechanical failure
model

- Generalized -

..for degrading permafrost rock slopes

Deriving a model of permafrost-related rock slope failure

Field site

Spatial distribution of
permafrost-affected rock

-
N

Spatial and temporal change in
rock stability




Mechanical change of frozen and unfrozen Zugspitze Limestone

Mechanical
SCHaRIes Sketch of test Temp. / Literature
parameter

Uniaxial compressive
strength (UCS) of rock

20-50% -10°C to 0°C: Mewor 1973,
ca. 50 % -20 to -5°C: Kopama eT &L 2013

Indirect tensile
strength (ITS) of rock

15-70 % -10 to 0°C: MeLor 1973,
ca. 120 % -20 to -5°C: KooDama ET aL. 2013

Fracture t{:u.ghne-ﬁ of - o T T (o
rock bridges
Basic joint friction F -4.5°C to room temp.: KRAUTBLATTER
Hng|E 4 14-17 % ET aL 2013

e S

i

S S 6 ]

Mamot, Weber, Eppinger & Krautblatter 2021 ESurf
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1. Exact volumes of detached, deposited and eroded rock and ice volumes
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1. Exact volumes of detached, deposited and eroded rock and ice volumes
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2. Permafrost temperatures at the detachment surface

IR-UAV campaign 2d after failure




2. Permafrost temperatures at the detachment surface

IR-UAV campaign 2d after failure




4 Timing and energy release of a single or multistage failure? (seismic analysis)

a)
12.3 km - CH.SCUC

112.7'km - CH.SARD
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Start
2023-06-11 13:05:17 UTC

Duration (min)
144 s

Magnitude
M. 2.3 (SED) or 1.4 (ZAMG)

Central frequency
0.56 Hz (at closest station)

Number of sub-events
1

Precursor events
3

Radiated seismic energy
[pending]



North distance (km)

4 Timing and energy release of a single or multistage failure? (seismic analysis)

Timing of the rock avalanche front (seismic
force inversion)

0.6

250

- 150

T T T T T T T T T
-2.00 -1.75 -1.50 -1.25 -1.00 -0.75 —0.50 —-0.25 0.00
East distance (km)

Time (s) from 2023-06-11 13:05:18

North distance (km)

Velocity of the rock avalanche front (seismic
force inversion)

0.6
0.4 1%

0.2

-1.0 T T T T T T T T T
-2.00 -1.75 -1.50 -1.25 -1.00 —0.75 —0.50 —-0.25 0.00
East distance (km)

20.0

17.5

-15.0

-12.5

Velocity (m/s)



6. Can we model the failure in a thermo-mechanic model?

UDEC 7.00

©2022 Itasca Consulting Group, Inc.

Joint Plane Joint Set
basal shear plane

Joint Plane Shear Displacement

7.8315E-3

6.0000E-3

4.0000E-3

2.0000E-3

0.0000E+0

-2.0000E-3

-4.0000E-3

Scale: 829.98
2.3243E-2
2.2000E-2
2.0000E-2
1.8000E-2
1.6000E-2
1.4000E-2
1.2000E-2
1.0000E-2
8.0000E-3
6.0000E-3
4.0000E-3
2.0000E-3
1.7123E-5

Equilibrium

run initial model state

T
shear stress

[MPa] 14

12

10

08

06

04

02

— i

phi = 30.5° cohesion = 0.6B0MPa at T =

0° cohesion = 0.700MP3 &1 T =

02 03 04 05 EX 07

Shear-criterion for icefilled joints
acc. to Mamot et al. (2018, 2020)

08 ,
[

ef f.normal stress
[MPa]



6. Can we model the failure in a thermo-mechanic model?

UDEC 7.00
©2022 tasca Consuting Group, Inc.
Joint Plane Joint Set
W basal shear plane

Joint Plane Shear Displacement

1.4005E-3

1.2500E-3

1.0000E-3

7.5000E-4

5.0000E-4

2500064

0.0000E+0

Maximum: 0.00160491

Scale: 12019.9
1.6049E-3
1.6000E-3
1.5000E-3
1.4000E-3
1.3000E-3
1.2000E-3
1.1000E-3
1.0000E-3
9.0000E-4
8.0000E-4
7.0000E-4
6.0000E-4
5.0000E-4

Ice filled joints T=-4°C

4000054

T
shear stress

[MPa] 14

10

08

06

04

02

— phi
— phi=3
phi

0° cohesion = 0.700MP3 &1 T =
10.5" cohesion = 0.680MPa at T =

-
o1 02 03 04 s o5 07 EO
ef f.normal stress
Pa]

Shear-criterion for icefilled joints
acc. to Mamot et al. (2018, 2020)



6. Can we model the failure in a thermo-mechanic model?

UDEC 7.00

©2022 Itasca Consulting Group, Inc.

Joint Plane Joint Set
basal shear plane
Joint Plane Shear Displacement
4.7613E-3
4.5000E-3
4.0000E-3
3.5000E-3
3.0000E-3
2.5000E-3
2.0000E-3
1.5000E-3

Block Displacement Vectors
Maximum: 0.00803176
Scale: 2401.8

8.0318E-3
8.0000E-3
7.5000E-3
7.0000E-3
6.5000E-3
6.0000E-3
5.5000E-3
5.0000E-3
A5000E-2

Ice filled joints T=-3°C

T
shear stress

[MPa] 14

10

08

06

04

02

— i

0° cohesion = 0.700MP3 &1 T =
~ phi = 30.5° cohesion = 0.5B0MPa at T =
phi

-
,_,___-—’-’—’_’—'f)) == -
o1 02 03 04 s o5 07 EO
ef f.normal stress
[MPa]

Shear-criterion for icefilled joints
acc. to Mamot et al. (2018, 2020)



6. Can we model the failure in a thermo-mechanic model?

T

UDEC 7.00 . .. o h
e e filled joints T= - 2°C el

Joint Plane Joint Set

W basal shear plane

Joint Plane Shear Displacement
1.2084E-2
1.2000E-2
1.1000E-2
1.0000E-2
9.0000E-3
8.0000E-3
7.0000E-3
6.0000E-3

—— phi = 40.0" cohesion = 0.700MPa at T =
~ phi = 30.5° cohesion = 0.5B0MPa at T =
phi

10

08

06 -

-5.3316E-3 04 ——

Block Displacement Vectors
Maximum: 0.010302
Scale: 187249
1.0302E-2
1.0000E-2
9.0000E-3
5.0000E-3 o1 02 03 04 s o5 07 o8 ,
7.0000E-3 o
6.0000E-3 ef f.normal stress
5.0000E-3
4.0000E-3 o o L [MPa]
Shear-criterion for icefilled joints

acc. to Mamot et al. (2018, 2020)
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6. Can we model the failure in a thermo-mechanic model?

T

UDEC 7.00 . .. o h
e lce filled joints T= - 1°C el

Joint Plane Joint Set

W basal shear plane

Joint Plane Shear Displacement
5.9063E+0

—— phi = 40.0" cohesion = 0.700MPa at T =
~ phi = 30.5° cohesion = 0.5B0MPa at T =
phi

5.5000E+0

10

08

06 -

04 —

Block Displacement Vectors
Maximum: 5.70235
Scale: 3.36048
5.7023E+0
5.5000E40
5.0000E+0
4.5000E+0 o1 02 03 0s as 06 o7 s ,

4.0000E+0 o
3.5000E+0 ef f.normal stress

3.0000E+0
2.SDDOE:U .. . . ” P [Mpa]
fOnOEL0 Shear-criterion for icefilled joints
acc. to Mamot et al. (2018, 2020)
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6. Can we model the failure in a thermo-mechanic model?

T
UDEC 7.00 . . ° h
©2022 tasca Consulting Group, Inc. Ice filled joints T=-0.5°C ’ f]fl?’iﬁrisf

Joint Plane Joint Set
basal shear plane
Joint Plane Shear Displacement
2.1019E+1

—— phi = 40.0" cohesion = 0.700MPa at T =
~ phi = 30.5° cohesion = 0.5B0MPa at T =

2.0000E+1

10

08

Block Displacement Vectors 05 -

Maximum: 21.3627

Scale: 0.888401
21353E+1
2.0000E+1
1.8000E+1

04 _—

oz{ -=="777

01 02 03 04 05 EX 07 08

2.0000E+0 ef f.normal stress
[MPa]

Shear-criterion for icefilled joints
acc. to Mamot et al. (2018, 2020)




2. Climate-induced natural hazards: Debris flows and rockfall
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A 4000-year debris flow record based on amphibious investigations
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Kiefer, Oswald... & Krautblatter ESURF 2021



A 4000-year debris flow record based on amphibious investigations

[ debris flow deposits
(CE 1940-2014)

 onshore geomorphic features
active channel levee
----- backfilled channel

— = inactive channel levee

. subaquatic geomorphic features

L shoreline
Sl — — alluvial fan delta
e v — gully
' o - -—- scar
subaquatic landforms P

—— lobe

[] active fan delta

------ subaquatic landslide
[1 inactive fan delta q

1 coast onshore landforms
backscatter signal [ active fan

- [1 partially active fan
low high

Kiefer, Oswald... & Krautblatter ESURF 2021



A 4000-year debris flow record based on amphibious investigations
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Hollentalklamm — Bedrock erosion due hyperconcentrated flow

Zugspitze

up to 60 mm/h

May 2020

June 2020

communications earth & environment Article

3

https://doi.org/10.1038/s43247-024-01353-3

Hyperconcentrated flows shape bedrock
channels

™ Check for updates

Verena Stammberger @ [, Benjamin Jacobs & Michael Krautblatter ®

Stammberger, Jacobs & Krautblatter et al. (2024) Nature Comm. E&E
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2. Climate-induced natural hazards: Debris flows and rockfall

260400

260000

ebris Flows clear |p as
S|nce~19803W|th heavy rainfe
events T

36000 36400
1 1

36800
1

ﬂ 0 125 250

Meters.

&>

A

¥ \?00

7
éao

Legend

Debris-flow deposits

2001-2014
'\> Levee (proven) - ?:ggszggg i
Z Levee (assumed) I:I ?;ggj'gg;’ deposits
J Head of flow (proven) |:] ?96;5'513;): deposits
+ Head of flow (assumed) I:I Debris-flow deposits
== Street L2565 1951?-1971 .
_--= Hiking trail l:l ?;f;'ﬁggg deposits

T
260400

260000

Coordinate system: MG Austria GK West (EPSG 31254)

36800

Rockfall intensity [g/(m?h)]

ck faII >90% coupled to
'heavy ralnfall events

1000000
100000 M M
10000

1000
100
10

1

0.1

0.01

0.001 - - - - - .l
1a 1b 2 22 20 2 3 4

Net position

B Dry summer conditions (no frost action, little or no precipitation)

[J Average value of a year without a rainstorm exceeding 10 mm/30 min
W Wet freeze-thaw conditions (net 4 recieves direct sun radiation)

[0 "Secondary rockfall event" (rainstorm >13 mm/30 min)



Rock fall activity from laser scanning (>50 positions) at Hollentalklamm
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3. Climate-induced natural hazards: Felsstiirze
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Cliff fall: Hochvogel reacts with 2-3 days
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Volume of the instable rock mass
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Measurement concept and data transfer at the Hochvogel
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Prospective model: Rock block failure, Grabengufer (Randa, CH), 17.05.2020, ~500 m3

video animation of prospective failure time forecasting tool, input: hourly GNSS data
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Leinauer, Krautblatter et al. (2024) Nature Comm. E&E



Prospective model: Rock block failure, Grabengufer (Randa, CH), 17.05.2020, ~500 m3

prospective failure time forecasting tool, input: hourly GNSS data
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Alpine hazards in a changing climate and their predictabilty

* Alpine temperature increase: up to 0.5°C per decade since
1980s, Austrian and Swiss Alps 2.9/3.1 °C since 1880

* Increase rainstorms: Frequency and intensity increases
factor >2 in many stations in the Northern Alps

* Glaciers: Major glacier shrinkage and loss of most smaller
glaciers until 2050

* Permafrost: slower thermal system that undergoes a major
mechanical weakerning in the next 100 years

* Debris flows: First record shows a 10 fold increase in
activity in the last decades

* Rockfall: reacts in some place quite strong to increase in
rainstorm frequency and intensity

e Anticipation & Early Warning Systems: a key capacity to
systematically adapt to climate change related alpine
hazards
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The Virtual Alpine Observatory (VAO)
Virtual S\ The Network of European High-Altitude Research Stations

Michael Krautblatter!, Elke Ludewig?, Johannes Knapp?®, Ashot Chilingarian®, Markus Keuschnig?, Christo Hangelov®, Nina Nikolova®, Jaroslav Chum®, Jan Lastovicka®,
Tuukka Petaja’, Nathalie Cotte®, Didebulidze Goderdzi®, Christoph Mayer'®, Birgit Einhellinger™, Till Rehm'2, Peter Marton'2, Sabine Kraushaar', Reinhard Zeitler'", Marc
Zebisch'?, Kolbjemn Blix'#, Simon Mackovjak?®, Jan Kubanéak's, Grisa Mo nik'®, Markus Leuenberger'?, Silvio Decurtins’é, Eliza Haris*® and Verena Stammberger'

Alpine
Observatory

01 TU Munich, Chalr of Landsige Research, Gamany 08 University of Grenoble Alpes, France 15 Slovak Acagemy of Instituge of Exp Priysics, Siovakia

02 GaoSphere Austa, Sonndick-Obsanvatory, AUsia 00 iz Stafe Universty, AImosphere-ioncsphere Physics, Georgia 16 Universky of Nova Gorica, Centre for Aemospheric Research, Siovenia

mmmwmmmm 10 The Bavarian Acaoemy of SCIEnces and HUmaniiss, Giacioiogy, Gemany 17 Universty of Bem, Cimate and Physics,

Gaommsaarch, Austria 1 Bavarian State Ministry of the and ¢ L y 18 of Bem, [ of Chemistry, and

thzﬂmy Sclences, nsttute for Nuciear Researth and Nudisar Energy, Bulgana 12 Environmental Resaarch Station Schneefemermaus, Gamany 10 ETH Zurich, SDSC, Switzeriand

06 Insmute of Amosphertc Prysics, C2ech Reputdc 13 EURAC Research, taly , :

o7 y , Instiute for. and System , Finiand 14 Andoya Space, Norway sabine kraushaw@tiuim.de
WHY OBSERVING THE ALPS? A VAO NEXT STEPS! WHAT ARE THE BENEFITS?

The Alpine region undergoes a faster and more NORTH

pr d cli hange than surmounding lowlands

and, therefore, is a time machine showing the things to
come in a changing climate and environment. Significant

1. Expand the existing network and knowledge in a joint Interreg project 2025  The alliance

2. Aanalyzing spatial disperse cryospheric data NS explores data patterns transcending national
/. boundaries,

3. Publish current available data in a joint paper
O - creates a data & knowledge sur ing its individs
understanding,

- develops precise high-alpine measurement tech with
"open hardware" and ensures quality control for
COPERNICUS satellite measurements.

— features a novel transdisciplinary
understanding of climate &
environmental change controls, speed
and processes to anticipate the near
future.

= delivers profound premises for policy
makers, economy & society.

effects are visible and measurable in atmosphere,
biosphere, hydrosphere, and most apparently the
cryosphere.

THE VIRTUAL ALPINE OBSERVATORY
&) Consists of 12 European Alpine
Observatories. high alpine research facilities, data
archives, and supercomputing centers spanning the
Alpine landscape and analogous mountainous terrains in

Europe
- Shares infrastructure and collaborative research pursuits
- Paradigm: interdisciplinary, cross-border collaborating ¢
£

VAO ‘
SOUTH EAST

F— Preceitation
00 (] Temperatsre
Kilometsrs WHAT CHALLENGES DO WE TARGET? J - AHESEIEIS
- Athmospheric changes remmassonT . b
- Cryospheric reactions V{ 3 rocksi and des rows : -.: oD
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We understand We encapsule

Geosphere

environmental the complex the knowledge scientific . 3
parameters at Alpine Earth into advances into - Geo- and hyrological risks
different sites, System and appropriate useful - Hydrological effects
synchronized anthropog nt ical/ knowiedge for
and long term. forcings. statistical politics and - Biomedical effects :y
models. admnistration. Lithosphere

\ 7 N 4 - Human impact of the environment
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9. Symposium zu pot. Sonderforschungsbereich

“Rapid adaptation in a changing climate and environment (RACE):
coupled geo-, bio- and hydrosystems”

Institute of Andvanced Studies, TUM, Feb. 23, 2024
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Permafrost Research
Mechanics:

Pudasaini, M. & Krautblatter, M. (2014). A two-phase mechanical model for rock-ice avalanches. JGR Earth Surface.
Krautblatter, M., Funk, D. & F.K. Gilinzel (2013): Why permafrost rocks become unstable: a rock-ice-mechanical model
in time and space Earth Surf. Process. Landforms 38, 876-887.

Draebing, D., M. Krautblatter, and T. Hoffmann (2017), Thermo-cryogenic controls of fracture kinematics in
permafrost rockwalls, Geophysical Research Letters, 44(8), 3535-3544, doi:10.1002/2016gl072050.

Jia, H., K. Leith, and M. Krautblatter (2017), Path-Dependent Frost-Wedging Experiments in Fractured, Low-
Permeability Granite, Permafrost and Periglacial Processes, 28(4), 698-709, doi:10.1002/ppp.1950.

Jia, H., W. Xiang, and M. Krautblatter (2015), Quantifying rock fatigue and decreasing compressive and tensile
strength after repeated freeze-thaw cycles, Permafrost and Perigl. Process., d0i:10.1002/ppp.1857.

Mamot, P., S. Weber, T. Schroder, and M. Krautblatter (2019), A temperature- and stress-controlled failure criterion
for ice-filled permafrost rock joints, The Cryosphere.

Seismics in permafrost rocks:

Krautblatter, M. and Drabing, D. (2014). Pseudo 3D - P-wave refraction seismic monitoring of permafrost in steep
unstable bedrock. J. Geophys. Res. — Earth Surface VOL. 118, 1-13.

Drabing, D. and Krautblatter M. (2012). P-wave velocity changes in freezing hard low-porosity rocks: a laboratory-
based time-average model. CRYOSPHERE, 6 (5), 1163-1174.

Murton, J., O. Kuras, M. Krautblatter, et al. (2016), Monitoring rock freezing and thawing by novel geoelectrical and
acoustic techniques, Journal of Geophysical Research — Earth Surface.

Electrical resististivity tomography:

Magnin F, Krautblatter M., Deline P. & Ravanel L. (2015). Determining the lower sensitive limit of permafrost in
vertical rock faces by electrical resistivity tomography (Mont Blanc Massif, F). J. Geophys. Res. — Earth Surface. (i.-f.
3.4) = http://dx.doi.org/10.1002/2014JF003351

Krautblatter, M., Verleysdonk, S., Flores-Orozco, A. and Kemna, A. (2010). Temperature-calibrated imaging of seasonal
changes in permafrost rock walls by quantitative electrical resistivity tomography (Zugspitze, German/Austrian
Alps). J. Geophys. Res. - Earth Surface.

Krautblatter, M. and Hauck, C. (2007): Electrical resistivity tomography monitoring of permafrost in solid rock walls.
Journal of Geophysical Research - Earth-Surface, 112.



Rock Fall & Debris Flows

* Dietrich, A. & Krautblatter, M. (2019): Deciphering controls for debris-flow erosion derived from a LiDAR-recorded extreme
event and a calibrated numerical model (RoRbichelbach, Germany). Earth Surface Processes and Landforms.

* Voigtlander, A. & Krautblatter, M. (2019): Breaking rocks made easy. Blending stress control concepts to advance
geomorphology. Earth Surface Processes and Landforms 44(1), pp. 381-388.

* Dietrich, A. & Krautblatter M. (2017). Evidence for enhanced debris flow activity in the Northern Calcareous Alps since the
1980s (Plansee, Austria). Geomorphology (i.-f. 2.8).

* Voigtlander, A, Leith, K., Krautblatter, M. (2018): Subcritical Crack Growth and Progressive Failure in Carrara Marble Under
Wet and Dry Conditions. Journal of Geophysical Research: Solid Earth 123(5): 3780-3798.

* Knapp, S., Gilli, A., Anselmetti, F.S., Krautblatter, M., Hajdas, I. (2018): Multistage Rock-Slope Failures Revealed in Lake
Sediments in a Seismically Active Alpine Region (Lake Oeschinen, Switzerland). ) Geophys. Res.: Earth Surface 123: 658-677.

* De Haas, T. Conway, S. & Krautblatter, M. (2016). Recent (Late Amazonian) enhanced backweathering rates on Mars:
paracratering evidence from gully-alcoves. J. Geophys. Res. Planets. (i.-f. 3.3).

* Saettele, Krautblatter, Briindl and Straub (2015). Forecasting rock slope failure: How reliable and effective are warning
systems? Landslides (i.-f. 3.0)

* Krautblatter, M. and Moore, J. (2014). Rock slope instability and erosion: toward improved process understanding. Earth
Surface Process. Landforms —Special Issue Review Paper / Editorial for special issue with 15 papers. (i.-f. 3.5) Krautblatter, M.,
Moser, M., Schrott, L., Wolf, J. and Morche, D. (2012): Significance of rockfall magnitude and solute transport for rock slope
erosion and geomorphic work in an Alpine trough valley (Reintal, German Alps). Geomorphology, 167, 21-34. (i.-f. 2.8)

* Heckmann, T., Bimboese, M., Krautblatter, M., Becht, M. and Morche, D. (2012): From geotechnical analysis to quantification
and modelling using LiDAR data: A study on rockfall in the Reintal catchment, Bavarian Alps, Germany. Earth Surface Process.
Landforms 37, 119-133. (i.-f. 3.5)

* Siewert, M., Krautblatter, M., Christiansen, H. and Eckerstorfer, M. (2012): Arctic rockwall retreat rates estimated using
temperature-calibrated ERT measurements of talus slopes in Longyeardalen, Svalbard. Earth Surface Process. Landforms 37
(14), 1542-1555. (i.-f. 3.5)

* Krautblatter, M. and Moser, M. (2009): A nonlinear model coupling rockfall and rainfall intensity based on a four year
measurement in a high Alpine rock wall (Reintal, German Alps). In: Nat. Haz.Earth Syst. Sci. 9: 1425-1432. (i.-f. 2.3)

* Sass, O., Krautblatter, M. and Morche, D. (2007): Rapid lake infill following major rockfall (bergsturz) events revealed by
ground penetrating radar (GPR) measurements (Reintal, German Alps). Holocene 17(7): 965-976. (i.-f. 2.1)

* Sass, O. and Krautblatter, M. (2007): Debris-flow-dominated and rockfall-dominated scree slopes: genetic models derived
from GPR measurements. Geomorphology 86: 176-192. (i.-f. 2.8) >

*  Krautblatter, M. & R. Dikau (2007): Towards a uniform concept for the comparison and extrapolation of rockwall retreat and
rockfall supply. Geografiska Annaler, 89 A (1): 21-40. (i.-f. 1.6)



Snow and ice melt at the Vernagtferner (AlpSense-BADW)
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Vernagtferner: Prediction of extreme outflow events from TLUT
glacial snow cover (AlpSense-BADW)
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AlpSense: AP 3: Near Real Time Monitoring of MROs

U ! ! ! ! 1
259 279 299 1.10 3.10 5.10

10 min. automated wireless monitoring
of a hazardous rock failure
(Hollentalklamm, D)




Landespunkt (Stein)
Messpunkt (Dubel)
Kugel

Reflexmarke

Reliability:
>(i) Scientific requirement for
accurate prediction (mm)

>vs. (ii) technical performance

>Few scientific studies

Consistency of geodetic and
geotechnical measurements
within 1 mm (26 vs. 27 mm.)
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AlpSense: Alpine remote sensing of climate-induced natural hazards
A Benchmark Project in the EU Strategy for the Alpine Region (EUSALP) (STMW!I -FUNDED)
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APO: Integration Stakeholder



AP 0O: User and Process Optimized Strategy

Zugspitzbahn und Kitzsteinhornbahn:

* Gesprache mit Vorstand ab Jan 2018;

 Messungen am Zugspitzplatt zu Permafrostgefahren der Zahnradbahn im Okt.
2018

Alpenverein Garmisch-Partenkirchen:
* 3 Treffen vor allem zur Naturgefahrensituation in der Héllentalklamm

* QOperationelles Friihwarnsystem im Test und Laserscan der gesamten Klamm am
23/24.10.18

Bergwacht / DAV Luitpoldhaus / DAV Donauworth Hochvogel:
e 5 Treffen mit Abstimmung der Wegsperrung im Ernstfall

Landesgeologie Tirol:
* Treffen in Innsbruck im April mit Abstimmung der Warnkette tber die
Landeswarnzentrale Tirol

Bayerisches Landesamt fiir Umwelt:

* Treffen im Oktober mit ausfiihrlicher Information tber die Moglichkeiten von
Frihwarnsystemen Hochvogel/Hollentalklamm

AP 4: RUNDER TISCH IM DEZ. MIT STAKEHOLDERN UND STMWI



Glacier retreat & permafrost degradation at Zugspitzplatt/Hollental
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AlpSense: Alpine remote sensing of climate-induced natural hazards

Benchmark-Study: 4 alpine Regions (Bavaria, Tirol, Salzburg and Southern Tirol)
Round Table Approach: Integrating Needs of User

Accessability of Data: By qualified users

Visualisation: For all user

Transferability: of instrumentation

Risk reduction: of climate-related alpine natural hazards

Cost reduction: for the sustainable alpine future

Systematic evaluation of predictive capabilities for different hazardous processes

0.35




