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Introduction

Context
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Distribution tail = universal power law ?
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Context
|

models

Input ingredient of avalanche propagation
[

Objectives: risk management, zoning
|

hazard maps, Risk Prevention Plans (PPR),
design and dimensioning of protection
structures
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Context

I Input ingredient of avalanche propagation . 29
models ¢

|

Objectives: risk management, zoning
|
|

hazard maps, Risk Prevention Plans (PPR),...
design and dimensioning of protection
structures

The release depth corresponds to fresh snow accumulationr (3 days).
Is that true?
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Theoretical framework: Assumptions and de nitions
[

hst: snowfall depth.

h: critical depth corresponding to a mechanical stabilityterion
|
Natural release hgt

h
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Theoretical framework: Assumptions and de nitions
I h: critical depth corresponding to a mechanical stabilityterion.
I hgt: snowfall depth.
I Natural release hgs h
I pm(h): Probability density of the mechanical critical depth
I pst(hsf): Probability density of the snowfalhgs
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Theoretical framework

Theoretical framework: Coupling equation

Pt
8
oz Pl ey ] —
I p(hjhst) = > 0 Pm(h9dh ° hy :

0ifh hg
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S pm(h)

H hst (0]
p(hihst) = | o™ Pm(h9dh

Theoretical framework

Theoretical framework: Coupling equation

ifh hy

0ifh hg

p(h; hst) = p(hjhst)pst (hst)

Avalanche release depth
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Theoretical framework

Theoretical framework: Coupling equation
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Theoretical framework

Theoretical framework: Coupling equation
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Mechanical probability

Mechanical probability densitp.,(h)

(h) _ (h) Z psf(hsf) dh
p(h) = Pm R—(h(bdho Si
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Slab avalanche release characteristics
‘Slab Avalanches
underlaying a cohesive slab.

Slab avalanches generally result from the rupture of a weglet

.M“

© ASARC, University of Calgary
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Mechanical model for slab avalanche release

Objective

Build a mechanical model taking into account the following essal
ingredients:

I slab - weak layer system
I the heterogeneity of weak-layer mechanical properties

I the redistribution of stresses by elasticity of the uppegiteg slab
I release depth distributions.
! Finite Element Calculation using the FEM code Cast3m (CEA)
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Coupled Model

Mechanical probability
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Coupled Model Mechanical probability

I Weak layer: Quasi-brittle (strain softening) interface law with a
Mohr-Coulomb rupture criterion (cohesion heterogeneous, friction
angle = 30))

| Slab: Elastic ( = 250 kg/m?, = 0:2, E = 1 MPa)
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Weak-layer heterogeneity

Cohesion realizations
with hci = 1 kPa and . = 0:3 kPa
I Weak layer cohesion is

modeled as aaussian 1
stochastic distribution with OMMWMWWW
spatial correlations:

c= N(hi: o), A AP

with CV = & 2 20 50%.

I Spherical covariance: WWW
C(dy= 2 34 1d 3 0 =

c 2 2 ! 2

with 205 10m ) i MW\\
10 20 30 40 5

0

Cohesion ¢ (kPa)

0

x(m)
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(; )! 100 simulations with di erent realizations of cohesion
heterogeneityc
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Coupled Model Mechanical probability

(; )!

heterogeneityc

100 simulations with di erent realizations of cohesion

L =08
p(hj )= —#e z
z
| Hhi = hci=( gF) E“l
L= O gP) fou)
I F=sin cos 8 oal|
LE() (=) ( 023, 1m) |

—0=35°
——6=45°
—6=55°
6=65°
---Normal fit

&
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Mechanical probability

Heterogeneity smoothing e ect

\ — — —rigid slab
elastic slab e=2m
elastic slab e=0.5m

30 40 50 60 70 80 90
Slope angle q (degrees)
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Integration over all slope angles

Z max
Pm(h) = p(hj )p( )d

min

Assumption: p( ) uniform between 30and 90

"
Pm(h)
—Cf& e V" ¢ %UZ(h)2+r jUl erf {SJ—E + erf H@@
gt 2 2 2 2
I Up = hei=] f ()]

I U(h)=( gh hci)H f()]
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Snowfall probability

Snowfall probability densityss (hst)

" e (0t
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Coupled Model Snowfall probability

Avalanches occur during or after intense snowfallsRare event

) Extreme snowfall analysis (GEV distribution)
[

3-day snowfall annual maxima = best avalanche predictor (Ancey&al 2003
Schweizer&al 2009)

=] (=)
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Coupled Model Snowfall probability

I Avalanches occur during or after intense snowfallsRare event
) Extreme snowfall analysis (GEV distribution)

I 3-day snowfall annual maxima = best avalanche predictor (Ancey&al 2003
Schweizer&al 2009)

I GEV distribution
" #

h 1=
pst(hst h)= 1 exp 1+ ——

I Application to La Plagne snowfall data (MeteoFrance dataailgt
measurements since 1966):
= 0:98m, = 0:21mand = 0:214

=] = = = E DA
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Coupling results

Global probability density(h)

(h) _ (h) Z psf(hsf) dh
pP(h) = Pm R—(h()dho i
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Coupling results

Global release depth distributions: La Plagne data

La Plagne release depth data: 369 natural slab avalanches
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Coupling results

Global release depth distributions: La Plagne data

Mechanical probability densitpm,(h)
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Coupling results

Global release depth distributions: La Plagne data

Snowfall probability densityg (h)
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Coupling results

Global release depth distributions: La Plagne data

Global release depth probability densjigh)
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Result of the coupling fotci = 0:6kPa, .= 0:3kPa, = 2m

1 .
I adjustable parameter:
z mechanical cuto
§ 0.1
H b [rei 2 ()= 9)
g s | power-law slope:
§0.001 - 1 1=
(&)
I no universality of the release
0.01 1 10

depth distributions

0.1
Slab depth h(m)
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meteorological factors

Cumulative exceedance probability

3
o

Coupling results

Global release depth distributions: Relative in uence of mechanical and

Three zones:

R B —— |

1
[
A 1
B S EE—
1
0.1¢ 1
1
1
1
1
1
0.01 |
1
[
1
= LaPlagne data !
1
0.001 | — - —=py(h) \
— = p(h) ;
—p(h) !
\
0.01

A 1
Slab depth h(m)

A: h < hy, no avalanche

B: hm h hg, weak

coupling (mechanical e ects
are preponderant since snowfall
are always su cient)

C:h hg, strong coupling
(snowfalls become rarer and
play the role of a limiting
factor)

Slab depths predicted for a given

return period ardower than with the
classical engineering approach
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How to predict the release depth where no data is available?
+

Spatialization of the snowfall data
Spatialization of the average cohesidtni

Avalanche release depth EPFL 12/06/2012 17/ 34



How to predict the release depth where no data is available?
+

Spatialization of the snowfall data
Spatialization of the average cohesiboi
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Data

4000 I K = 40 sites
2100
3500 I N = 44 years of
3000 mesurement (from 1966
— 2050 —
g E to 2009)
S 2500 g ]
E 2 I Daily measurements of
® 2000 2000 < .
- snowfall (in mm w.eq)
1500
150 e | I Data source:
1000 MétéoFrance Clim
. 500 network.
850 900 950 1000

Longitude (km)

[m] = = =
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Problematic

Weather station elevation
Weather stations are usually located at low altitude.

distribution of stations' altitude distribution of french Alps relief

© o .

15000
|

Frequency
4
|
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]
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altitude altitude

! Need to take into account orographic gradient of altitude.
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Problematic

Spatial interpolation of extreme values
Avalanches are rare events

I Analysis of extreme
snowfalls

il

) Need for spatial interpolation techniques sﬁgci c to extne valuess
means

6 regional homogeneity (Salm et al 1990; Bocchiola et al 2006)

6 quantile smoothing (Weisse et Bois 2002)
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Problematic

Spatial interpolation of extreme values
Avalanches are rare events

I Analysis of extreme
snowfalls

T
) Need for spatial interpolation techniques speci ¢ to extre valuess

6 regional homogeneity (Salm et al 1990; Bocchiola et al 2006)
6 quantile smoothing (Weisse et Bois 2002)

Max-Stable Processes

New well established theoretical framework adapted for tpatsal
interpolation of extreme value.

V.
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H(X) = lim ma)ﬁn= 1Yi (X) bn(X) ’
ntt an(x)

bn(x) > 0 two sequences of continuous functions.

Yi(X)y2 rd, N independent realisations of a continuous stochastic process(x) > 0 et
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. maxl Yi(x) bn(x

H(X)= lim )ﬁn—l I( ) n( ) ’

ntt an(x)

Yi(X)y2 rd, N independent realisations of a continuous stochastic process(x) > 0 et
bn(x) > 0 two sequences of continuous functions.

H GEV(;; ) with the following distribution function:

Cee Y= h ) ¥

F(h; ;; )= exp 1+—+

a. = max(0; a)

: location parameter
. scale parameter

: form parameter
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Spatialization Max-Stable Process

o maxl,Yi(x)  bn(x)
H(x) = lim

ntt an(x)
Yi(X)y2 rd, N independent realisations of a continuous stochastic process(x) > 0 et
bn(x) > 0 two sequences of continuous functions.

H GEV(;; ) with the following distribution function:
1 a. = max(0; a)
F(h;:; )= exp 14+ ) = : !ocatlon parameter
+ . scale parameter
: form parameter

I In nity of Max-Stable processes di cult to obtain and to use.

I The most known and used MS processes 8mith ("Gaussian
storm" model) , Schlather and Brown-Resnick.
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Spatial dependance: extremal coe cient

Notion of variogram or spatial correlation applied to extnes.

If H(x) is aMax-Stable process
+

P(H(x) uandH(x+h) u)= PH(X) u) ®

1) Perfect dependence
2) Total independence

(h): extremal coe cient

o
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Description of GEV parameters; ;

(x) = BX(x)

) through regression models or
cubic splines which can be function of space (altitude, libnde, latitude),
environment (orientation of the path, slope angle...) or @dom e ects.
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Spatialization

Max-Stable Process

Description of GEV parameters; ; ) through regression models or
cubic splines which can be function of space (altitude, libnde, latitude),
(x) = BX(x)

environment (orientation of the path, slope angle...) or @dom e ects.

& X

5 0 1 CGR &

2

Long
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Max-Stable Process

Orographic gradient of altitude: Data transformation
I 2000m (Durand et al 2009)

H, (x)

Haoo(X) = H00+ - (x) WMS(x)

(2000 e(x))

WMS: annual accumulation
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Spatialization Adjust a MSP to data

PR Kl
le(; H)=

n=1li=1j=i+1

log f (Hn;i; Hnyj; )

K: number of sites
N: number of years
i2[1;:5K]
j2li+ 1K 1]
n2 [1;:: N]
f: bivariate density of the model (Smith, Schlather ou Brown-Resnick)
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Spatialization Adjust a MSP to data

PR Kl
le(; H)=

K: number of sites

N: number of years

log f (Hn;i; Hnj; ) P2 (LK)

n=1i=1j=i+1 j2li+ 1o K 1]
n2[1;:;N]

f: bivariate density of the model (Smith, Schlather ou Brown-Resnick)

D le("mie;H)= 0! “wie

J.Gaume (IRSTEA)

=] (=)
Avalanche release depth

Dacr
EPFL 12/06/2012

25/34



Spatialization Model selection

Best model:Lower TIC value (Takeuchi 1976)

TIC  2("we:y)+ 2p

[=] (=1 = = £ YA
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Spatialization Results

Highest "means": North

Highest "variances": South-East (Mediterranean e ect)
North and South.

mainly positive (Frechet domain) and negative (Weibull domain) in the esdme
J.Gaume (IRSTEA)
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Spatial dependence: Extremal coe cienth)

L, 85km,l, 185km ( = 1.9)
= 625
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Quantile
P(H hy)=exp

1 + (hT
) |br

)
+

In 1

1
=
=~

ES

?
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Quantile
P(H hy)=exp
)

1=
1+ (hr ) =1 Tl
+
#
1
hr = + — In 1 = 1
T
1 1
hr = + = 1 + - = 1+ In
Avec = In1 1
[} [ = =
J.Gaume (IRSTEA) Avalanche release depth

E DA
EPFL 12/06/2012 29/ 34



Quantile

T =100ans
100-year quantile 100-year quantile 100-year quantile
at 2000 m at real altitude standard error
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Validation
Local-spatial comparison at Cross validation for non-used
2000 m stations at real altitude
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Coupling using the mechanical-meteorological model
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Spatialization Results

Spatialization using a max-stable model

I Spatialization of the mechanical parameters (cohesion)
I Graphical User Interface
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Highlights / Conclusions

I Theoretical framework for the evaluation of avalanche release depth taki
into account mechanical and meteorological e ects

I Good agreement with eld data
I Demonstrates the non-universality of these distributions

I Use of Max-Stable Processes for the spatialization of the extreme snowfi
probability

I Enables to predict release depth distributions anywhere
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Conclusion

Thanks for your attention
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Appendix 1: Cohesion in uence

Avalanche release depth
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Appendix 2: Density in uence
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Appendix 3: Standard deviation in uence

1 T
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Appendix 4: Correlation length in uence
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Appendix 5: Slope angle distribution in uence
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Appendix 6: Mechanical parameters: Shear strength
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Appendix 7: Mechanical parameters: Brittle - ductile transition

ol . d-b o Schweizer 1998 |
I %, transition brittle O  Fukuzawa et al 1992
ofo 5 Y% > A Fohn et al 1998
o o o ® Nakamura 2010
8r e i
< u]
% 7r 0o o 1
% ol Lo @ i
c % O
® s} @, O
% 57 o * i |
5 o *.’
o 4r ° |
= . e e®
3r o O : i
l e ,
)
1F <— |
ductile °
)
0 ” 5 0
10 10 10 10

Strain rate ©_ (s'1 )
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Appendix 8: Mechanical parameters: Young modulus
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