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Modeling of landslides and avalanchesModeling of landslides and avalanches
MotivationMotivation

• Erosion processesErosion processes at the surface of the 
Earth and other telluric planets

MotivationMotivation

• Interaction with climatic, seismic and climatic, seismic and 
volcanic activityvolcanic activity

• Hazard assessmentHazard assessment

Vol me scale : m3 105 km3

beforeVV= ~ km= ~ km3 3 , , T ~ T ~ min.min.Volume scale :   m3 105 km3

Time scale   :   second         year
 Sources,   Topographies

after

VV=10=1022mm33 , , T ~T ~ jourjour VV=10=1033mm33,, T ~ T ~ sec.sec. VV= ~ 10= ~ 105 5 kmkm33 on Mars…on Mars…



Granular flows dynamics : from field to laboratory scaleGranular flows dynamics : from field to laboratory scale

Natural flowsNatural flows
Heterogeneous materials

Laboratory granular flowsLaboratory granular flows

Velocity and thickness measurementsmeasurements

Same physical processes ? Same physical processes ? 

Few datadata: deposit deposit area
Velocity and thickness measurementsmeasurements

p y pp y p

Numerical simulation Numerical simulation 

cmcm33kmkm33

Nu e ca s u at oNu e ca s u at o

Montserrat 1997 Nathalie Thomas, IUSTI

Emplacement processesEmplacement processesEmplacement processesEmplacement processes



Numerical modeling of granular flowsNumerical modeling of granular flows

d 10
• Natural materials

d<10m

d d >1 >1 mm

• Modeling

Discrete elementDiscrete element model3D continuum3D continuum model 2D thin layer2D thin layer model
 Modeling

h

MeanMean scale LocalLocal scale GrainGrain scaleMean Mean scale Local Local scale Grain Grain scale

Particle size
High computational cost
Local flow law ???Empirical flow law

Reasonable computational cost High computational cost
Particle size 
distribution ???

Local flow law ??? Empirical flow law …





Thin Layer Approximation on 2D topographyThin Layer Approximation on 2D topography
• Flow on complex natural topographycomplex natural topography• Flow on complex natural topographycomplex natural topography


H

hi h i l H
small Aspect ratioAspect ratio

L
• Depth-averaged thin layer model model

high computational cost 1
L
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pressure gradientpressure gradientgravitygravity Coulomb friction :Coulomb friction :inertiainertia pressure gradientpressure gradient

Savage and Hutter, 1989

Coulomb friction :Coulomb friction :

,



Thin Layer Approximation on 3D arbitrary topographyThin Layer Approximation on 3D arbitrary topography

• Until very recently : arbitrary extension of 1D equationsarbitrary extension of 1D equations ……
mangeney@ipgp.frmangeney@ipgp.fr
Z

n

Still usedStill used ……

SHALTOPSHALTOP

mangeney@ipgp.frmangeney@ipgp.fr

• Full curvature tensorFull curvature tensor z Y
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First equations including these effects: « centrifugal » forces

Bouchut et al., 2003; Bouchut and Westdickenberg, 2004; Mangeney et al., 2007



Simulation of laboratory experimentsSimulation of laboratory experiments

Good agreement between experimental and numerical results

Mangeney et al., 2005

g p
using realistic friction anglesrealistic friction angles ! 

g y ,

H tt d H I d D liHutter and co., Hungr, Iverson and Denlinger, 
Pouliquen and Forterre, …

Pirulli et al., 2007



Simulation of natural flowsSimulation of natural flows

Simulation of observed depositsobserved deposits (Switzerland) 
using thin layer depth-averaged model with Coulomb friction law: 

t =  0 st = 10 st = 20 st = 30 st = 40 st = 50 st = 60 st = 70 s

: empirical descriptionempirical description of the mean dissipationmean dissipation

Friction angle used in the model :   =17°

Small friction angleSmall friction angle compared to angles typical of natural materials! 

O i i f th hi h bilit f t l fl ??O i i f th hi h bilit f t l fl ??

Pirulli and Mangeney, 2008

Origin of the high mobility of natural flows ??Origin of the high mobility of natural flows ??



Different physical processesDifferent physical processes
SubmarineSubmarine

Fluid phase Islandp Island

Fluidization Lascar, Chili

 8 m

Erosion

 8 m

Canada



Erosion of a granular layerErosion of a granular layer
Mangeney et al., 2007IPGPIPGP and INLS UC San DiegoUC San Diego

Decelerating avalancheDecelerating avalanche

g y ,IPGPIPGP and INLS, UC San DiegoUC San Diego

rigid bedrigid bed

No signature of the 

Erosion wave (surge)Erosion wave (surge)

dynamics on the deposit

erodible bederodible bed

In agreement with experimentsIn agreement with experiments of
Pouliquen and Forterre, 2002, 

A l 2006Aranson et al., 2006, 
Borzsönskyi et al., 2008



Listening to seismic signal from instabilitiesListening to seismic signal from instabilities
Detection of instabilities and prediction of velocity and runout extent of landslidesDetection of instabilities and prediction of velocity and runout extent of landslides
Challenge : explain and quantify the high mobility of natural landslides …

Lack of field measurements of landslide dynamicsLack of field measurements of landslide dynamics

Analysis of the seismic signal generated by gravitational flows:Analysis of the seismic signal generated by gravitational flows:

AntarctiqueLa Réunion SumatraEl Salvador

 Detection, monitoring
 Geometrical properties and nature of the flow (mass volume fluid content ) Geometrical properties and nature of the flow (mass, volume, fluid content …)

 Mechanical behavior (friction coefficient …)

Brodsky et al 2003 Deparis et al 2008 Favreau et al 2010 Hibert et al 2011

???? Respective role of topography, involved mass, flow dynamics, wave propagation ????

Brodsky et al., 2003, Deparis et al. 2008, Favreau et al., 2010, Hibert et al., 2011…



R kf ll L Ré i 2007 2008 Th i l d lid I li 2004

From small rockfalls to From small rockfalls to big landslidesbig landslides

PhotogrammetryPhotogrammetry

Rockfalls, La Réunion, 2007-2008 Thurweiser landslide, Italie, 2004
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Introduction : ContextMonitoring rockfall activity in Crater DolomieuMonitoring rockfall activity in Crater Dolomieu

Lava flow
Granular flow deposit

 Strong volcanic activity : 1 eruption occurring ~ every 9 months since 1998

 Dolomieu : main crater of the Piton de la Fournaise volcanoPiton de la Fournaise volcano, La Réunion island
 Dense seismic network set up by the OVPF + 15 stations (UNDERVOLC project)



Seismology : seismic signalsCharacteristics of rockfall seismic signalCharacteristics of rockfall seismic signal

 Seismic signal characteristics make it possible to distinguish rockfalls from V-T

Volcano-Tectonic

Rockfalls

Field observation : ts

t1 t2

Seismic signal duration ≈ granular flow propagation time



Introduction : ContextMonitoring rockfall activity in Crater DolomieuMonitoring rockfall activity in Crater Dolomieu

A major event : the april 2007 collapse

Before After

Rockfall activityRockfall activity



Scaling law : Seismic energy vs durationScaling laws : seismic energy versus durationScaling laws : seismic energy versus duration

Seismic energy :Seismic energy : Vilajosana et al., 2008

Hibert et al., 2010
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Regression lines and corresponding coefficients computed for each month

Duration ts (s) Duration ts (s)

Scaling law between βScaling law between 
seismic energy and duration : βs ≈ 1.56Es α ts

βs with



Modeling : Scaling law
Anal tical de elopment for a rectang lar mass on a flat slope M t l 2010

Scaling laws : potential energy versus flow durationScaling laws : potential energy versus flow duration
 Analytical development for a rectangular mass on a flat slope   Mangeney et al., 2010

ΔEp  tf
βa

βa = 2

p f

with 

● Numerical simulation of granular flows over real topography using theg p g p y g
code SHALTOP  Mangeney et al., 2007

ΔEp  tf
βp

βp = 1.65with 

Topography Effects

Rugosity        βp



Modeling : Energies ratios and volumeFrom seismic energy to rockfall volumeFrom seismic energy to rockfall volume

 Scaling laws Energy/Duration : Eseismic  ts
β and    ΔEpotential  tf

β

Rs/p=Es/ΔEp~10-4 VolumeVolume

Hibert et al., 2011

1010--441010

 Cumulative volume from May 2007 to February 2008  : V=1.85 106 m3y y



Observations Modeling

Validation on the Validation on the 16/05/07 rockfall16/05/07 rockfall
Observations Modeling

Estimated volume

8 11E /ΔE 9 10 4

5.8 104 m3

Es = 2.3 108 J ΔEp = 2.4 1011 J Es/ΔEp = 9 10-4

Computed volume
8.3 104 m3



Seismology : temporal evolution Monitoring rockfall activity in Crater DolomieuMonitoring rockfall activity in Crater Dolomieu

Number of eventsNumber of events Total EnergyTotal Energy

Mean Energy per eventMean Energy per event

 Relaxation time of the crater walls :
 2 months rainfalls

 Identification of a stable rockfall activity
 Rockfall size       during rainfalls

Hibert et al., 2011



Numerical simulation of landslide and seismic wavesNumerical simulation of landslide and seismic waves

Di t blDi t bl

Landslide simulation Simulation of seismic wave Comparison with 

Direct problemDirect problem

propagation observations
z

xy

Mangeney et al., 2005, 2007 Favreau et al., 2010

TimeTime--dependent basal stress field applied on top of the terraindependent basal stress field applied on top of the terrain
x

x h

Curvature effectsCurvature effects



Numerical simulation of seismic wavesNumerical simulation of seismic waves
Fast Green’s functions calculation with a discrete frequencyFast Green’s functions calculation with a discrete frequency wavenumber methodwavenumber method

 Spatio-temporal distribution of stress field at the surface

Fast Green’s functions calculation with a discrete frequencyFast Green’s functions calculation with a discrete frequency--wavenumber method wavenumber method 
((Kennet / BouchonKennet / Bouchon))

Spatio temporal distribution of stress field at the surface

 Topographic and complex media effects are neglected

 Elastodynamic equations in an horizontally stratified half-space

x

z

y Continuity conditions at each interface

 Vanishing conditions at

xy



Thurweiser rock avalanche Italie

Simulation of the Thurweiser landslideSimulation of the Thurweiser landslide
withoutwithoutThurweiser rock avalanche, Italie

September 2004
withoutwithout
glacier glacier 

24 km24 km

39 km39 km39 km39 km
ts  100 s
  23°

withwith
glacierglacierglacierglacier

V = 2.5106 m3

Rf = 2.9 km ts  100 s
Tf  90 s

Sosio et al., 2008, Favreau et al., 2010

r  26°
g  6°



STS2 DataSTS2 Data

Filter 5 20 sFilter 5-20 s
Filter 15-50 s

Ts Tf 100 s

(Lsource-station = 24 km) 

0.01 Hz < f < 15 Hz

For T > 15 s,  = cT  45 km

Topographic and complex media effectsTopographic and complex media effects on wave propagationTopographic and complex media effectsTopographic and complex media effects on wave propagation
are expected to be smallsmall



Simulation of the generated seismic wavesSimulation of the generated seismic waves

t60

data
ith t l iwithout glacier

with glacier

t  40 s t  60 s
The scenario with glacierwith glacier better reproduces the vertical waveform



Curvature effects on the generated seismic wavesCurvature effects on the generated seismic waves

49 km from the landslide

Curvature effectsCurvature effects

Curvature effects on flow dynamics has a major impactCurvature effects on flow dynamics has a major impactCurvature effects on flow dynamics has a major impactCurvature effects on flow dynamics has a major impact
on the generated seismic signal



Friction coefficient and simulated seismic wavesFriction coefficient and simulated seismic waves

 A

t40 t60
g       A g       A

tt0

Comparison between simulated and recorded seismic signal

Calibration of the friction coefficients Calibration of the friction coefficients 



Mt Steller rockMt Steller rock--ice avalanche and associated landquakeice avalanche and associated landquake

Al k S t b 2005 Recorded by 7 seismic stationsRecorded by 7 seismic stations from 37 km to 623 kmAlaska, September 2005 Recorded by 7 seismic stationsRecorded by 7 seismic stations from 37 km to 623 km

37 km from the source :

V ~ 50 Mm3V ~ 50 Mm
Rf = 10 km

T  130 s
Ice erodederoded from the glacier: 

V ~ 20 Mm3 Tf  130 s

Huggel et al., 2008

V ~ 20 Mm



t = 0 s t = 68 s Deposit

Simulation of the Mt Steller rockSimulation of the Mt Steller rock--ice avalancheice avalanche
No erosionNo erosion p

t = 0 s t = 68 s DepositErosionErosiont  0 s t  68 s DepositErosionErosion

 The two scenarios well match The two scenarios well match 
the deposit areathe deposit areathe deposit areathe deposit area
 Mass accumulation at the front 
with erosion effects

Moretti et al., 2011No erosionNo erosion ErosionErosion



Simulation of the Mt Steller landquakeSimulation of the Mt Steller landquake
Vertical ground velocity filtered between 20 s and 50 s at 7 seismic stations

No erosionNo erosion ErosionErosion
Vertical ground velocity filtered between 20 s and 50 s at 7 seismic stations

DataData

Moretti et al., 2011

The scenario with erosion better reproduces the observed waveformThe scenario with erosion better reproduces the observed waveform

,



ConclusionConclusion

 Scaling laws between seismic energy and signal duration  

 Seismic signal        information on the temporal evolution of the volcano stability 

g gy g

 Transfer ratio of potential energy to seismic energy        volume = f (seismic energy)

 Near-field, long-period observations can discriminate between alternative scenarios discriminate between alternative scenarios 
for flow dynamicsfor flow dynamics

 Estimation of the basal frictionbasal friction and physical processes during the flowphysical processes during the flow can be 
inferred from simulation of the seismic signal

To do …To do …
 Validation on well characterized events

 Systematic study of the influence of the volume, topography, friction coefficient influence of the volume, topography, friction coefficient on on 
the the simulated seismic signalseismic signal

V d o o we c c e ed eve s

gg

 CouplingCoupling landslide and wave propagation modelsmodels


