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Large variety of natural flows

V=~ 105 kmg

KR

REET0 m> .7 J's

Volume scale: m* — 103 km?
Time scale : second — year
= Sources, = Topographies




Very different rheological behavior!




Huge polydispersity

Y { il R

Pyroclastic flow deposit, Tutupaca volcano, Peru



Pyroclastic flows

“‘\*’} Strong role of gaz

Significant erosion

Photo by R. Camiel and M. Fulle




Snow avalanches

F,

ol -
R AL e kS ;':Q‘ S
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Strong role of air
Dense granular flow Significant erosion

Very different types of snow avalanche behavior: phase transitions, etc.



Debris flows

Strong role of water
Significant erosion

Debris flows, Iceland



Debris flows

Avalanches may turn into

debris flows




Mud flows

(Photo H. Hubl, Vienna) QUINDICI, ltaly

Strong role of water
Fine particles



Mine collapse

Bingham Canyon, Utah,
Avril 2013, 65 Mm3

———

—

SKYTRUTH

Two landslides




On other planets

Gullies, mega-dune of Russell crater, Mars



Flow type and range of main parameters

Particle
Setting, Particle Particle volume
Flow type ambient fluid Interstitial fluid size (m) density (kg m—?) fraction
Subaerial landslides, Subaerial, Air, none, small 103-10! ~2000-3000 ~0.4-0.7
rockfalls, rock extraterrestrial® water content
or debris avalanches
Submarine landslides Subaqueous Water — — —
Turbidity currents Subaqueous Water 1074-10"" ~1500-2500 ~0.001-0.1
Snow avalanches Subaerial Air (water) 10-4-10"! ~100-1000 ~0.1-0.4°
(dense, powder®) ~0.001-0.01°¢
Pyroclastic density Subaerial, Volcanic gases, air 10610 ~500-3000 ~0.1-0.54
currents (dense?, dilute®) subaqueous, ~0.001-0.01¢
extraterrestrial
Debris flows, lahars Subaerial, Water 10~4=10° ~2000-3000 ~0.2-0.8
extraterrestrial
Runout
Volume Velocity Thickness distance
Flow type (m?) (msh (m) (km)
Subaerial landslides, 10°-10'0 1012102 10712102 10°=10!
rockfalls, rock 10°—10132 10'-10°
or debris avalanches
Submarine landslides 10°-10" — 10-1=10? 10'-10°
Turbidity currents 10°-10' 10°%-10! 10-10° 10'- 10°
Snow avalanches 10*-10° 10102 10°-10! 10712100
(dense, powder®)
Pyroclastic density 10%-108 10%-10' 10°-10° 10°-10°
currents (dense?, dilute®) 10'-10°® Delannay et al., 2017
Debris flows, lahars 10*-10° 10°-10! 10°-10" 10°-10?




ical processes

ifferent phys

D

Fluid phase

(water, mud)

Fluidization (gaz, air)

Erosion: static/flowing transition




Main questions in geophysics

* How to detect geophysical flows and to assess their related hazards and indirect
impact (tsunamis, etc)?

* What is the contribution of gravitational flows in erosion processes and relief
evolution at the surface of the Earth and other planets?

* How are gravitational flows related to external forcing? Could they provide indicators
or precursors of these forcing processes?

* What physical processes may be at the origin of the high mobility of large landslides?

* How to quantify and model erosion/deposition processes, solid/fluid interaction,
polydispersity and fragmentation at the natural scale?

* How to retrieve the mechanisms of propagation and the characteristics of the flows
from their deposit and/or from the generated seismic or geophysical signal?

Review paper: Delannay, Valance, Mangeney, Roche, Richard, 2017
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What does a model need to provide results
QUANTITAVELY comparable to observations ?

* Initial and boundary conditions (volume identification by geologists)
* Underlying topography (space physics, imagery) .4

* Detailed shape and thickness of the deposit
(geology, volcanology, marine geoscientists)

* Data on the dynamics (seismologist)

+
* Accurate description of physical processes in the models,
rheological behavior (physics, mechanics)

 Develop and solve accurately the equations of flows over real
topography (mathematicians)



Field data

Height (meters)
o R - oo B
/"

Length (meters)

Initial conditions :
- Scar, topography pre-event

_ Dynamics:
Deposit : - Witness
- Runout, area of deposit, local thickness - Camera

- Spatial distribution of thickness deposit: - Generated seismic waves
Fine morphology (levées, front shape...)

Interaction flow/topography



Specific structures of the deposit

Levees

\

300 -

thicknes§

01
0

10 20 30
A distance (m} .
400 500 600

200

100 200

Pyroclastic flows, Lascar, Chile

Hummocks, debris avalanches, Socompa, Chile Jessop et al., 2012

depth (m)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
distance (m)

depth (m)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
distance (m})

Submarine deposits, Cannat et al., 2013



-153°

-153°

Landslide generated seismic waves

-150°

-150°

-147° -144°

-141°

Traveled distance ~9 km
Volume : 40-60 Mm3

3
E
>
8 0.5 :
T z : , :
> — RawData :
S7 ~— Filtered 20-80 s : :
4 _1.5 1 1 1 L
147" 144 -141° 138"  -135° 0 A Jr(i)r?\e(s) 150 20

Favreau, 2010, Moretti et al., 2012, 2015
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From field to laboratory scale

Natural flows Laboratory granular flows
Same physical processes ?

Velocity and thickness

Heterogeneous materials measurements

Few field data




A lot of laboratory experiments !

12

11 [

10 £
: Laboratory experiments

flux (g/s)

Félix and Thomas, 2007

depth (m)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
distance (m)

depth (m)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
distance (m})

Submarine deposits, Cannat et al., 2013



A lot of laboratory experiments !

Segregation in
self-channeling flows

Role of particle size in erosion processes

Roche et al., 2013

Félix and Thomas, 2004
Johnson et al., 2012



Main questions in physics

* How to describe the grains/fluid coupling, taking into account in particular
dilatation/compression effects?

* Can we obtain constitutive relations giving a complete description of the
granular flows and of their transitions (jammed, dense, dilute)?

* How can be captured the boundary conditions and how do they affect the
flow? This includes mobile interfaces related to erosion/deposition

* How to quantify and describe theoretically the evolution of granular size
distribution in space and time (segregation, fragmentation
processes) and its coupling with the flow?

Physics and Geophysics

* How to measure granular and fluid stresses, particle volume fraction, etc.
in both experimental and natural flows?

Review paper: Delannay, Valance, Mangeney, Roche, Richard, 2017
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Equations

Mass and momentum conservation equations:

Compressibility ?

(1
o7 + V.(pu) =0

Jd(pu) : /
57 = —uV.(pu) — pu.Vu + divpo)+ pg

rheology

Issues:

- Rheology of natural granular materials

- Applicability to natural flows : computational time requires
approximations

Hard to discriminate model approximation and rheological behaviour!



Numerical modelling of landslides

* Modeling
2D thin layer model 3D continuum model Discrete element model
h, u O
Mean scale Local scale Grain scale

Reasonable computational cost High computational High computational cost

o cost Particle size

Empirical flow law ...
Local flow law f(1)  distribution 2?2

¢ = tanod

Yet far from the precise description of the rheology of natural materials !!!!

Semi-empirical modelling



Thin layer approximation on 2D topography

e Flow on complex natural topography

high computational cost = |a= H g small

L aspect ratio

e Depth-averaged thin layer model model
h=0(e) Vb= O(e) v =uX(t,x) + O( %)

.....................

Z _ “Savage and Hutter, 1989

A

fi g1
vx =sinf, vz =cosf b
ou ou 0 uw? \ u
— — = — K— h)— +
5 T Um= X9 aX (gvzh) — (gvz 72) m
—— . U - _
gravity . p _
pressure gradient Coulomb friction Cu = tan
Coulomb friction law: || T, || > 0. = T; = —0. H l:; ” with o, = ppgy.h=p | T, |



Thin layer approximation on 3D topography

 Until very recently and still used :

arbitrary extension of 1D equations ...

e Full curvature tensor

8_22 9%b
_ .3 oz Oxdy
H=c 92b a_2b

oxdy  Oy?

First equations including
these « centrifugal » forces

Bouchut, Mangeney, Perthame, Vilotte, 2003;
Bouchut and Westdickenberg, 2004;
Mangeney, Bouchut, Thomas, Vilotte, Bristeau, 2007



Empirical law deduced from experiments

Steady uniform flows on planes with different inclinations
Pouliquen 1999, Forterre and Pouliquen 2003

02 Steady uniform flows: tan 8= y, with gy =tan 6
o — s u
<. o . —_— S F —
( - p(Er, h) = s+ B "y r olicos0
0 ZLFr

Origin of the /() rheology

0,=20.9° 0,=3276° B=0.136 Z=0.825x10" m

Friction / when thickness \

Additional viscous terms Gray and Edwards, 2014



Granular flows over complex topography

Oi(h/c)+ V- (hu') =0

|
o' +cu' -V +—(Id —ss")V,(g(hc + b)) =
-

— 1 I wcu’ u'' Hu'
— (u"Hu')s +—(s"Hu')u' — o (l +— )
f ‘f Vs wp S

~ Vb 1
n=|- ,
U+ IVBIE (/14 (19,38

= (—s,c) €R* xR

M = A s
or
(Fr, h) = p, + l;;h_ &
1
LFr *

Other empirical terms can be added .... with more unconstrained parameters...



Limits of the Thin Layer Approximation
a=0.8

Initial aspect ratio: a = H,/ R,

t=0.648s

0.6

1F +4=;+ ottt 4 o 04 = _ (d) deposit

Good agreement simulation/experiments for granular collapse |- :
if a <1 generally the case for natural landslides

20

RIR
o
G
+
e _
I i3 ]
! \
- -'+ -
L + .
I o\
[ e
5
5.

§=30°>8, =21°, §,=29°




Granular flow experiments

Granular column collapse over an inclined channel

Control parameters:

- slope angle: 0° <6< 90
- volume V=h,r, W

- aspectratioa=h,/r,
- column shape

- channel width

Friction angles:
repose 0,~23°%+0.5°, avalanche 6,~25°+0.5°

Mangeney, Roche, Hungr, Mangold, Faccanoni, Lucas, 2010
Farin, Mangeney, Roche, 2014



Granular collapse over a rigid bed

Laboratory experiments

0 = 0°

-20 -10 0 10 20 30 40 50 60 70 80 90 100 110

512& 0 — 10°
= | .N

8
4
0 1 1 1 1 1
-20 =10 0 10 20 30 40 50 60 70 80 90 100 110
16 T T T T T T T T T T T T
~~ i
e 2 0 B
5 x = 16
g N
<= 4:\
ey

1 1 1 1 | 1
-20 -10 0 10 20 30 40 &0 60 70 80 90 100 110

’_\16

&2 T .

S . 0 = 22° -

= -

Q 4& s -
0 1 1 \L\\l\\t\ T ﬁ\‘g
-20 -10 0 10 20 30 40 50 60 70 80 90 100 110

distance x (cm)




Monolayer (Saint-Venant) versus Multilayer models

h (cm)

h (cm)

ues

—e—Lab

— () - monolayer

0 20 _ 40 60
distance (cm)

[lg = tan(25.50) ~ (.48 O=22
e Lab t=0.16 s
201 R MS - monolayer 15<7
TE‘ 10
L
e 5
] | | X -0.182
distance (cm)

. t=0.8s 8

‘ [«
of S|
4r. . = )

e L T, . < 2

~0.18 ‘ ‘ | ' \ )

320 0 20 40 60 80 e

distance (cm)

8- i
. =256s g
e 5 4
L4 =)
i 2r =l l® - 2

- filiiites Skl SLELEEN °

0 50 100 150 200

0 20 40 60 80

distance (cm)

distance (cm)

0 50 100 150
distance (cm)

Fernandez-Nieto, Garres, Mangeney, Narbona-Reina, 2016




Calibration of the constant friction angle

0 5 10 15 20 25

inclination angle 6 (°)
1
0.8¢
< 0.6 (b) ¢
o~ 0.4 M
0.21 ¢
0 ' ' | '
0 5 10 15 20 25
inclination angle 6 (°)
80 ¢
60 (c)
PL)
~_ 40+
20+
0% — | "'_
0 5 10 135 20 25

inclination angle 6 (°)

S, = 27.5°, ,=0.52




Simulation of self-channeling flows

Is{II 5 10 15
4 .
2 o = - ™ ,
'[] : .-J‘a/ ‘ﬁ\L_. -
0 0.05 0.1 015
y (m)

Numerical simulation

Very good qualitative agreement between experimental and numerical results

only with  w(Fr, h) = s+

L2 — Uy
B
|
LFr +

Mangeney et al. 2007, Johnson and Gray, 2011

| (a) 50s< t<100s
7 — T . - >
L L/ AN AN
sL > /7, \
L : \
/ll 1 1 \ |-
0 0.05 0.1 0.15 0.2
“ | () 120s< t<145s
/
/] 1 W 1 1
o 0.05 0.1 0.15 0.2
| (6) 152s< <1548 '
L _
hs
1 1 1 " 1 1
0 0.05 0.1 0.15 0.2
y (m)
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Simulation of natural flows

Simulation of observed deposits (Switzerland)

1 = tan o : empirical description of the mean dissipation

t=70s

2000+

1500+

v [m]

1000+

500+
: s

o T T T T T f
0 500 1000 1500 2000 2500 3000

Calibrated friction angle :
Small compared to friction angles of natural materials !

Origin of the high mobility of natural flows ?

Pirulli and Mangeney, 2008



Simulation of a large variety of natural flows

Observed deposit  Simulation

800
1400 [M]

=

Lucas, Mangeney, Ampuero, Nature Communications, 2014



Empirical friction laws based on deposit data

Friction coefficient

1.0
u=10.0774 5 20
0.8 < lapetus
A o
0.6
3
0.4
0.2 L]
g 23
o1o2 10* 10° 10% 10'° 10'2 10
Volume [m3]
Ho — Hw
p(U) = +
(L+ U]/ Uw)

u=tan o

)

I

0.4

3

0.2+

T T | T T T
50 100 150 200

U [m/s]

Physical origin ?

to = 0.84, (1, = 0.11, U, = 4 m.s™!

Laboratory experiments at high velocity :
Roche, Van Den Wildenberg, Delannay, Valance, Mangeney, 2017




Reproduce small to large landslides

@) Well reproduce observed deposits of 40 landslides
With the same
parameters
(b)
‘ Improve deposit
morphology

Friction coefficient
0.1< u<0.8

Velocity [m/s] u(U)

0 6 10




Simulation of the Mt-Steller landslide

no erosion with erosion Comparison of deposits
Time : 0 secs. Time : 0 secs. 000 4000 6000
e 0
g - no
£ erosion
E
g
with
erosion

-
ﬁ’
;
Thickness (m)
-‘-I\Jm-h-g
[ s I S s e o]
E .

10000

Moretti et al.
w2012, 2015

The deposit area is not enough to constrain landslide models !!
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—mfju—1 Data on the landslide dynamics | erc

* Measurements of flow dynamics: seismic waves
F(x,7)

» Basic picture

Long period signal

Seismic data interpreted with oversimplified landslide source models
Brodsky et al. 2003, Yamada et al. 2013, Allstadt 2013, Zhao et al. 2014, ...



Numerical simulation and inversion of landquakes

Low frequency direct or inverse approach

Landslide simulation Earth Green functions Seismic data
{\ synthetic
: signal
-

)\3:I~L3ap'

-
inverted
force

Mangeney et al., 2005, 2007 Favreau et al., 2010
Moretti et al., 2012, 2015

)\2,#2,92

Time-dependent basal stress field applied on top of the terrain

t
u;, Hup ux Uy
T = pgh (cos@+ ) <,LL—,,LL—,—1)
geos?0]) \" Tl " Tl

Curvature effects




Thurweiser landslide

Stzerlad m

Thurweiser

Numerlcal S|mulat|on

5 without
glacier
BERNI
September 2004 with
glacier
V=2.5x10% m?
R~2.9 km

Sosio et al., 2008

* Maghituide ~ 3.5



Thurweiser landslide seismic waves

-6 FUORN UP (Lsource-station =24 km)

| | ___ Filter5-20's
 [msewnamanies ne aos sumes ......................... ...................... Fllter15 50 s-

0.5 vvvvvvvvv

:
\ |\ , N AR

5 L
; | i
O A L0 [ b ] b R A ey U] ‘
Y % W el o T o / “ | \‘
|

Velocity (m/s)

2
200 250 300 350 400

For 7>15s, A=cT=45km
* small topographic and complex media effects are expected




Thurweiser landslide seismic waves

3e—7 | T 3e-7 T T
| filter 203 50s ' 1
2e-7 2e-7 -
E‘ le—7 . E le-7
2> 0e0 2 0e0
[s, 3
O-le-7 > -le-7 | ,
Q) ; | '
> e 7 b A / no glac_ler DT o SR : no glacier
i . with glacier , ,Wlth glacier
—3e-7 ' l . 3e-7 | | .
200 250 300 350 400 200 250 300 350
. Time [s]
Time [s] t=t,+50s

- The scenario with glacier better reproduces the vertical waveform

400



Thurweiser landslide seismic waves
107 FUORN UP 20-50 s.

, _(a) T t40' T _f
£ - 1l >
= [ :

20 0 §

-4 F L o -Izbo albo 350

200 250 300 350 400

Time (s)

t
T = pgh (c:os 0 -+ uhHuh) (

g cos? 6

Curvature effects

7 BERNI UP 20-50 s.

40

250 300 350
1 1 1 1 1 1

200 250 300 350 400

Time (s)
49 km from the landslide

X uy 1)

ladl "™ [[a]”

- Strong effect of centrigulal acceleration on landslide dynamics



Mt-Steller rock-ice avalanche

Role of erosion in landslide dynamics ?

-144° -141°

-153° -150° -147°

Traveled distance ~9 km

Volume : 40-60 Mm3

lce eroded on the
avalanche path :
~20 Mm3

Sismogram BERG UP (37 km)

Raw Data

. : . —1-uauaawwpnféfédngzﬁfwwm“m““m“‘?~~ww~““mMAW"“"
57 2 5 ~ Filtered 20-80 s : :
4 _'I .5 1 1 1 1
153" -150°  -147° 144"  -141" 138"  -135° . o0 e D <l

Moretti et al., 2012, 2015



Simulation of the Mt-Steller landslide

no erosion with erosion Comparison of deposits
Time : 0 secs. Time : 0 secs. 000 4000 6000
e 0
g - no
£ erosion
E
g
with
erosion

-
ﬁ’
;
Thickness (m)
-‘-I\Jm-h-g
[ s I S s e o]
E .

10000

Moretti et al.
w2012, 2015

The deposit area is not enough to constrain landslide models !!




Long period : inverted and simulated force

Force filtered between 20-80s

11 Vertical %10 11 North %10 11 East

Force (N)

(c) ]

-3 ; ; H ; ; ; H ; ; i ; H i
-30 0 30 60 90 120 150 180 -30 0 30 60 90 120 150 180
Time (s) Time (s) Time (s)

F(x,0)

—— Data
—— Scenario without erosion
—— Scenario with erosion

!

-30 0 30 60 90 120150 180

Taking into account erosion is necessary to reproduce the dynamics !



Sensitivity to friction coefficient

Simulation of Mount Meager landslide

7000

6000

5000 5000

4000 4000

3000 3000

2000 2000

7000 7000

6000 6000
5000 5000
14000 4000

3000 3000

2000 2000

2000 4000 6000 8000 10000

—p Simulated horizontal force

Inverted horizontal force

H 1 0 20 40 60 80 100 120 140
=i Ve Thickness (m) Moretti et al., 2015




Sensitivity to friction coefficient

North Force (N) Vertical Force (N)

z

GJ !

O 0

5 _

L = L
%) Lol | |

ch 1 I t | I

-50 0 50 100 150 200 250
Time (s) Moretti et al., 2015

Physical origin of these low friction coefficients?
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Experiments of granular flows

Amplitude (V)

Il 1 1 1 Il 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (s)

Scale effects ?

Farin, Mangeney, Toussaint, De Rosny, Shapiro, et al. 2015
Farin, Mangeney, Toussaint, De Rosny, Trinh, et al. 2017

Iverson, Logan, LaHusen, Berti, 2010, USGS



Granular materials

“solide” “liquide” “gaz”

172
V. /21 (g/d)
5 X ¥ X %X X XK
P — B L e
2 ¢ 2 2 o °
— % o ['S )
.
K —————

liquide

Static-flowing Pt T % y

.

b

interface A A R vl
Richard et al., 2008




Dense granular flows

Three subcategories depending on the nature of particle/particle interactions

For simple shear flows:

u + ~d K
(i) particle inertia-dominated regime (dry) m ogo

I = Ipl = \/pp’}/zdz/P macroscoplc strain rate partlcle rearangment

under confining pressure

.1 x d/~/B/ Py

(ii) viscous resistance-dominated regime (grain+fluid)

micro
B

(iii) fluid inertial resistance-dominated regime (grain + fluid)

[=1I; = \/pf’}'fzdz/}}, =) (/) rheology

Classification based on analysis of time scales of the particle displacement
e. g. Savage, 1984, Ancey et al. 1999, Courrech du Pont et al 2003, Cassar et al 2005



Inertial number

Rognon, 2006



Unsteady flows on inclined planes

Measurement of
velocity profiles

Fast camera
Rough bottom

Jop, Forterre, Pouliquen, 2007



Granular flow experiments

Granular column collapse over an inclined channel

X

Control parameters:

- slope angle: 0° <6< 9
-volume V=h,r, W

- aspect ratioa = h,/r,

- erodible bed thickness h;
- column shape

- degree of bed compaction
- channel width

Friction angles:
repose 0=23°1£0.5°, avalanche 6=25°+0.5°




Granular collapse over a rigid bed

0 =0°] 1
70 80 90 100 110

T T T T
6 = 109 ]
1 1 1 1 ]
70 80 90 100 110

16 T T T T T T T T T T T T
0 = 16° 1
1 1 1 1 ]
70 80 90 100 110

16 T T T T T T T T T T T T
ms o = 2279 |
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Granular collapse over an erodible bed
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2D granular flow modelling

* Momentum equation: ( (U@ u)) =V.0+ pg
V.

* Incompressibility:

o=-pld+¢6 , pressure: p = —trace(o)/3

Strain rate tensor: D (u) = %(Vu + VT’U,)

dd



Constitutive relation

D 1 2
& = (i()p— D] = /LD
PD] :

can be called viscosity Jop et al. 2005, 2006

. 2 1!
:U([) = [, + 2 — H with [ —

1+ 1y/1 \/ P/ ps

D = 1P,
0=l pr=s + k= dyps
"D ZLDHHO\UJ VP

/ can be called viscosity 7

Drucker-Prager yield stress



Constitutive relation

( D

o' <up if |[D| = 0.

Plasticity (flow/no flow) criterion

Constant viscosity: 77(\D\ p) — Cte

‘ k(pe — pis)p
1(I) rheology : 21 (|D|,p) = /\‘\(D\)jL ]O\)/T

o

lonescu, Mangeney, Bouchut, Roche 2015




Boundary conditions

- At the free surface : D(t)
characteristic function of the domain

on =0 r.(t)
Ilp)

ot

011

St

+ U - Vlfp(t) = 0,

- At the base and walls: Coulomb friction

u-n=0, or=F

(o f : ur .
F}L :—uf[—()'n]_i_—lfuT—_ﬁO,
4 » 1 [uTl

\lF | S uf [_O-H]-l- lf uT — 0.

!

Back

wall

rd

Z

/Jf B { ‘5) on the back wall and on the lateral walls,

, on the rough bottom.

Lateral walls Dy, Dpg

—
—
~




Side wall effects

p(Ou+ (u-Viu)+ Vp — div(o) + pg

( u .
| F/ = —yﬁ[phm ifu %0,
(F}| < ], itu =0,

For a laminar shear flow with hydrostatic pressure, equivalent to:
Taberlet et al., 2003; Jop et al., 2005

Mo — [ H—z
R p—
L+1 MTw

u(l) = i, +

Martin, lonescu, Mangeney, Bouchut, Farin, 2017



Unsteady flows on inclined planes

A -8 10-2 10-1 100. j 0 0 10 10}10
:..- / /i:'..- :;’}J i 15 ioooo 5 éj / !
5| A d 10 4,;’2,
0‘: __(/;.y ' 20 15 -’ -" df.‘a
ot o 201
o s 25 : ﬂs .v' . o®
10 25 Pz;s.::.
-3, 30 ¢
{156 30 gy
0 0.2 0 4 0 6 0 8 1 0 2 4 6 8
Vi(gd)" Vi(gd)"

Jop, Forterre, Pouliquen, 2007



Granular collapses

ALE (Arbitrary Lagrangian-Eulerian) description to compute the evolution of the
fluid domain
- iterative decomposition-coordination formulation, coupled with the augmented
Lagrangian method: lonescu, Mangeney, Bouchut, Roche, 2014

or
-regularization method: Lusso, Ern, Bouchut, Mangeney, Farin, Roche, 2017

Mesh refinement around
the free surface

0.0
0.0

e

FRDOR
0.10 0.20 0.30 0.40

Crosta et al. 2009, Lagree et al. 2011



Parameters deduced from the experiments

Grain diameter: d = 0.7 £0.1mm
Density: p, = 2500 kg m™*, v= 0.62 == p = 1550 kg m~*

Repose angle: ¢, = 23.5° + 0.5 (p,, = 0.43 £+ 0.01)

Avalanche angle: (), = 25.5° + (0.5

* (e = 0.48 £ 0.01)

Wall friction: /1,, = tan(10.5°) = 0.18  Pouliquen and Forterre 2002
Additional friction due to the wall: + ttwh /W

!

Constant viscosity: [t = jis = tan(25.5°),
{ p(I)rheology : 15 = tan(25.57), 2 = tan(36°), lop = 0.279

Jop et al. 2005

Friction at the base: j1;, = ;1 = tan(25.5°)




Simulation with the variable viscosity (u (/)

VelocityNorm

:

038
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-

0
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0.30 040 0.50

VelocityNorm

0.8

0.5
0.2
-

0
VelocityNorm )
=0.8

0.5
10.2
|

Well reproduces the dynamics
The gate has to be taken into account !



Effect of the gate

experiments

0.30

<«— gate

no gate

t=0.06s

040 050

t=0.18s

0.40 0.50

t=1.02s

same deposit !

t=0.24 s

t=1.34 s

same deposit !



Effect of the side walls

0.16- : ‘ ‘ ‘ :
a=10", t=0.18 s — simulation with w=10 cm

0.1 psetmrony — Simulation with w =00

0.12.:--..
E 0.10]
£0.08
2
o 1
$0.06 e e
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0.02| — Thickness profiles
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0.%0 : : ) ‘ oz | M
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o
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Length (m)

Side wall friction: the static-flowing interface closer to the free surface



Effect of the side walls

a=22°,t=1.76 s — Simulation with w=10 cm
' — Simulation with w=occ

— Thickness profiles

Height (m)

0.03 Static-flowing transitions
= Experimental profile

0.02;

oo e T

0086502 0.4 06 08 1.0 1.2 14 16

Height (m)

Length (m)

0.05- : : : . : . .

a=22° t=1.8 s — Simulation with w=20 cm
0.04 = Simulation with w=00

— Thickness profiles
0.03~—0 SN Static-flowing transitions
N e Experimental profile
0.02 ~
0.01;
8.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Length (m)

Martin, lonescu, Mangeney, Bouchut, Farin, 2017

The material
still flows



Horizontal velocity field and profiles

6=0°

Horiz Velocity , ,

=0.75
0.5

Slip at the front



Insight into the flow dynamics

Strain rate (s) Pressure (Pa)

Pressure 0-%4

RateofDef
0 0.1

1I600 0
40 t=0.18s a0
20 e
" o 0
0

0.30 0.40 0.50 0 0.30 0.40 0.50

0.50

40
20
.
Q

050

ki(pa — pis)p

Strain rate localization 2 (|D|p) — .‘
PP KD+ Ioyp



Viscosity n in the u (/) rheology

k(p2 — ps)p

Pa. 27](|D|,p) — ;

Visjo:’ry 01 I kDI To/p
0.1;

boos t=0.18 s
0.0
00
. 00
I 0.0
0 0.4 0.30 0.40

Viscosity

t=0.30s

0.40

0.30

0.20

Very similar results with 7)=1 Pa.s



Effect of viscosity

— a=10° — a=16"° — a=22°

w=10 cm

-
........... 7, =0.1 Pa s

w=tfes o 2(|ID)p) =

Experimental
front velocities

k(pg — ps)p
k|D|+ Io\/p

e,
.,

080 0.5 1.0 1.5 2.0
Time (s)

.0 0.1 0.2 0.3 0.4 0.5 0.6
Length (m)

(d)a = 22°



Z(cm)

Static/flowing interface

tn

G

10 20 30 40 50 60 Y0 80

0 10 200 30 40 50 60 70 80 0
X(cm) X(cm)
interface (trapeze)

interface (trapeze)

Z(cm)

50 60 70 80

60 70 80 0 10 20 30 40
X(cm)

0 10 20 30 40 50
X{cm)

Lusso, Ern, Bouchut, Mangeney, Farin, Roche,

ood quantitative results

High computational time

Difficult to deal with erosion
at the front

2017
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Insight into the static/flowing interface dynamics

A thin flowing layer above a static layer:

Equation for the static/flowing transition b(f) ?

UP TO NOW
Arbitrary closure relations and non-consistent
energy in depth-averaged models

Fernandez-Nieto, 2008, Iverson and Ouyang, 2015

Il

~ Go back to non-depth-averaged models

~~~~~~~~~~ flowing layer

-
-~
-
-
-

static layer

T

Viscoplastic models CONTAIN the static/flowing transition
without having to prescribe arbitrary exchange rates,

velocity profiles (Capart et al. 2015, Gray et al. 2015,... ), etc...

Bouchut, lonescu, Mangeney, 2015




Simplified 1D shallow viscoplastic model

RU(t, Z)+S(t,Z2) — 0z(vozU(t,Z)) =0
S =g(—sinf + dx(hcos)) — pusdzp

~~~~~~~~~~~~~~ i Thin-layer approximation
~~~~~ p=gcosBO(h — Z) m)p S =gcosf(tand —tanf + dxh)

-
=
-

static layer
Boundary conditions

! U=0 at Z=>0bt),

Initial condition /(0. 2) = U"(Z) vozU =0 at Z = b(t),
vozU =0 at Z = h.

A

Static/flowing interface

o If v = 0 and DzU(t,b(t)) # 0, then b(t) = OZS((J(t (b()?))

U(t, Z) = maX(UO(Z) Y 0)

: —0% ,(vozU)(t, X, b(1
« If v > 0 and S(t,b(t)) # 0, then b(t,X) = ZZ(VSZ@ E)’ L ))1/

Lusso, Bouchut, Ern, Mangeney, 2017



Measurements of the static/flowing interface

Laboratory experiments
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~—_~

b(m

Simplified 1D shallow viscoplastic model

no viscosity (i. e. (L(]) = (L)

Initial linear velocity profile Initial Bagnold velocity profile
(X02R] R L 0.025F 7 o ]
! * *
[ Fd ] i A
0.02f ; 0.02F ’
L —_ L —_
: = L
0.015F ] EO.O]S- ;! y
] = [ ]
[ “ inviscid, linear ] [ 6=19° inviscid, B Id
0-01F 8=19° exper 1 0.01F 6=19° Lr;\l;‘::l AEnote
[ — 0=22° inviscid, lincar [ /4 z — 0=22° inviscid, Bagnold
S CXPCL . J WET e, .8=220 BXPBE v S
000" [ — 6=24°inviscid, lincar 000587 7 T o miaeid, Bl
=t 0=24° exper + +—+ 0=24° exper )
0 [ 1 1 1 1 1 I i i i 1 i 1 L 1 ] O M 1 L L 1 L L L M 1 M 1 M M
0 o 2 3 0 1 2 3
Time t(s) Time t(s)

U(t, Z) = max (U“(Z) st 0)

: gcosf(tand — tanf)
b(t) =
dzU(t,b(t))

> () = theinitially static bed is

not put into motion



Simplified 1D shallow viscoplastic model

(b) ¥ =5x10"°m?/s 1n=0.075Pa.s
0025F — ' ]
1
IS
4 ]
7 ]
0=19° const visc -
6=19° exper ]
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= 0=24° const visc
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L 9,(*
0.02F 4 .
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0‘005‘ S=x 0=22° exper =
- 0=24° n(I) law ]
A —=1- 0=24° exper 1
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0 1 2

Time t(s)

11(I) rheology : 21(|D|.p) =

k(po — ps)p
A‘D‘ + ]Q\/T)

0.025

b(m)

0.005;

(¢) v =10"*m?/s n=0.15Pas

0.02F
0.015F

0.01F

06=19° const visc 3

0=19° exper i
— 0=22° const visc ]
=k 0=22° exper .
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=+ 0=24° exper

2 3
Time t(s)

6 = 22°

== inviscid

— CcOnst visc
wd) law

J=f€XPer

.

b(t, X) =

0.5 1 1.5 2
Time t(s)

—0%,(wdzU)(t, X, b(1))

gcosf(tand — tanf)



Z(m)

Simplified 1D shallow viscoplastic model

0 =19° u(I) law

0.015
— (=0s u(I) law i
! = (=0.1s p(l) law 1
0.01 =01 t=0.1s exper r
— (=0.4s w(I) law ]
= 1=0.4s exper 2
0.005 =0.7s (I) law 1
t=0.7s exper
N 1
05 0.5 [
U(m/s)
6 = 22°
0.025F ' ' =
0.02f al ]
0.015F -
[/ — inviscid 1
0.01F — const visc 7]
: w(l) law
0.003k , €XPET ]
[ ., L .
0 0.2 0.4 0.6

U(m/s)

0 =24°, u(I) law

— =0s w(I) law
— t=0.15s u(I) law

0.01F =0 1=0.15s exper
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_ o= 1=0.5s exper
0.005 t=1s u(I) law
t=1s exper
1 1 " M 1 L 1
% 0.5 1
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The velocity decreases more rapidly in the model

No wall friction !



Simplified 1D shallow viscoplastic model

Role of downslope gradients
e Ifv=0anddzU(t, X, b(t)) # 0, then

gcosO (tand —tand + dxh)
dzU(t,b(t))

b(t) =
e Ifv>0andS(t X) #0, then

—0%7(vazU)(t, X, b(t))
gcosO(tand —tan @ + Oxh)

b(t) =

In the case of granular collapse:
tand — tan 6 = 0.0837 oxh(t =0.66s,X =90cm) ~0.125

5<0, erosion occurs even in the inviscid case : instantaneous erosion of the full layer

Then S is posivite : deposion occurs progressively



Modelling of the static/flowing transition

Two thin-layer depth-averaged model

m) Equation for the static/flowing transition b(t) ?

Not possible without assumptions on the
velocity profiles !!!

-
-
-
-
-
-
-
-
-

-
-~
-
-
-

-
-
-
-
-
-
-~

static layer

Capart et al. 2015 : S-shaped profile
Gray et al. 2015 : Bagnold profile

The shape of the velocity profile changes with time (GDR MiDi, 2004, etc.) !

Bouchut, lonescu, Mangeney, 2015
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Multilayer Shallow Model

For application to natural flows, equations have to be simplified
to lower the computational cost !

mmp Thin-layer (i. e. shallow) approximation a=h/L<<1
mp p = gcost(h—Z) pression hydrostatique

[ - — < = ZN+1/2 _
hy(x.t)
__________________’__--—-——
h(x.t) o
i _ *=%+12__ L Flowing
ol ) u, layer
— j———’“ ( = Za-1/2
b(t
by ) u, i Static
R L | layer

Fernandez-Nieto, Garres, Mangeney, Narbona-Reina, 2015



Multilayer Shallow Model

8£ﬂ + 82@ — O?
0.p = —pgcosb.

Steady uniform flows on inclined planes
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Unsteady flows on inclined planes

0 02 04 06 08 0 2 4 0 3
u/(gdy)"* u/(gdy)""”

Fernandez-Nieto, Garres, Mangeney, Narbona-Reina, 2017



Monolayer (Saint-Venant) versus Multilayer models

— 29’ el
s = tan(25.5°%) ~ 0.48 =22 pll)
—e—Lab
15, 154 — w(I) - monolayer
—e— Laboratory t=0.16s ——u(l) - MSM
N oo L = MSM /é\ 10
= 10 s 5 - - - Interface u(l) -MSM
S - ---U_-monolayer ~
= & s - 5
------- | ~0.182 o
-20 0 20 40 60 80 100 :
distance (cm) distance (Cm)
8
—_— 6 :
S 4,
P s
B i —
0 L
=20 0 20 40 60 .
distance (cm) distance (cm)
8 8
t=2.56s i
9 £°
54 L4
2 <2
0 ‘ . 0 ' :
0 50 ~ 100 150 200 0 5_30 100
distance (cm) distance (cm)

Fernandez-Nieto, Garres, Mangeney, Narbona-Reina, 2016



Multilayer models and wall friction

0 =19°

60 0 20 40 60 80 10(

—e—Lab

—— (1) - multilayer
—u(l) — p, - multilayer
---Interface p (1)
---Interface pu(I) — py H — 290

Simulations in [28]

t=0.32s
10

=
=
= 5




Static-/flowing interface within erodible bed

H§ = 292° W =10 e¢m

h,=0 mm
2 : : - : 25 : : : ‘
= 60 cm r =060 cm
(— 2f | 1
1.5+ .
. 1.5/
S g — (1)
= = 17
— (L) — pro
0.5
O.Sﬁp 1 —.—,J g
C _._ll S - lf u_'
0 0.5 1 1.5 2 Oo 05 1 15 2 '
S

Strong effect of wall friction on the static/flowing interface dynamics



Comparison with shallow visco-plastic model

Exp
A Sim in [30] -v =0
A Sim in [30] - v(2)

— (1)
—— [l g
_PB(I) — Hw
—— [l — Uy
0 | s — I
0 0.5 1 1.5 2

t(s)

Strong effect of wall friction on the static/flowing interface dynamics




Erosion effects on avalanche runout

Is = tan(25.5°) ~ 0.48 (1)
—e— Laboratory —e— Laboratory
..... 0 1_—-MSM —+—u(l) - MSM
S —— (1) - monolayer
----- ug - monolayer
11 .
16 . °
15 o 8 - 22 9 - 22
14} S I
13 0 o
< 12 o
o
11} - of
q / |
o |
8
8 ‘ : 1 4
1 2 3 4
h./h, x 10%

1(1) in the Multilayer Shallow Model reproduces qualitatively the increase
of runout due to entrainment on sloping erodible beds.

How to get quantitative agreement ? Non-hydrostatic effects, dilatancy ??



Erosion waves ?

0 = 252 hi = 3.mm 0 = 25.2° Rigidbed ( h; = 0 mm)

(b) t,+0.074 s

< in i s AR 9'-

(b) t,+0.031s

(c)t,+0.105s

T~

(d) t,+0.147 s

(c)t,+0.063 s

(€) £, +0.179 s

(d)t,+0.095s

(f)t,+0.221s

R T

(@) 5+ 03088 - Steep front over rigid and erodible bed

- Waves located behind the front

(h) t,+0.516 s

@ vertical motion that removes grains

Erodible bed from the erodible bed




Force chains ahead of the front

Estep and Dufek, 2012




Force chains in granular media

Role of force chains in granular media




Dilatancy effects

a=0"=— a=10"=— a=16°=— a=22°
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Influence of the compaction of the erodible bed

Bed construction method
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| - Fluis/solid model with
dilatancy
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s 0,61 [
:ﬁ.j ¢ 0,60 F ,
0,59
vibreur 0,58 “ =

10 10t 10*  10°  10*  10°
nombre de coups

(a) Compaction sous vibration. (b) Evolution de la fraction volumique

en fonction du nombre de coups imposés, pour différentes accélerations relatives I'

(d’apres Richard et al., 2005).



Essai en cisaillement a déformation imposée
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Principe de la cellule de cisaillement simple : une contrainte normale
@ est appliquée sur la demi-boite supérieure et une déformation v = AX/Y, est
imposée. On mesure la contrainte tangentielle 7 et la variation de volume donnée

par AY.



Le comportement du matériau 40 sl | | I ]
dépend de sa préparation ~ —
initiale = = 100} :
w20 &
Pour des déformations > 60 >or ©
%, I'état initial semble oubli¢ 4 ) e
et on atteint une contrainte 0.0 0 200 400 600
tangentielle 7, et une fraction 0.63 er f;(kpa)
volumique ¢, ne dépendant ’ | S
plus de la déformation ni de
, . , 0,62+ 0.61F -
la préparation. Cet état est
appelé éftat critique. |l ¢ Pe
dépend de la contrainte 0elr oo 0.60 -
normale de confinement & (d)
0002 04 06 08 10 0200 200 600
v(%) o (kPa)

Mesures obtenues en cellule de cisaillement avec des billes d’acier de 1 mn
(données issues de Wroth, 1958). (a) Variation de la contrainte tangentielle 7 en fonc
tion de la déformation imposée v = AX/Yo pour une contrainte de confinement ¢
de 140 kPa pour un empilement initialement dense (e®) et initialement lache (o)
(b) Fraction volumique ¢ fonction de ~. (¢) et (d) Variation de la contrainte tangen
tielle critique 7. et de la fraction volumique critique ¢. en fonction de la contrainte

normale appliquée.
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- (a) Dilatance observée lorsqu’on cisaille un empilement bidimensionel tri-
angulaire. (b) Contractance observée lorsqu’on cisaille un empilement carré (dessins
inspirés d’expériences de Brown & Richards, 1970).



Modeling of debris flows (grain/fluid)

Solid volume fraction: 0.4 <¥<0.8

At the field scale

|
* Thin layer approximation /zm/Lm
hp = O(€), u* = O(1), u® = O(€) »---

* Depth-averaged model

2z Mixture model

Iverson, Denlinger; Denlinger, Iverson 2001,
Iverson, George,; George, Ilverson 2014  Pitman and Le 2005, Pelanti et al. 2008, 2011
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Jackson’s model Jackson, 2000

¥ : solid volume fraction, 1 — ¢ : fluid volume fraction

* Mass conservation : Ps:V, 1 pru 1y
« O(psp) + V- (pspv) = 0 hm/
< Hpr(L =) +V - (pr(1 =p)u) = 0

b

* Momentum conservation :
c psp(Oo+ (v - V)u) = =V - T, —oVpy, + [ + psp8
prl=9)Ou+ (u-Vu) ==V Ty, +¢Vpy, — [ +ps(1 —0)g
T.=pJdd+T, Ty, =ps, 1d+Ty,

Friction between the solid and fluid phases : | = [(u — v)

5unknowns : ¥, v, u, Ps,Pf., 4equations

A constitutive equation is required to close the system

Bouchut, Fernandez-Nieto, Mangeney, Narbona-Reina, 2015, 2016



Qualitative explanation of dilatancy effects

Critical state : 902(1 when deformed
eq
© < @1 (loose) P > Pc' (dense)
Granular medium contracts Granular medium dilates
1 | |
Fluid is expelled (V) Fluid is sucked (-)y)
| 1 |
Fluid pore pressure pg,=PpyarotPCm Fluid pore pressure decreases
increases 1
1 |

Stiffening of the granular matrix y
-V

Liquefaction V;

Excess pore pressure p®;,= 0 P, =<0
Coulomb friction: TSxﬁ): tan duf (@(Ps — ps)gcosBh,, — (pj”m)lb)

e. g. Schofield and Wroth, 1968, Wood, 1990, Pailha and Pouliquen, 2009



Differential motion of the fluid and solid phases

A crucial element :

Make it possible for the fluid to enter/escape the granular phase

Solid free surface # fluid free surface !

Bouchut, Fernandez-Nieto, Mangeney, Narbona-Reina, JFM, 2016




Modeling of dilatancy effects

» Compression/dilatation of the solid phase :

V-v=7tanvy Roux and Radjai, 1998

1) : dilatancy angle, 7y : shear strain rate

TXZ

tan w = K (tp — goiq) Pailha and Pouliquen, 2009

= | Closure equation: V - v = K¥(ip — )

p < c,qu : compression p > gogq - dilatation

* Impact of the dilatancy angle on the Coulomb friction force :

T = — tan(0 + 1) sign(v) T~

——J
5eff

Dilatation increases friction
in addition to decrease of
fluid pore pressure



Submarine granular column collapse

Simulation of laboratory experiments of Rondon et al., 2011
Exp. initially dense column Exp. initially loose column

o = 0.55

| |
- Aam . Front propagation

2, %
exp. loose
1 o —E—5
. ) simu loose
14 00* 5
Simulation initially dense Simulation initially loose
5 5
4r 4+
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Submarine granular column collapse

Simulation and measurement of excess pore fluid pressure

—simulation (dense)
400

® experiment (dense)
300

= = =simulation (loose)

200 |
O experiment (loose)

_/—
100 + b

p efm at the base (Pa)

-100 |

_EDE 1 1 | 1 1 ]
-10 0 10 20 30 40 50
time t (s)
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Modeling of dilatancy effects

» Compression/dilatation of the solid phase :

V-v=7tanvy Roux and Radjai, 1998

1) : dilatancy angle, 7y : shear strain rate

TXZ

tan w = K (tp — goiq) Pailha and Pouliquen, 2009

= | Closure equation: V - v = K¥(ip — )

p < c,qu : compression p > gogq - dilatation

* Impact of the dilatancy angle on the Coulomb friction force :

T = — tan(0 + 1) sign(v) T~

——J
5eff

Dilatation increases friction
in addition to decrease of
fluid pore pressure



Fluid pore pressure

in thin layer depth-averaged models

* From the fluid momentum conservation in the direction normal to the slope

epr(l — : Vxu® +u0.u”) =

—(1 —¢)0.ps, —gcosbpr(l — )& Bu” —v*)— W
P = PrgcosO(b+ hoy, + hy —z) Hp% )+ O(€%)

B b+hm,
with p(}m — 1—/ (uz _ fUZ)(z’)dZI

using the dilatancy closure equation V- v = K~ (p — ©59)

* Non-hydrostatic (excess) fluid pressure

€ — i X _ X _ B hgn X X [(;/(‘15 B »De(q)
(95, = gl (0% = T - Vb = 2= (Vi (= ) 4 2

Bouchut, Fernandez-Nieto, Mangeney, Narbona-Reina, JFM, 2016



Equilibrium state and parameters

e Critical state :

K
P = @ﬁtat — ?iﬂ tan | — tan 5), s Vs
<00 1 - -digghSe
nffyoo = ?(ltanm — tand).
Ps|p 1 (att
X
Our moociel " Y 0 Pailha-Pouliquen model :
i = st by = 1,
psiy = @ hyx (ps — prlgcost, Dy = ﬁimth?ﬁ (s — ps)g cos b,
1 _ T
VX = gh,ﬁff}/w. VX = §h;’f’y°°.

* Parameters for the laboratory experiments of Pailha et al., 2008

ps = 2500kg/m’, @ =0.582, §=22.5° K, =90.5, K,=25
-y =96 x 1072 Pa s, p; = 1041 kg/m’, |4] = 25°, A, = 4.9mm
-1y =98 x 1073 Pa s, p; = 1026kg/m’, || = 28°, h’, = 6.1 mm



Boundary conditions

o At the free surface, for the fluid: Sp\ﬁ - Vf
+ no tension: Ty Ny = 0 ) 8

* kinematic condition: N; +uy - Ny =0

e At the interface mixture/fluid: i )
+ kinematic condition for the solid: NV, +v - Nx =0
« Rankine-Hugoniot (mass conservation) condition:
N, +up - Ny = (1= o")(N, +u- Ny) =)
«* Rankine-Hugoniot (momentum conservation) condition:
pVi(u—us)+ (Ty + Ty, )Nx = TyNy
=+ stress transfer condition~fromnthe energy balance:
T,Nx = (%f ((u — uy) - x_;) +((TmeX) AL —pfm) 1 f w*) Nx
+ Navier friction condition for the fluid:

T Ty ~
(fm; fNX) = —ki(us —u);




Boundary conditions

* Bottom boundary conditions:

«+ No penetration condition:

u-n=>0, v-n=>0
* Coulomb friction for the solid:
(Tyn), = —tan deg sgn(v)(Tsn) - n
= Nawvier friction for the fluid:

n)- — —RpU
(T%,, n) k

Bouchut, Fernandez-Nieto, Mangeney, Narbona-Reina, 2016



Our model in the uniform immersed configuration

up = 0, hy(t) +hy(t,z) + 2 tant = cst

* Mass conservation : e
* at(@hm) =0 T
< Op = —p®

* Momentum conservation :

_ T _ ,
. PO = — sgn(v")h—b + B(u* —v*) — p(ps — pr)gsind

_ 1 uX -
<01 = PO = (505 — k) 5= — B = %)

with )y = —h,,®, T, =tand.g Psip T Klnﬂ/ ioon

Psip = B(ps — pr)g cos Ohn, — 05, ) » (03,0 = —m——=3 52
b f fm /| fm (1—¢)2 2

* Closure related to dilatancy : -

®=Ftany, tany = K(p=p), ¢ =g~ Koyl

X - 10

v = 3|;:—‘ ,  tande.s = tanod + tany

™m

A

?



Laboratory experiments: Pailha et al., 2008
viscosity : ny =96 x 107* Pa-s

Simple tests on submarine granular flows

Loose: ¢" =0.562 |
- - - proposed
O Pailha-Pouliquen PP

Dense: " =0.588 |
— proposed

® Pailha-Pouliquen PP

-

dilatation

eq |

mrmemm—— '—'é'_' o-g-~G'" R by
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(p;'m,)w (Pa)

Simple tests on submarine granular flows

Loose: 3" = 0.562
= = = proposed

o PP (K,=23/2)
o PP (K,=1.8)
Experimental data

Dense: @ = 0.588
m— Proposed

o PP (K,=3/2)

| m PP (K;=1.3)
Experimental data

T8 - 0B ym

4*,\" 6; %"65-%_65_%_05
~1 compression
-3+
_4r
-5+ . ‘ | |

100 200 300 400

t (s)

Bouchut, Fernandez-Nieto, Mangeney, Narbona-Reina, JFM, 2016

500

Good qualitative agreement with the

experiments
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Simple tests on submarine granular flows

Low viscosity : 7y = 9.8 x 107 Pa - s

tcm’t tmlsc t'r*el
low viscosity 0.18sto oo 3.7x107%s 54 x107°s
high viscosity 4.7stooo 23 x10°s 55 x 10 %s

14 ‘ ‘
dilatation
12‘ ["
10+
8 AL

= = = proposed
o PP (K,=3/2) I
o 1C |
a PP (K;=1.8)
r== Experimental data ||
Dense: %= 0.592
—— proposed

m PP (K,=128)

Experimental data
T T T

5 10 15 20 25 30 35 40 45 10 20 30 40




Submarine granular column collapse

Simulation of laboratory experiments of Rondon et al., 2011
Exp. initially dense column Exp. initially loose column

o = 0.55

| |
- Aam . Front propagation

2, %
exp. loose
1 o —E—5
. ) simu loose
14 00* 5
Simulation initially dense Simulation initially loose
5 5
4r 4+
€3l €3
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Submarine granular column collapse

Simulation and measurement of excess pore fluid pressure

—simulation (dense)
400

® experiment (dense)
300

= = =simulation (loose)

200 |
O experiment (loose)

_/—
100 + b

p efm at the base (Pa)

-100 |

_EDE 1 1 | 1 1 ]
-10 0 10 20 30 40 50
time t (s)







Vertical velocity field and profiles

6 =0°

| | t=0.18 s

Vem%%IVelochy t=0.06 s

0

0.2

_ _0.4 o . “Tso
' J»io‘ . Sco - T 040
06

t=0.22 s t=0.3 s

=050
au

Significant vertical velocities (up to 50% of u)



Within the granular layer ...

Depth of the static/mobile interface

Velocity profiles at 7 = 90 c¢m
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alt;z: = 90 cm

- The front digs within the erodible bed with a
constant penetration velocity v;= 1.3 cm.s™

- The static/flowing interface moves upward
(exponential relaxation) up to z = hg

- Very good agreement with simulations using the
partial fluidization model Mangeney et al., 2007
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Critere de rupture — seuil de plasticité

Le modéle de Mohr-Coulomb repose sur le critére de rupture suivant. Le milieu céde au
point P, s'il existe en ce point un plan repere par sa normale n selon lequel on a

IT| =tand e
ou 1 et -0 sont les contraintes normale et tangentielle au plan n, et tan d est le
coefficient de friction effectif du materiau. Si I'on connait a priori la direction du plan de
rupture, le critere de Mohr-Coulomb se raméne au probleéme du patin frottant sur un

plan. En revanche, les choses peuvent se compliquer dans des géométries différentes
pour lesquelles on ne connait pas a priori les directions de glissement.

Fonction de charge:FCoulomb(Uh g2, 03) E {(91 —92)2 — sin §° (91 ‘|'92)2:
(@'2 —@'3)2 — sin 52(@'2 —|—(9'3)2j

(63 —o1)* —sind?(es +a1)*}.

‘ L 1
-FDruckc'r(G-) — q2 — (Si_]l())z_Pz avec P —= gtl‘(o') ., et g= HTH — Hg- _ PIH

L3

ou FDrucker(@'lg Jd2, @'3) = - ((@-1 _@'2)2 + (@'2 _@'3)2 + (@'3 _@'1)2))

2
IPPHLELREAR

pl =




A

' 92 Mohr-Coulomb _ 627 3

o)
(C) 1 Mohr-Coulon:

> O]
0-3/1\0'2 ::,63

Driicker-Prager ' .

Dricker-Prager

: > T
O'g/

Surface de plasticité dans 'espace des contraintes principales. (a) Cri-
tére de Mohr-Coulomb. (b) Critére de Driicker-Prager. (¢) Section perpendiculaire
a ’axe des cylindres.

Les observations montrent que la surface de plasticité dans la section des contraintes
principales présente une forme arrondie plus proche de Drucker-Prager que de Mohr-

Coulomb. La forme n’est pas exactement circulaire, et d’autres criteres ont été proposés,
notamment le critére de Lade (1977)



(a) Déformation prédite par le modéle de Mohr-Coulomb dans un

triaxial. Déformation observée pour un milieu initialement lache (b) et initialement

dense (¢) (d’apres Taylor, 1948).



2D granular flows over erodible bed : Experiments
a) b)

£,/

Pouliquen, 1999 ¥/

-,
I
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- aud ] Z

0 he(0) = 1
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g 4} ‘// Borzsényi et al., 2008 .f,/ parameters
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Inclinaison angle 6 (°) )
Mangeney et al., 2010 x



Granular collapse over an erodible bed

12 |
101 0 = 22_?_ X \
e 9 — 190 1! Runout /
%__ .
3 ____3|¢_______,______,____*
B F
N .
| - )
4% = — |
” ) | 6 =10 ‘ Runout = cte
1 ¢ 4 + ]
’ 0 = 0° Runout \, ??
0 1 1 , | I
0 05 1 55 3 35 4
h/h x 10

= Entrainment depends on mass availability, for a given angle §#

Critical angle : ., ~ 12° ~ 9_?,/2: above which erosion increases flow mobility

. 1 h

; Strong tests for erosion models !!
L0

ho  tand — tan6
0.02 Strong implication for risk assessme
tan 23° — tan @

v(60) =
Mangeney et al., 2010



Within the granular layer ...

Depth of the static/mobile interface

Velocity profiles at 7 = 90 c¢m
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- The front digs within the erodible bed with a
constant penetration velocity v;= 1.3 cm.s™

- The static/flowing interface moves upward
(exponential relaxation) up to z = hg

- Very good agreement with simulations using the
partial fluidization model Mangeney et al., 2007
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Wave-like motion
h; = 3.9 mm
(@ t, 6 = 25.2° Rigidbed ( A; = 0 mm)
- e (a) t, E

(b) t,+0.074 s

(c)t,+0.105s aitic k s (b) t,+0.031s

)

(d) t,+ 0.147 s 53 :
SR ——— RO R TOR 1 (c) t,+0.063 s

(e)t,+0.179s

M

(d)t,+0.095s

(f) £+ 0.221 s

P S

-(?) t+03fff.. S— - - Steep front over rigid and erodible bed

(h) £.+ 0.516 s - Waves located behind the front

L S e
- s o

- : @ vertical motion that removes grains
Erodible bed from the erodible bed




comparaison quantitative avec
experiences de laboratoire :

- [Effet de la guillotine

- [Effet des bords

- Manque un effet : dilatance ??



Drucker- Praguer n = 1 Pa.s versus u (/)
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Very similar results with the variable and constant viscosity n =1 Pa.s
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Conclusion

. Drucker-Prager with a constant viscosity and (/) rheology reproduce
quantitatively granular collapse experiments

d

Insight into flow dynamics

- Only the /¢(/) rheology reproduces qualitatively the increase in runout
when the thickness of the erodible bed increases

. Still to repoduce quantitatively erosion effects

A big challenge for application to natural landslides

 Derive from Drucker-Prager equations
two layers Saint-Venant equations : a flowing layer over a static layer

“eetleee



Bayesian inversion of landslide characteristics
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Moretti et al. 2017
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Bayesian inversion of landslide characteristics
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Series of rockfalls and pyroclastic flows

Piton de la Fournaise, La Reunion Montserrat, Lesser Antilles

V=1-103m3 V =10%2-105m3



Observation : seismology, photogrammetry

x10° 23/09/2011 : BORZ

Ground Velocity (m/s)
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-2 : il | . : 1 f |
a 0 10 20 30 40 50 60 70 80 90 100 110 120
Time(s)
Spectrogram (Db)
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b™ 7 1o 20 30 40 50 60 70 80 90 100 110 120 [ =1 £

Hibert et al., 2011, 2014, 2016



High frequency Detection, localization, monitoring
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Seismic Energy (J)

Power law: seismic energy versus duration

Seismic energy : Es = / 277 PIC Upny ()€™ dlt Vilajosana et al., 2008
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Power law: potential energy versus flow duration

Analytical development for a rectangular mass on a flat slope

pa with =2
Mangeney et al., 2010 AL, ot Pa

« Numerical simulation of granular flows over real topography using the
code SHALTOP Mangeney et al.. 2007 S

Time: 20 secs.
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From seismic energy to rockfall volume

at? and AE

seismic S potentia

- Scaling laws Energy/Duration : E ; O tfﬁ'

3E
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Ry, =EJAE~10 s> Volume Rg/p.pgL(tan a cos 6 — sin 0)

simulations a BOR ,
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- Cumulative volume from May 2007 to February 2008 :| /=1.85 10°® m3

Hibert et al., 2011, 2014, 2017



Detection, localization, monitoring

a Moving average ratio on the number of rockfalls
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e Spatio-temporal distribution of

rockfall characteristics

e Link with volcanic activity

Hibert et al., 2017




Friction weakening signature on seismic data

Eyoct, and AE, o t? - As (p>~t, E,/AE,~107"

Hibert et al. 2011

Rockfalls and pyroclastic flows in Montserrat u=1/v0-0774
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Friction weakening makes it possible to reproduce seismic data
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Levy et al. 2015




Friction weakening signature on seismic data

Puerto Rico
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High frequency seismic data and flow dynamics
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Seismic power fluctuations are related to the force variation that reflects
the interaction of the flow with the topography



i Experiments of acoustic emission

Impact and rolling of individual grains and granular flows

Energy partition (potential, acoustic, etc.)
From acoustic emissions to grain/substrate properties
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Conclusion

 Seismic signal =p temporal change of the force applied by the landslide
to the ground

F(x,?)

* Low frequency force history + landslide simulation well constrain the geometry
and volume of the mass and gives an estimate of the friction coefficient

Moretti et al., 2015a, 2015b

* High frequency seismic power correlates with the simulated force

* Signature of friction weakening on seismic data

Levy et al. 2015, Yamada et al. 2015 e

ce®
.........



Long period observed and simulated seismograms

Filtered between 20 and 80s
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Spatio-temporal change of rockfall activity
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Monitoring rockfall activity

Daily number of rockfall
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Comportement mécanique des écoulements gravitaires

Comportement physique et mécanique? Effet d'échelle?




Conclusion

. Seismic signal =P information on the temporal evolution of the volcano stability
- Scaling laws between seismic energy and signal duration
. Transfer ratio of potential energy to seismic energy =P volume = f (seismic energy)

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

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

To do ...

. Validation on well characterized events

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

- Coupling landslide and wave propagation models



Numerical simulation and inversion of landquakes

Low frequency direct or inverse approach

Landslide simulation Earth Green functions Seismic data
{\ synthetic
: signal
-

)\3:I~L3ap'

u =
inverted
force

Mangeney et al., 2005, 2007 Favreau et al., 2010
Moretti et al., 2012, 2015

)\2,#2,92

Time-dependent basal stress field applied on top of the terrain

'
u, Huy, ux uy

T = pgh (C089-|- ) (u—,,u—,—l)
geos?0]) \" Tl " Tl

Curvature effects




Simulation of the Thurweiser landslide
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Thurweiser rock avalanche, Italie 7 without
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STS2 Data
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Simulation of the generated seismic waves
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Reproduce small to large landslides
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Curvature effects on the generated seismic waves
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Curvature effects on flow dynamics has a major impact
on the generated seismic signal
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Friction coefficient and simulated seismic waves
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Comparaison with discrete element simulations
Limits of the thin layer approximation

* Non-hydrostatic effets are important when a /

' —>—~20%g for a=0.9

Mangeney et al., 2006

 New asymptotic developments including vertical accélération

e Description of the static/mobile transition in granular flows

Flowing laver
Static layer ; Yo 514y
‘,—Lﬁ ,- r \ )x /
30 et f o e
e R 1

Models proposed in the literature : no physically relevant energy equation !

Bouchut, Fernandez-Nieto, Mangeney, Lagree, 2008; Lusso, Mangeney, Bouchut, Ern, 2014



Mt Steller rock-ice avalanche and associated landquake

Alaska, September 2005 Recorded by 7 seismic stations from 37 km to 623 km

™ Bagley
Ice Field

37 km from the source :
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Huggel et al., 2008
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Simulation of the Mt Steller rock-ice avalanche
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Simulation of the Mt Steller landquake
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The scenario with erosion better reproduces the observed waveform



Conclusion

Numerical models: empirical tool to study natural flows
% Calibrated on past events

prediction of the dynamics and deposit in the same geological
context

First operational tools for hazard assessment

S—

- Data on the dynamics : seismology

- More physics in the models : solid/fluid mixture, erosion/deposition ...

New equations to solve.....






Numerical modeling of erosion in granular flows

Mangeney et al., 2010
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Morphological signature of flow processes

Gullies, Iceland Pyroclastic flows,

Lascar volcano, Chili

400 Jessopetal., 2010 =
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2D granular flows over erodible bed : Experiments
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Granular collapse over an erodible bed
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2D granular flows over erodible bed : Simulations

The partial fluidization model : static grains flowing grains

Pyroclastic flows, Lascar volcano, Chili Discrete elements simulation

Flow law valid for both static and flowing grains??

f

g ) o;; - tlowing grains
Tij = 0;; + 03

8 . .
O;; - static grains

Ggy = q(p) Oy

> static contacts

P characterizes the « state » of the granular matter p =
2 contacts

Aranson and Tsimring, 2002, Aranson et al., 2008 INLS, UC San Diego



Modeling of erosion processes
0

* 2D numerical modeling . Erodible bed  Rigiq bed

Mangeney et al., 2007 /
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In agreement with experiments Pouliquen and Forterre, 2002, Mangeney et al., 2010, ...



