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| - Introduction : Natural landslides and their simulation
la — Geophysics and mathematics
Ib — Complexity and variability of natural landslides
Ic — Examples of landslide simulations for hazard assessment
Id — Challenges in geophysics and landslide modelling

Il - Thin layer depth-averaged models for field-scale simulation
lla — Thin layer approximation for granular flows
lib — Accounting for complex topography
lic — Need of two different reference frames for landslide tsunamis
lild — Application to real landslides : unexplained high mobility

Il - Back to lab-scale experiments and simulation

llla — Granular column collapse on rigid and erodible beds

llib — u(l) rheology in 2D models, comparison with other models (DEM, thin-layer)
llic — Static-flowing interface (erosion/deposition)

llild — Grain-fluid mixture model

IV - Landslide detection/characterization from generated seismic waves
IVa — Inversion/simulation of low frequency landslide forces
IVb — Insight from high frequency data through lab-experiments
IVc — Monitoring landslide activity in link with volcanic activity
IVd — Similar approach for glacial earthquakes and ice-mass loss quantification



Key elements to address geophysical problems

Field-scale observation (data) of natural
processes

e Understand and quantify natural processes
and their link with external forcing

o Assess related hazards

Lab-scale experiments and
simulation of simplified
processes

Field-scale modelling of the
processes

Strong need of mathematical modelling, numerical methods, data analysis,
signal processing, Machine Learning, statistics, surrogate models, uncertainty
quantification, data assimilation, etc.



Different physical processes

Fluid phase
(water, mud)

// snow avalanches

/l rivers,
glaciers

Erosion



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 !
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Laboratory experiments
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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



Unsteady flows on inclined planes

--------------

----------- = . \Helght — 10 cm Measurement Of
velocity profiles

0 > 0s @

Fast camera
Width = 1 cm Rough bottom

Jop, Forterre, Pouliquen, 2007



Main questions in physics

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

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

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

e 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

e 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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Il - Back to lab-scale experiments and simulation
llla — Granular column collapse on rigid and erodible beds
llib — u(l) rheology in 2D models, comparison with other models (DEM, thin-layer)
llic — Static-flowing interface (erosion/deposition)

llld — Grain-fluid mixture model



Granular flow experiments

Granular column collapse over an inclined channel

Balmforth and Kerswell 2005, Lube et al. 2005,
Hogg, 2007, Farin et al., 2014

Control parameters:
'fo\‘ - slope angle: 0° <6< 0
-volume V=horo W

- aspectratioa=hy/rp
- column shape

- channel width

Friction angles: Xf
repose 6,~23°+0.5°, avalanche 6,~25°+0.5° J

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



Granular collapse over a rigid bed
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Granular collapse over an erodible bed
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Il - Back to lab-scale experiments and simulation

llla — Granular column collapse on rigid and erodible beds
llib — u(l) rheology in 2D models, comparison with other models (DEM, thin-layer)
llic — Static-flowing interface (erosion/deposition)

llld — Grain-fluid mixture model



2D granular flow modelling

e Momentum equation: ( - (u Q@ u)) =V.0+pg
V.

e Incompressibility:

o=-pld+¢6 , pressure: p = —trace(o)/3

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

e



Constitutive relation

D
i o

can be called viscosity Jop et al. 2005, 2006
d

') . '8 . ] s
1+ Iy/1 \/ P/ ps

D = EP ),
=t p + k= dyps
7= PD] ZLDHHOWJH 2

can be called viscosity 7

Drucker-Prager yield stress



Constitutive relation

i D

e = p it [B =0

Plasticity (flow/no flow) criterion

Constant viscosity: 7’]( \ D\ . p) — Cte

{ k(e — ps)p
n(I) rheology : 2n(|D|,p) = k|(1)|)+ [O\)/T

o

lonescu, Mangeney, Bouchut, Roche 2015




Boundary conditions

Z

- At the free surface : D(t) A
.y i . Lateral walls Dy, Dg
characteristic function of the domain Ba/gkwall% r
— - : _ Free surface D,
on = () on I'.(7). - yo
()].[)(t) \b T~
St———~ +u - Vipy =0, )
ot (%) “Fo,
LRy
/
- At the base and walls: Coulomb friction »X
Bottom
u-n=0, or=F' Py
F' =—p -0, —ifur #0, -
S 1 1 ur| 2
F/| < w -0, ifur =0, S |

u

7 on the rough bottom.

/Jf B { / 1) on the back wall and on the lateral walls,
b




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 — [y H—z
I+ 11—
L+1 MTw

u(l) = i, +

Martin, lonescu, Mangeney, Bouchut, Farin, 2017



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

g

Crosta et al. 2009, Lagrée et al. 2011



Parameters deduced from the experiments

Grain diameter: d = 0.7 +=0.1mm

Density: p, = 2500 kg m™3, v= 0.62 = p = 1550 kg m™
Repose angle: ¢, = 23.5° + 0.5 (p,, = 0.43 £+ 0.01)

Avalanche angle: ¢, = 25.5° + 0.5 (p, = 0.48 + 0.01)

Wall friction: 4, = ta11(10.50) — (.18 Pouliquen and Forterre 2002

Additional friction due to the wall: +  1,,h /W  Jop et al. 2005

!

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

Friction at the base: ji, = ;& = tan(25.5°)




Simulation with the variable viscosity (u« (/)
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Well reproduces the dynamics

The gate has to be taken into account !



Effect of the gate

experignents

<«— gate

t=0.06s t=0.18s

no gate

0.30 040 050 ¥ 040 0.50

t=1.02s

same deposit !

0 =16°
t=0.12's t=0.24 s

t=1.34 s

same deposit !




Effect of the side walls
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Effect of the side walls

—— Simulation with w=10 cm
= Simulation with w=0cc
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Martin, lonescu, Mangeney, Bouchut, Farin, 2017

The material
still flows



Horizontal velocity field and profiles
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Insight into the flow dynamics

Strain rate (s™) Pressure (Pa)

Pressure 0-%4

RateofDef
0 0.1

t=0.18s £ o;

0.30 0.40 0.50

0.50

050

Strain rate localization 2n (| D], p) k(pa — pis)p



Pa.s
Viscosity

1

— 08
1 .
. OA
0

Viscosity

Viscosity  in the u (/) rheology

~ k(pa = ps)p

t=0.18 s

0.30 0.40

t=0.30s

0.40

0.30

0.20

Very similar results with 7= 1 Pa.s



Drucker- Praguer =1 Pa.s versus # (/)

NAVAVATAYAVANVAVANFavavyy,

nv»;aVAVAVAVQXgQ;

t=0.18 s

S ERRRERREE
7 NS IERISSSERY
RRSSIRSIIGARRS

V|
A
Y

VAV,

49,
g
W
§7
g
D
K]
9
>
KR
o
\/\
VA4
VAVAY

4

Y
JAVA
\A
\/

4
<]
<
]
DX
X
DavaY;
VAV4
XK
\\/
%
%
X
/\/\

/)
B
/
74
A
D

%
A
A
d
¢

7

/AN

N

/] AN

0.30 0.40

NSEEANNA A
SEEONISINAXN

0.50

SRR
D AVATAV VAV, (AVAYS T
</ SSSSORRRY

LSRR
T AVAD

3

N

\V/
Ah\%} « % N

AVAVAVA}

VAV INAVAY
(AR
AT

%y,
VAVA~.

S

7\
VAVAY,
s,

S

< y
SO VAVAVSTS S v
< SIS

K\

0.40

N AN S,
WAV AN A VAVAVAVAVAVAY L vaAVAVAVA N By LA v A a i s e e

SUAVAVAWA W sV AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAS o vV s

n=1Pa.s

0.40

0.50

variable n

A
<
AVAVA
AVAYAY,
N L
e

\WAY

AY)

"

JAVAVAY
JAVAVAVAS
S
YRR
pAYAYA
YAV,

Davi ey AV
R
KNG
KD
e

Wave 4

E \

<

Y

KLY

N

AV:V#V

A#Aé:

ALY

oK)
S
WA
N
Y
7
0%
Vy
X
B
K
oK
N
N/
AVAV
\/

AVAN
VAN
\]
VS
9'
4
<K
Val
A
Va
WA
\V
N
<
WAV
R
N\

N
<

0
S5
K

O

N/
ab
7
VAV S e
Vs
v
X
Y
[

QN
VAV
VAV
N
5

X
VAV
,

/\
VA
a
\
R
\
VAVA
e
s
oK

e

‘b‘
S

Sy
VY, AVAY,y, SYVayig
KRS OO RO
A B B T YAV AV A Ay ae P A
SRR R R S A O R AR KRR A
D ANANAVAVA L VAVAYA 71 A0 ATA uuuwdi*&u‘f*ihué;‘ R
.

N/ \> VAW, AVAYAY
PAVAVAYAVAVAVAVAVAVAVAV v SVAVAV7ATAV A ANAVAVAVAVAVAV AV AN PAVAVAVAVAVAVSUATATAV A s e
0.40

0.30

V%'A
R
)\
'V
d
Vavaarari s
3
\/ Vé‘é‘ AQ K7
A
[
Vi
7\
A
FAVA)
WAVA!
WVAY/;

4
%
v
WX
Ve,
\
0%
o
3!
X7
\
va
\/
A
X
<\
B
S
AV
N/
FAY
pVAY
N
P
o
K

\/

AV
0
|\
\’
K
~/
\/

Very similar results with the variable and constant viscosity =1 Pa.s



Effect of viscosity
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Comparison between different numerical methods

Level set method to track the interface
granular material - ambient air

Experiments
Mangeney et al., 2010
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Martin, lonescu, Mangeney, Bouchut, Farin, 2017

Chupin, Dubois, Phan, Roche, 2021




lll-posesdness of the model

Hadamard instabilities for models with /(/)
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lll-posesdness of the model

Hadamard instabilities for models with /(/) Barker et al., 2003
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Discrete Element Method (DEM)

« Molecular Dynamics

my;

N
d u; . Contact Dynamics
“=mig+ ) fi, g

dt 7

Contact forces are functions

Hertz's contact law

o

normal stiffness

b

fi; mij=rK 0,

N\

unit normal vector [ merical overlap

j=is
/ /
volume contact
forces forces  mh Constrained optimization problem

Contact forces verify contact laws

Contact forces must be such
that beads don’t overlap...

Distances between Djr>0
spheres j and j :
\bDi,j >0




Signorini & Coulomb’s contact laws

. Signorini’s law . Coulomb’s law Tangential
relative
velocity

i J -
’ 7k
Vijk
>
Ajk = 0
Dz >0 Maximize the dissipated power
AjkDje =0 max —Tjk Vjk

such that| 75k | < uAjk
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granular collapse

Discrete Element Method (DEM)

Lefebvre-Lepot, 2021

A

Maday, B. Maury,

Mangeney, Y.

A

7

n

Hugo Mart

for immersed flows see e. g. Amarsid et al., 2017



Quantitative comparison with other models and
experiments

Comparaison Contact Dynamics and Navier-Stokes
simulations
=0.5 e=0.5
H and (I = _l_/vLZ_MsI
M) = [Us Io+1

e =0.32, Au=0.28 and [, =0.4

Very good agreement BUT with parameters
smaller than those measured experimentally

=137

e, =0.38, Au =0.26 andly = 0.279
Jop et al., 2005

2D DEM goes further than experiments if no additionnal dissipation is accounted for !
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llla — Granular column collapse on rigid and erodible beds
llib — u(l) rheology in 2D models, comparison with other models (DEM, thin-layer)
llic — Static-flowing interface (erosion/deposition)

llld — Grain-fluid mixture model



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

!

~ Go back to non-depth-averaged models

~~~~~~~~~ flowing layer

-
e
-~

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

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

_______________ . Thin-layer approximation
"""""" p=gcosOh — Z) mp S =gcosf(tand —tand + dxh)

-
=
-

static layer

Boundary conditions
z  U=0 atZ=b),
Initial condition (0, 2) = U"(2) 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) = Ozl(f(t (b()g))

U(t, Z) = ma.X(UO(Z) Y 0)

: 0%, (o7 U)(t, X, b(1
« If v > 0 and S(t,b(t)) # 0, then b(t, X) = ZZ(I/SZ@ E)’ b ))1/

Lusso, Bouchut, Ern, Mangeney, 2017



Measurements of the static/flowing interface

Laboratory experiments

b
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—_~

b(m

Simplified 1D shallow viscoplastic model

no viscosity (i. e. (1) = ;)

Initial linear velocity profile Initial Bagnold velocity profile
(X02R] R L 0.025F 7 o ]
: * *
[ Fd ] i g
0.02f ; 0.02F ’
L _ L —_
: < L
0.015F "] ~ 0.015F .
L = j! ]
[ “ inviscid, linear ] [ 6=19° inviscid, B Id
0-01F 8=19° exper ] 0.01F 6=19° Lr;\l;‘::l AEnote
[ — 0=22° inviscid, linear [ /4 = — 6=22° inviscid, Bagnold
0.005 CCXPCL e N 0.00 N ""—F‘ ............................. Stk .9:2.29.3)(1;3]: .................
E = 0=24° inviscid, linear ] 7 4 — 6=24° inviscid, Bagnold
=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 1 _ 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))

> () w theinitially static bed is

not put into motion



Simplified 1D shallow viscoplastic model

_§ /
(b) ¥ =5x10"°m?*/s 1=0.075Pa.s
0025F — L
- 4
- #+_ i
- ~+ J
7
0=19° const visc 3
6=19° exper ]
== H=22° const visc
Aok D220 GXJP@ v v mnnarmnnns N

= 0=24° const visc
4=} 0=24° exper

2 3
Time t(s)
p(l) law
0.025F ' .
L 9,(*
0.02F 4 .
— 0.015F .
EY -
B [ ]
0.01F °u law
8=19° exper
I = 0=22° (D) law ]
0‘005‘ S=x 0=22° exper =
- 0=24° n(I) law ]
A —=1- 0=24° exper 1
0k ' ———
0 1 2

Time t(s)

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

k(o — ps)p
A‘D‘ + ]Q\/p

0.025

b(m)

0.005;

(c) v =10"*m?/s n=0.15Pa.s

0.02F
0.015F

0.01F

06=19° const visc 3

0=19° exper i
— 0=22° const visc ]
=k 0=22° exper .
= 0=24° const visc i
=+ 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%,(vo2U)(t, X,b(1))

gcosf(tand — tanf)



Multilayer Shallow Model

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

mm) [hin-layer (i. e. shallow) approximation a=h/L<<1
m) p = gcosB(h— Z) pression hydrostatique

S - — © = AN+1/2 _
hy(x.t)
.
h(x.t) o
o — *=%+12__ L Flowing
ho(a,t) Ug layer
— j———’“ ( = Za-1/2
b(t
IR S .l
hyla.t) Uy i Static
na ) | layer

r

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



Multilayer Shallow Model

8£ﬂ + 82@ — O?
0.p = —pgcosb.

Steady uniform flows on inclined planes

50 T T ’ ‘., 7
. A
. Lot (a)
/ — ’ ’,
W= 0d, Ry
L e L A
40 L7 ,”/ 7 7
’ s . “ /
Ll L L /
’ ’ s - /
’; " ’l,, . /.‘
ettt W = 4ad,
30 ,' " l’f’
’ P ,”’
= 1’ I,/,,‘
~ ¢ .
o) 4 LA 4
RN .
20 ARt W, =117d,
’,,'f”,
I, s
4,0
,'1,’;
10ff/, 220" 1
/ 14,04 . .
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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 i
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




Comparison with shallow visco-plastic model

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

— (1)
—— [l g
_PB(IJ — 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 |
81 4
® 2 3 4
h./h, x 10%

(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 ??



(b)t=0.10s

e VA -_ saltating front WaVGS
behind the front

5cm<A1<10cm

Kelvin-Helmholtz instabilities ?

|||IIIIIIIIIIIIIIIIIIIIIIIII
70 75 80 85 90 95



Force chains ahead of the front

Estep and Dufek, 2012

Film Hugo (VLC)



Erosion waves in granular flows

See Delannay et al. (2017) for a review

(a) 10}

h (mm)

Takagi et al (2011)

Pouliquen and Forterre (2002)

20 30 40 S0 60 70 80 90
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Mangeney et al 2007b

- =

5
(b) E 4
E 3}
PI ] B
0 10
(c)
E st
E| .-
< [
% 10
Borzsonyi et al 2008
(d) (e)
- — 3.6
=
Eu= Euls
< 9 g9 18 <77
x (cm)
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x (cm) ) Forterre and Pouliquen 2003
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Simulation of the Mt-Steller landslide

no erosion with erosion Comparison of deposits
Time : 0 secs. Time : 0 secs. o 000 4000 6000
3 o Volume :
2
; = 40-60 Mm?
1 6000 no
law  €rosion
E
% 10000
< ba
- R B AR .
Time : 170 secs. B ¢ -~ N with
e \ 1w @rosion
Moretti et al.
e 2012




Outline

Il - Back to lab-scale experiments and simulation
llla — Granular column collapse on rigid and erodible beds
llib — u(l) rheology in 2D models, comparison with other models (DEM, thin-layer)
llic — Static-flowing interface (erosion/deposition)

llld — Grain-fluid mixture model



Modeling of debris flows (grain/fluid)

Solid volume fraction: 0.4 < ©<0.8

At the field scale
]

e Thin layer approximation ’Ll—m =K1
hm — O(E)s u=s = O(l), uz — O(e),

e Depth-averaged model

2 Mixture model

_ _ Pitman and Le 2005
Iverson, Denlinger; Denlinger, Iverson 2001,
Iverson, George; George, Iverson 2014 Pitman and Le 2005, Bouchut et al. 2016



Modeling of debris flows (grain/fluid)

Solid volume fraction: 0.4 < ©<0.8

At the field scale
]

e Thin layer approximation ’Ll—m =K1
hm — O(E)s u=s = O(l), uz — O(e),

e Depth-averaged model

2 Mixture model

_ _ Pitman and Le 2005
Iverson, Denlinger; Denlinger, Iverson 2001,
Iverson, George; George, Iverson 2014 Pitman and Le 2005, Bouchut et al. 2016



Jackson’s model Jackson, 2000

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

e Mass conservation : Ps:V. L ppu, 1y
« O(psp) + V- (pspv) = 0 hm/
< Olpr(1 =) +V - (ps(l = @u) = 0

b

e Momentum conservation :
c psp(Ov + (v-V)v) = =V - T — oVpy, + [ + pspg
ol =@)QuA (u-Vu) ==V Ty, +oVpy, — [+ p,(1 - ¢)g
T, = p, 1d +1, Ty, = pp, 1 +Ty,
Friction between the solid and fluid phases : f = J(u — v)

S unknowns : ¥, v, u, Ps, P, 4 equations

A constitutive equation is required to close the system

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



Qualitative explanation of dilatancy effects

Critical state : .7 when deformed

(&

© < P! (loose) p > Pl (dense)

Granular medium contracts Granular medium dilates

|

Fluid is expelled () Fluid is sucked (-V;)
|

Fluid pore pressure Ps,=PhydrotP%m Fluid pore pressure decreases
increases 1
|

Stiffening of the granular matrix
Vi -Vy

Liquefaction

Excess pore pressure p;,,> 0 P <0

PUTEA Xz —
Coulomb friction: TS |b: tan defr ((p(ps — pf)g cosBh,, — (p)e”m)|b)
e. g. Schofield and Wroth, 1968, Wood, 1990, Pailha and Pouliquen, 2009



Modeling of dilatancy effects

e Compression/dilatation of the solid phase :

V-v =7 tanvy Roux and Radjai, 1998
1) : dilatancy angle, 7y : shear strain rate

Tsxz

tan 1) = K (@ — ©?) Pailha and Pouliquen, 2009

= | Closure equation: V - v = K¥(p — )| ¢@el = pstet — K i
ps‘b
p < ! : compression © > @ dilatation
e Impact of the dilatancy angle on the Coulomb friction force :
xz - 2z | Compression decreases friction
I~ =~ tan(d +¢) sign(v) 1 in addition to increase of
56' & fluid pore pressure

No need of additional pressure equation !
// George and Iverson 2014



Boundary conditions

o At the free surface, for the fluid: 904 > Vf
» notension: 7y Ny =0
+ kinematic condition: N, +us- Nx =0

o At the interface mixture/fluid:
« kinematic condition for the solid: N, +v- Ny =0
+ Rankine-Hugoniot (mass conservation) condition:
N, +up - Ny = (1= ¢")(N, +u- Ny) =)
«» Rankine-Hugoniot (momentum conservation) condition:
prVi(u—uyp) + (To + T, )Nx = Ty Ny
«» stress transfer condition from the energy balance:

- pf( NX)Q ( § Ny ) " .
TSN = | =\ lu—ur)  — | + TmN * == — P, » NX
X (2 ( /) N (1, Nx) Nop P )T

« Nawvier friction condition for the fluid:

T T ~
( fm; fNX) = —ki(us —u);




Boundary conditions

e Bottom boundary conditions:

«+ No penetration condition:

u-n=>0, v-n=>0

+ Coulomb friction for the solid:
(Tyn), = —tan deg sgn(v)(Tsn) - n
+ Nauvier friction for the fluid:

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



Fluid pore pressure

in thin layer depth-averaged models

e 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+ hy, + hy —z) Hp% )+ O(€%)
3 b+F,
with  po = 0 / (u® — v7)(2')d
f?n, 1 _ 90 ;
using the dilatancy closure equation V -v = K~(¢p — ¢t?)

]

e Non-hydrostatic (excess) fluid pressure

€ — _B X _ X _ B h?n —x X [(:/(‘15 — »Qe(q)
(D5, = gl (0% = T Vb = 2= (Vi (= ) 4 2

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



Our model in the uniform immersed configuration

4

u;p = 0, hy(t) +hy(t, ) +atant = cst "

e Mass conservation : g
» Oyp = —pd

¢ Momentum conservation :

o I - _ .
 puPOT = —sgn (@) + G~ T) — (ps — py)gsing

R 1 w -
< pp(l— @) = (§Pfo - kb) 7 — Bl —v¥)

with V; = —h,®, 7 = tan dogr Pspp + Klnﬂ/ _
— e e 6 h’?n F
Psjp = P(ps = pr)g 008 O — (P, )+ (P, )1b = (1—9)? 2 v
e Closure related to dilatancy : _
d=Ftany, tany = K(@—g), §f = @' — Kool

— L p3|b

v = 3|;:—‘ ,  tandes = tand + tan

™m

A

?



Characteristic time scales

e Our model and Pailha and Pouliquen’s model :

toir = 1/)/ ~ (0.2 s : convergence to the critical state

Lyise = ,OSh2 /3K1 N =4.10° 2 5 :viscous effects

tei = py/B ~5.10° s : relaxation of the relative velocity: ¥ — J¥ —s ()

Fr? ~ tyise [teri S~ Loise/Trel

e Georges and Iverson’s model: due to additional pressure equation

2 Mixture compressibility « -
Lo = ﬂ m ~15%x10%s fora=5x 10710 pa™!

— -\
2(1 2 ~15s for a =5 x 1075 Pa~!

see Bouchut et al., 2016, J. Fluid Mech. for differences between the two models



Model parameters

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

ps = 2500kg/m’, @ = 0.582, §=22.5°, K, =905, K,=25
-y =96 x 107 Pa s, p; = 1041 kg/m’, |0] = 25°, A% = 4.9mm
-1 =9.8x 1073 Pa s, p; = 1026kg/m’, || = 28°, h°, = 6.1 mm



Laboratory experiments: Pailha et al., 2008
viscosity : 5y =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
O'o V\ )
compression
200 400 600 800 1000 1200
t (s)

1400

Vi (mm/s)

0.5

N -
-
. T

dilatation

600 800

t(s)

200 400

1000 1200 1400



Dry granular column collapse

Simulation of dense laboratory experiments of Mangeney et al., 2010

Deposit at 6=0°
15

AN . — dense ¢i = 0.55
. — loose ¢i = 0.6
-~ experiments

10

h (cm)

L ; 1 L o I L l
0 10 20 30 40 50 60 70
x (cm)

As in DEM Kermani et al., 2015




Dry granular column collapse

Simulation of dense laboratory experiments of Mangeney et al., 2010

Deposit at 0= 0°

Dilatancy angle

- ~  t=0.06s — _
15-_\ ---------- : — dense ¢; = 0.55 (;* 0.2 _: 02, [=0.36s
—~ 10 ' — |loose ¥i = 0.6 \I
5 -~ experiments S
< =
I
| =Y
% 10 2‘0 30 40 50 60 70 %
. x (cm) X (cm) X (cm)
As in DEM Kermani et al., 2015 _ o N
. Effective friction coefficient
K t=0.36 s
ta‘Il 6eff ~ 05k ' 7 ————————————
1 + ul — tanw ?0.4— 5 ‘
I —I_ IO T oal adl
\ . J - 02} 0.2
r 0.1
N(I) dilatancy o |
% 1|o 2|o 30 % 16 26 36 40

Bouchut et al., 2019
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Submarine granular column collapse

Simulation of laboratory experiments of Rondon et al., 2011

Exp. initially dense column Exp. initially loose column

5 T . 5
N ¢; = 0.6 . ¢;i = 0.55
m Excess
—3 —3 : .
£ £ % pore fluid pressure
1k 1 —simulation (dense)

B
1=}
o

@ experiment (dense)

0 t 1 1 1 h TS 0 # L 1 =%
0 - 6 8 10 12 14 0 5 10 15 20

(]
=
=

25
x (cm) x (cm) © " - = =simulation (loose)
D_ 200 :‘l
Simulation initially dense Simulation initially loose ‘é O experiment (loose)
5 5 g 100 :' )
(0]
£
4 4t TU‘
&
= =3 a
L o
>‘2 I >2 -200-10 0 10 ZIU 30 40
al . time £ (s)
0 . . = T - Bouchut et al., 2018
0 2 4 6 8 10 12 14 25

x (cm)



Submarine granular column collapse

Simulation of laboratory experiments of Rondon et al., 2011

Exp. initially dense column Exp. initially loose column

—simulation (dense)

' @ experiment (dense)

= = =simulation (loose)

O experiment (loose)

time £ (s)

Bouchut et al., 2018



