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what is a granular fluid? some images

the y(l) friction law obtained from experiments
and discrete simulation

the viscosity associated to the u(l) friction law
the Saint Venant Savage Hutter Hyperbolic model
implementing the p(l) friction law in Navier Stokes

Examples of flows: focusing on the granular column
collapse and the Hour Glass



1. Introduction 3

® What is a granular media!

® size > |00um

® grains of sand, small rocks, glass

FI1G. 1.2 - Les milieux granulaires forment une famille extrémement vaste,

beads, animal feed pellet, e g

LES MILIEUX GRANULAIRES

medidnes’ Cereals, Wheat, sugan;

Sable, riz, sucre, neige, ciment... Bien q{l;;ﬂmnipré!enﬁ dans notre vie quotidienne, les milieux granulaires

continuent de défier Iindustriel, de L |
estril tantdt assez solide pour former un tas ou soutenir le poids dun immeuble, et coule-t-il tantdt
comme un liquide, lors d’une avalanche ou dans un sablier 7 Pourquoi est-il difficile de comracter ou

[ ]
de mélanger des grains 2 Comment le vent sculpte-t-il les rides de sable sur la plage et les dunes
dans le désert ? Longtemps 'apanage des ingénieurs et des géologues, étude des milieux granulaires
constitue aujourdhui-un sujet de recherche actif  la frontiére de nombreuses disciplines — physique,
X X ) mécanique, sciences e I"environnement, géophysique et sciences de I'ingénieur.

Cet ouvrage sattache 4 dresser Iétat des connaissances sur les milieux granulaires et a présenter
les avancees récentes du domaine. Issu de cours de Master et d"école d”ingénieur, il s"adresse aux
étudiants des trois cycles universitaires, aux chercheurs et aux ingénieurs, qui-trouveront la une pré-
sentation des  propriétés fondamentales des milieux granulaires ﬁmeram‘nns entre grains, comporte-
ment solide, liguide et gazeux, couplage avec un flide, applicatins au transport de-sédiments et
Ia formation dé structuges géolbgiqueg). La_description des phénomenes méle arguments qualitaifs
et formes, permettant de pénétrer des domaines aussi variés que I"dlasticit,la plastité, la physique
statistique, la mécanique des fluides ou Ia géomorphalogie. De nombreux encadrés permettent d'appro-
fondir certains phénoménes et llustrent les proprietés singuliéres des milieux granulaires au travers de
leurs manifestations les plus spectaculaires (chant des dunes, sables mouvants, avalanches de neige. ..)

o Bruno Andreotti, est professeur 4 l'université Paris Vil et effectue ses recherches 4 ISP,
Ses recherches portent sur hydrodynamique, le mouilage et la géomorphogénése.

Yoel Forterre, est chercheur CNRS au laboratoire USTI 4 Marseille. Il travaille sur e

comportement des fluides complexes, des milieux granulaires et sur Ia biomécanique des plantes.

Olivier Pouliquen, est chercheur CNRS au laboratoire 1USTI & Marseile. Ses travaux portent

sur les matériaux granulaires, les suspensions et fluides complexes.

ciner le chercheur et d'intriguer I'amateur. Pourquoi le sable

LES MILIEUX
GRANULAIRES

ENTRE FLUIDE ET SOLIDE
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spoil tip (boney pile, gob pile, bing or pit heap), «terril» in french
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HxL=1000m x 2500m

Staron

Fig. 20. Frank slide.

Environmental Modelling & Software xx (2006) 1e18
www.elsevier.com/locate/envsoft

The effect of the earth pressure coefficients on the runout of granular material | 903, Alberta Canada
Marina Pirulli a,*, Marie-Odile Bristeau b, Anne Mangeney ¢, Claudio Scavia 90 Morts
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http://books.google.fr/books?id=HY6Z50d4-E4C&pg=PA49&dq=granular

+Hlow&hl=fr&ei=lamtTaa_NYyVOoToldcL&sa=X&oi=book result&ct=result&resnum=10&ved=0CFkQ6AEwWCTgK#v=onepage&q&f=true
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http://www.cieletespace.fr/image-du-jour/5126_la-saison-des-avalanches-sur-mars
http://www.cieletespace.fr/image-du-jour/5126_la-saison-des-avalanches-sur-mars

Granular Column Collapse

A model for avalanches

The sand pit problem: quickly remove the bucket of sand


http://www.mylot.com/w/photokeywords/pail.aspx
http://www.mylot.com/w/photokeywords/pail.aspx

Granular Column Collapse

E. Lajeunesse A. Mangeney-Castelnau and J. P. Vilotte PoF 2004
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Granular Column Collapse

aspect ratio a = Hy/Ry = Hy/Ly

The sand pit problem: quickly remove the bucket of sand

T.aie1minecce of al 20004



Granular Column Collapse

A possible experimental set up is a container filled by sand
(left), the aspect ratio (height/length) is a. At initial time, the

gate is opened quickly. After the avalanche, the grains stop, the
final configuration is at rest (right). We compare results from
Discrete Contact Method Simulations (simulation of the
displacement of each grain) to a continuum Navier Stokes

simulation with the p(l) rheology Gerris.

The sand pit problem: quickly remove the bucket of sand
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FIG. 6. Scaled runout AL/L; (a) and scaled deposit
a height H,/L; (b) as functions of a. Circles and triangles
correspond to experiments performed in the 2D channel
working respectively with glass beads of diameter d
=1.15 mm or d=3 mm. Crosses correspond to the data
set of axisymmetric collapses from Lajeunesse et al.
(Ref. 10).
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® Silo, hopper, hourglass




outline

the y(l) friction law obtained from experiments and
discrete simulation

the viscosity associated to the u(l) friction law
the Saint Venant Savage Hutter Hyperbolic model
implementing the p(l) friction law in Navier Stokes

Examples of flows: focusing on the granular column
collapse and the Hour Glass
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Impacts:
g» ! suspension

granular media
contacts

liquid

like a solid:

.........
T el
[
p

from the grains to the fluid



® grains

Omin 0.5 (2D) 0.55 (3D)

(I)min < (l) < (I)Max

(. 0.8 (2D) 0.65 (3D)

from the grains to the fluid




continuum media
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from the grains to the fluid



® | ooking for a continuum description

® | ot of recent experiments in simple configurations:
shear/ inclined plane,

with model material (glass beads, sand...)
® Simulations with Contact Dynamics
(disks, polygona, spheres)

_ | ]
'g'j 1
(a) (b)

(c) I

Le
GDR MiDi EP] E 04
(€) ()

Fig. 1. The six configurations of granular flows: (a) plane
shear, (b) annular shear, (c) vertical-chute flows, (d) inclined
plane, (e) heap flow, (f) rotating drum.

(d)



® | ooking for a continuum description

® | ot of recent experiments in simple configurations:
shear/ inclined plane,

with model material (glass beads, sand...)
® Simulations with Contact Dynamics

(disks, polygona, spheres)

® Defining a «viscosity»

® [mplement it in the Navier Stokes solver Gerris

® Jest on exact «Bagnold» avalanche solution

® Jest on granular collapse and hourglass



Molecular Dynamics:

m—U =F +F_ +F, Newton’sequations

branch a spring -dashpot
do
dt

---------
- ~

Fo,=—ko—~

tangential Coulombic Friction F; < pfs,



Contact Dynamics de (Moreau | 988)

rigid grains
coefficient of friction p

m(ﬁJr — (_f_) — F ot Newton’s equations

take the form of an equality between the change of momenta
and the average impulse during Ot.

written for each grain at the contact
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<§ The p(l)-rheology
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The p(l)-rheology
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The p(l)-rheology




The p(l)-rheology
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< The p(l)-rheology

by grain dynamics
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The p(l)-rheology

= by grain dynamics
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dh s e u(l)-rheology
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The p(l)-rheology implementation in Navier Stokes?

Jop Forterre Pouliquen 2005

H2 — 1
) = |
pll) = pi Iy/T+1

U j + Uji
D2 — \/DUD/LJ Dij — ! !

2

construction of a viscosity based on the D: invariant and redefinition of |

I = dv2D2//(pl/p)

_( r)
N = V2D, p «Drucker-Prager»

0
V-u=0, ,0(5;1 | u-Vu> = —-Vp+ V- (2nD) + pg,

Boundary Conditions: no slip and P=0 at the interface



outline

® the Saint Venant Savage Hutter Hyperbolic model
® implementing the u(l) friction law in Navier Stokes

® Examples of flows: focusing on the granular column
collapse (limits of Saint Venant Savage Hutter
Hyperbolic model)






® Couche Mince Saint Venant Shallow Water Savage Hutter
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Saint-Venant Savage Hutter

grains
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Saint-Venant Savage Hutter

grains
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Saint-Venant Savage Hutter (jer ¥is

0h|0(Q)_O 0Q 8(5Q2|g
ot  Ox Ot Ox 4h 2

(h?)) = —ghu(f)%

Gerris is a free finite volume code by Stephane Popinet
one part of the code is a Shallow Water solver
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Audusse et al.




Saint-Venant Savage Hutter ger ¥is
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Saint-Venant Savage Hutter (jer ¥is
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valid by hypothesis for small aspect ratio
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Saint-Venant Savage Hutter ger ¥is
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add a source term corresponding
to pluviation
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no pluviation
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Fig. 24. Analysis of the Frank slide with RASH?P. Plan of the simulated flow position at 20 s intervals (0 s—20 s—40 s—60 s—80 s) in condition of (a) anisotro
and (b) isotropy of normal stresses. The flow depth contours are at 3 m intervals. The sliding surface contours are at 50 m intervals. The dashed line indicated t
extent of the real event.

HxL=1000m x 2500m

| 50m initial 16 m for the train
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LUCAS ET AL.: MARTIAN LANDSLIDES SCAR AND DYNAMICS

Figure 6. (top) Deposits of simulated landslides obtained for each scar geometry S; using 6 = 10°.
(bottom) Martian landslides observed on THEMIS IR present similar deposit shapes, respectively, from
left to right: Ganges Chasma, East Tus Chasma, and Coprates Chasma.
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outline

® implementing the u(l) friction law in Navier Stokes

® Examples of flows: focusing on the granular column
collapse (limits of Saint Venant Savage Hutter
Hyperbolic model)



- Gerris is a finite volume code by Stephane Popinet NIWA
one part of the code is a Navier Stokes solver

- automatic mesh adaptation

- Volume Of Fluid method for two phase flows

- free on sourceforge



rheology; defining a viscosity

H2 — M1
I) = |
p(l) = w1 To/T +1

5y = pu(l)P local equilibrium

7=
n = Ple construction of a viscosity

P.Jop,Y. Forterre, O. Pouliquen, (2006) "A rheology for dense granular flows", Nature 441, pp. 727-730



implementation in Gerris flow solver?

p2 — H1
p(l) = p A

Iy/T+1
Wij T Ui
D2 — \/DUDZJ Dij — 5
construction of a viscosity based on the D: invariant and redefinition of |

7 = min(fmas, max ( jggp | o)) I = dv2Ds//(0l/0).

- the «miny limits viscosity to a large value
- always flow, even slow

Boundary Conditions: no slip and P=0 at the interface



implementation in Gerris flow solver?

p2 — H1
u(l) = p -

Iy/T+1
Wij T Ui
D2 — \/DUD/LJ Dij — 5
construction of a viscosity based on the D: invariant and redefinition of |

7 = min(fmas, max ( jggp | o)) I = dv2Ds//(0l/0).

0
V-u=0, ,0<81£1 | u-Vu) = —Vp+ V- (2nD) + pg,

oc
Ey FV(cu) =0, p=co1+ 1 —¢)p2, n=cm + (1 —c)n2

The granular fluid is covered by a passive light fluid (it allows for a zero pressure boundary condition at the surface, bypassing an up to now

difficulty which was to impose this condition on a unknown moving boundary).

Boundary Conditions: no slip and P=0 at the top



no velocity p=0

small density

flud small viscosity

dc

| . — — - — -

5 TV () =0, p=cpr+(1=c)p2, n=cm+(1—=c)p
The granular fluid is covered by a passive light fluid (it allows for a zero pressure boundary condition at the surface, bypassing an up to now

difficulty which was to impose this condition on a unknown moving boundary).

Boundary Conditions: no slip and P=0 at the top
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outline

® Examples of flows: focusing on the granular column
collapse (limits of Saint Venant Savage Hutter
Hyperbolic model)



kind of NuPelt solution

T « o(AD)2 (dU/dy)?

' 3/2
U= % X 0.165 (g sin ﬁ)1/2 1—5—-

TABLE 1.
flow height Y measured speed speed, from (9)
(cm) (cm/sec) (cm/sec) ratio
0.5 17.2 26.4 1.53
0.65 2155 38.8 1.41
0.75 30.0 48.0 1.6
Bagn0k1|954 0.9 39.0 63.0 1.61

http://www.boker.org.il/meida/negev/desert_biking/bagnold/tsoar_paper.htm


http://www.boker.org.il/meida/negev/desert_biking/bagnold/tsoar_paper.htm
http://www.boker.org.il/meida/negev/desert_biking/bagnold/tsoar_paper.htm

«Bagnold» avalanche

Test of the code

kind of NuPelt solution

Contact Dynamic
lation Lydie Staron

Simu



2 H3
U = gla\/gdcosaﬁ (1 — ( — %

v=0, p=pgH (1—%) COS (.

)

u(y), du(y)/dy and p(y)

gerris —+—

u(y) Bagnold -~
u(l) gerris

tan(a) ....................
D2*sqrt(2)

du(y)/dy bag -+ |

pgerris O
p(y) .......... -




Test of the code: «Bagnold» avalanche

Slip \,
€locje
)4
grains

P=Q

14 |

12 |

2 H3 32\ 7|
Uzgla\/gdCOSOéﬁ (1—(1—%) ), 8 I

u(1)

v =0, p:ng(l—%)cosa. 27

gerris +
Bagnold --------

0.3

0.45

0.5

0.55



Test of the code: «Bagnold» avalanche

(2H —y) (prgysina — 279)

u(y) =

24 g
9 i +pgH (1 — L)sina \ |
d_u:max \/pO/p—'_gH(l_g)COSO{XILL_l T0 Pg ( H) 70 .
oy H po + pgH 1—%)00804

w(H™)—uw(HT)=0



Test of the code: «Bagnold» avalanche

change of density of the fluid

grains

i3agno|d
2.5
2 L
s 5L el
13
0.5 .
Y
0 . |

0 0.5 1 1.5 2



Test of the code: «Bagnold» avalanche
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0.5

change of viscosity of the fluid

Bagnold
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Granular Column Collapse
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=

)

t=0.076s t=0.080s

t=0.062s

]
»

-

t=0.180s

. - Ny .-

t=0.408s

.. _A_

t=0.648s t=0.54s t=0.512s

..
(a) (b)

(¢)
The sand pit problem: quickly remove the bucket of sand

http://www.mylot.com/w/photokeywords/pail.asg
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. Collapse of columns
i a=0.37

Contact Dynamic
simulation Lydie Staron




Collapse of columns
a=0.90

Contact Dynamic
simulation Lydie Staron




Collapse of columns simulation Gerris u(l)

Collapse of columns of aspect ratio 0.5
comparison of Discrete Simulation Contact
Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured
with /H,/g and space with aH )
2.2 T T T T 1 TR <7 7 T T T
/Y, .
R s VW NS u(h 0
\ NS u(l) t=1 -
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\I\;, \ "\
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Collapse of columns simulation Gerris u(l)

Collapse of columns of aspect ratio [.42
comparison of Discrete Simulation Contact
Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured

with /H,/g and space with aH )

X(t)
h(x,t)

APWON=O




Collapse of columns simulation Gerris u(l)

Collapse of columns of aspect ratio 6.26
comparison of Discrete Simulation Contact
Method and Navier Stokes gerris, shape at time
0, I, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured

with /H,/g and space with aH )

AOND=2O
|

h(x,t)

2.5



Collapse of columns simulation Gerris u(l)

Snapshots of collapse of three columns of aspect ration 0.5 1.42 and 6.26 (top to bottom)



Collapse of columns simulation Gerris u(l)

optimisation

final values

N 1.
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s = 0.32 Ay = 0.28 Iy = 0.4



a=0.5 DCMvs Gerris u(l)









¢ Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)

NS/CD t=08.0190

DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

NS/CD t=1,6728

DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

NS/CD t=8.8075

|
DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

NS/CD t=1.,1460

R

-
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DCM vs Gerris u(l)



Collapse of columns simulation Gerris u(l)

g
b
.

—— ..

Figure 10: Strip representing a series of snapshots (¢ = 0.5,1.0,1.2,1.4,1.7, and 2.0)
of a column collapse with aspect ratio a = 68. The most advanced curve (in green)
sponds to ps = 0.3 Amu = 0.26 and Iy = 0.30. the less advanced (in blue) pus = 0.32

cQ
DC M VS Cj eTTiS IJ{! = 0.28 and Iy = 0.30 fits better the end of the heap. The curve in between (in cyan)
¢

reésponds to s = 0.32 Amu = 0.28 and Iy = 0.40 and fits better the top of the surge.
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® comparaison of velocity profiles
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® comparaison of velocity profiles
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® comparaison of velocity profiles
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* 103302-7 Granular slumping on a horizontal surface
W e 75 32

Phys. Fluids 17, 103302 (2005)
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FIG. 6. Scaled runout AL/L; (a) and scaled deposit
height H,/L; (b) as functions of a. Circles and triangles
correspond to experiments performed in the 2D channel
working respectively with glass beads of diameter d
=1.15 mm or d=3 mm. Crosses correspond to the data
set of axisymmetric collapses from Lajeunesse et al.

(Ref. 10).
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Collapse of columns simulation Gerris u(l)
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Normalised final deposit
extent as a function of aspect
ratio a.

EWeII-deﬁned power law

dependencies with exponents
of | and 2/3 respectively.

We recover the experimental scaling
[Lajeunesse et al. 04] and [Staron et al. 05].
Differences between the values of the
prefactors are due to the difficulties to obtain
the run out length: friction in the Navier Stokes
code tends to underestimate it, whereas direct
simulation shows that the tip is very gazeous, it
can no longer explained by a continuum
mechanic description.



perspectives

® Other examples under investigation
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® Vidange de Silo

|2 grains |4 grains






... ® Vidange de Silo
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® Vidange de Silo
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conclusion

/ u(l) obtained from experimental flows of dry granular flows [Jop et al. 06],

implemented it in Gerris

- test case: analytical solution of steady avalanche (Bagnold solution)
- collapse of granular columns (shape as function of time compared to Discrete

Simulations).
-The experimental trends of the scaling of the run out are reobtained

- Saint Venant Savage Hutter to be compared with.
- complete spectra: discrete grains/ Saint Venant/ Navier Stokes and plasticity

This opens the door to systematic studies of granular flows using this continuum

approach.
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