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. Introduction

® What is a granular media!
® size > |00um

® grains of sand, small rocks, glas
beads, animal feed pellet,
medicines, cereals, wheat, sugar,
rice...

® 50 % of the traded products

IF1G. 1.2 - Les milienx granulaives forment

LES MILIEUX GRANULAIRES
ENTRE FLUIDE ET SOLIDE BRUNO ANDREOTTI,
YOEL FORTERRE ET

OLIVIER POULIQUEN

Sable, iz, sucte, neige, iment... Ben qu'omniprésents dans notre vie quatidienne, les milieux granulaires
continuent de défer Tindustriel, de fasciner le chercheur et dlintriguer amateur. Pourquoi le sable
estl tantot assez solide pour former un tas ou soutenir le poids d'un immeuble, et coule-t-il tantdt
comme un liquide, lors d'une avalanche ou dans un sablir ? Pourquoi est-l dificie de compacter ou
de mélanger des grains ? Comment le vent sculpte-tl es rides de sable sur . plage et les dunes
dans le désert ? Longtemps F‘apanage des ingénieurs et des géologues, Iétude des milleux granulaires
constitue aujourd'hui-un sujet de recherche actf 2 Ia frontiere de nombreuses discplines — physique,
mécanique, sciences de I"environnement, géophysique et sciences de Iingénieur.

Cet ouvrage s'attache a dresser ['état 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 cydes universitaires, aux chercheurs et aux ingénieurs, qui trouveront la une pré-
sentation des ~ proprétés fondamentales des milieux granulaires (interactions entre grains, comporte-
ment solde, i et guev, couiage avec n fuie, applatons au gt de sédmens, e 3
la formation de structures géologiques). La description des phénoménes méle arguments qualitatifs
e forneb,pemetant de pinéy des domanes aust vands que P I s pyiue
satsique,  mécniue ds es ou a gomorphologe. De nombreu. encis permetent d appr-
fondir certains phénomenes et llustren s proprictés singuliéres des milieux granulaires au travers de
leurs manifestations les plus spectaculaires (chant des dunes, sables mouvants, avalanches de neige. ...)

Bruno Andbreotti, est professeur i [niversté Paris VI et effectue ses recherches i IESPCl
Ses recherches portent sur | ique, le mouillage et a gé éné:

Yoel Forterre, est chercheur CNRS au laboratoire USTI & Marseille, Il travaile sur le
comportement des flides complexes, des milieux granulaires et sur la biomécanique des plants.
Olivier Pouliquen, est chercheur CNRS au laboratoire USTI & Marseill. Ses travaux portent
sur les matériaux granulaires, les suspensions et fluides complexes.

Seérie Physique et collection dirigée par Michéle LEDUC
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spil (bney iIe, gob pile,bing pit heap), «terril» in french

Sl
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(b)

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
Marina Pirulli a,*, Marie-Odile Bristeau b, Anne Mangeney ¢, Claudio Scavia

Staron

vendredi 8 juillet 2011


http://www.elsevier.com/locate/envsoft
http://www.elsevier.com/locate/envsoft



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
http://books.google.fr/books?id=HY6Z5od4-E4C&pg=PA49&dq=granular+flow&hl=fr&ei=lamtTaa_NYyVOoToldcL&sa=X&oi=book_result&ct=result&resnum=10&ved=0CFkQ6AEwCTgK#v=onepage&q&f=true
http://books.google.fr/books?id=HY6Z5od4-E4C&pg=PA49&dq=granular+flow&hl=fr&ei=lamtTaa_NYyVOoToldcL&sa=X&oi=book_result&ct=result&resnum=10&ved=0CFkQ6AEwCTgK#v=onepage&q&f=true
http://books.google.fr/books?id=HY6Z5od4-E4C&pg=PA49&dq=granular+flow&hl=fr&ei=lamtTaa_NYyVOoToldcL&sa=X&oi=book_result&ct=result&resnum=10&ved=0CFkQ6AEwCTgK#v=onepage&q&f=true
http://books.google.fr/books?id=HY6Z5od4-E4C&pg=PA49&dq=granular+flow&hl=fr&ei=lamtTaa_NYyVOoToldcL&sa=X&oi=book_result&ct=result&resnum=10&ved=0CFkQ6AEwCTgK#v=onepage&q&f=true

buck

Lly

~
l1C
T

i

=

nd

. .-:. .Ir.
.r {

-
A
e &

=

i

r

1
13

move't
o e

o

Ls

g™ )

ik

"
1]

vendredi 8 juillet 2011


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

Granular Column Collapse

5}:; i
s :
A gt Lajeunesse 04

t=0.0706s t=0.080s

t=0.188s t=0.180s

t=0).062s

t=0.182s

A -

t=0.408s t=0.296s

.. A

t=0.648s t=0.54s

.. Salad
(a) (b)

The sand pit problem: quickly remove the bucket of sand

hittpe! e, pai
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Granular Column Collapse

aspect ratio a = Hy/Ro = Hy/Lg

A
Hy |
=0
A/ jq-h-Lﬂ
H t=0c 7
PE =

The sand pit problem: quickly remove the bucket of sand

Laiennesse ot al 2004
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o0, 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). VWe compare results from
Discrete Contact Method Simulations (simulation of the
displacement of each grain) to a continuum Navier Stokes

simulation with the u(l) rheology Gerris.

The sand pit problem: quickly remove the bucket of sand
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® | ooking for a continuum description

-
AN s . P
3 & Yo mesg

Y RGO
8 A

® | ot of recent experiments

® Simulation with Contact Dynamics

(a) (b) (c) I

GDR MiDi EP] E 04

(d) (e) 4y

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.
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® | ooking for a continuum description
® | ot of recent experiments

® Simulation with Contact Dynamics

® Defining a «viscosity»

® Implement it in Gerris

® Jest on exact «Bagnoldy» avalanche solution

® Test on granular collapse
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Coulomb friction law
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Coulomb friction law

0.45 -
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falling time J— 9

displacement time P/p

non dimensional number: «Froudey
local «Inertial Number» (Da Cruz 04-05)
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dx ou ou

S 1/

dt d(?y /8y
falling time

displacement time
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by grain dynamics
05} | |
oal A
. m®
0.2}
0.0 -I:IJ.1 EIJ.E 0.3

I

Da Cruz PRE 05

Coulomb friction law

7= u(l)P
Rl
falling time J— _ 9y
. . P
displacement time /P Pouliquen 99
Pouliquen Forterre JSM 06
Da Cruz 04-05
GDR Midi 04

Josserand Lagree Lhuillier 04
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by grain dynamics

Lacaze Kerswell 09

Coulomb friction law
7= u(l)P

d ou A (c) kinetic regime

(I): | Ha2 — M1 P/p
S )

1~ 0.32 (pp — ) ~023 Ip~03 M7 777 77777 7"

I
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rheology; defining a viscosity

I — I
p(l) = Io/T +1

5y = pu(l)P local equilibrium

7=
n = il construction of a viscosity

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

"‘ " p2 — 1
p(l) = I/I+1

D2 — \/DZJDZJ Dij —

Ui,j + Uy
2

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

7 = min(fmas, max ( jggp | o)) N NI}

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

0
V-u=0, '0(81; | 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
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£ Projection Method

Rl ®
| { B
%" Haw i ot
) & . “5.

” N '?}:;E"-‘. u,—u, _
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— u. — At — -
Up41 = Uk pn+% (Vpn—i—% Vpn—%)? // 2
V ° un+1 — O-

multigrid solver for Laplacien of pressure

At At
V. ( Vp,n+1> =V (u*+ Vpn_1>
pn—k% 2 pn—l—% ’

implicit for u™

IO'rL—i—l 1

VOF reconstruction
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precise equilibrium between pressure gradient and viscous terms, in particular for large time steps.

dv/2D _ I
I:L M(I):#’l_'_u n:ma}{(ﬂ() 0)

(pl/p) Io/T+1 V2D,
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kind of Nufelt solution

T « o(AD)? (dU/dy)?

U=-%x0.165 (g sin p)1/2 X—0

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 27.5 38.8 1.41
0.75 30.0 48.0 1.6
Bagnﬂld 1954 0.9 39.0 63.0 1.61
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Test of the code: «Bagnold» avalanche

kind of Nufelt solution

Contact Dynamic
simulation Lydie Staron
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p ;;r*f

2 H3
U = gfﬂ. \/gd COS (0 — 73

(1—(1—

Y
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Collapse of columns
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Collapse of columns

a=0.37

Contact Dynamic
simulation Lydie Staron
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Collapse of columns

a=0.90

Contact Dynamic
simulation Lydie Staron
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Collapse of columns simulation Gerris u(l)
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#
)
RN 1K
V. B D

__-—__

Snapshots of collapse of three columns of aspect ration 0.5 1.42 and 6.26 (top to bottom)
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¢ Collapse of columns simulation Gerris y(l)

£
-}'-E "":d o
P
| G
)
‘::'ﬁ;‘: o -'r I‘i
_-': ...".
Collapse of columns of aspect ratio 0.5
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0, 1, 2, 3, 4 and position of the front of the
avalanche as function of time (time measured
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¢ Collapse of columns simulation Gerris u(l)
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¢ Collapse of columns simulation Gerris y(l)
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# . Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=0.5 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=0.5 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=0.5 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=0.5 DCMvs Gerris u(l)
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ﬁ; Collapse of columns simulation Gerris p(l)
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a=0.5 DCMvs Gerris u(l)
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g’ Collapse of columns simulation Gerris y(l)
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a=0.5 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a = 1.42 DCM vs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a = 1.42 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a = 1.42 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a = 1.42 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris p(l)

a = 1.42 DCMvs Gerris u(l)
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. Collapse of columns simulation Gerris u(l)

a = 1.42 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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. Collapse of columns simulation Gerris u(l)

a=6.6 DCMvs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

(913 v

DCM vs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

(9‘; v

DCM vs Gerris u(l)

vendredi 8 juillet 2011



# . Collapse of columns simulation Gerris u(l)
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# . Collapse of columns simulation Gerris u(l)
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¢~ . Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)
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¢~ . Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris u(l)
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- Collapse of columns simulation Gerris u(l)
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Collapse of columns simulation Gerris y(l)

NS/CD t=8,007%5

DCM vs Gerris u(l)
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Collapse of columns simulation Gerris u(l)

_y
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 I, = 0.30. the less advanced (in blue) pu, = 0.32

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

reesponds to s = 0.32 Amu = 0.28 and Iy = 0.40 and fits better the top of the surge.
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DCM vs Gerris u(l)
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. Collapse of columns simulation Gerris u(l)

at the tip,a=6.6 t=1.33 2 2.66
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DCM vs gerﬁs p(l)
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Collapse of columns simulation Gerris p(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.
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Saint-Venant Savage Hutter géﬂ’ ris

( t':}'u { f}u _0
dr  dy
| LN O Lowoy OB Oy
ot t oz Tay) T sne o oy
0 =—coso — @
X 1y
oh 0 ["
— 4+ — ulx,y,t)dy =0
ot dx [y (2,9,1)
5 5 | - | d
— | u(z.y, dy+—( | ulz,y.t)*dy+ cos f:ri(h‘z}) = —ghsin(a) —cosagh—f — u(1(0))gh cos(a).
dt J ¢ dx " /¢ 2 ) dx
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Saint-Venant Savage Hutter gerris
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Saint-Venant Savage Hutter gerris
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L 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.

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

approach.
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