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1. Consists of a large number of individual solids
o53s &
B BA3 S0

2. Grain-grain interactions are purely classical

A~ system size, quantum important

L]
3. Grains exert forces only when in contact

@O

4. Collisions between grains are generally inelastic

Q=0 | ©CO

5. Grains are surrounded by a fluid or a vacuum
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Fluid

Granular Material

Forafluid: mgd <<kyT (mgd ~ 10" ky T)
Thermal energy allows exploration of many diferent states.

Fluid finds equilibrium lowest free energy state,
‘Thermodynamics applicable.

Fora granular material : mgd >> kT (mgd ~ 102k, T)

Consequently, the material does not sample other
configurations unless energy s putinto he system.

This can lead to metastable states that persist indefinitely.
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Fluctuations, hydrodynamic limit, e.g. of jamming
system, self-organized criticality.

2. Continuum dynamics
[wnn are right models? When do they apply?...
3. Member of class of similar systems:

Foams, Glasses, Colloids, Quantum flux lattices
-
4. Important applications
Coal and grain transport...
Pharmaceuticals
Xerography
Soils
Avalanches

Mixing
Earthquakes and mudslides...

5. $551! Lots of them Claim: ~1 ST:
bulk solids handling

lion/year in US for

Industrial facilities operate well below design
efficiency
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FLASHBACK

B FROM THE GEOGRAPHIC ARCHIVES
Changing the Channel

|
Construction crews in 1913 had to clear frequent landslides (top)

Culebra Cut {later called Gaillard Cut) across the Continental Din
ama Canal navigable. In William Joseph Showalter’s February 191
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1. Different regimes or states:

w ASolid regime
Persistent contacts, slow flows
Compact structure
Strong force fluctuations
‘Spatially variable
Temporally intermittent

Industrial applications-hoppers...

B.‘Fluid" or ‘Gas’ regim
Energetic flo
Binary dissipative collsions
‘Granular ‘temperature’ T,~<V>

E.g. avalanches, shaken systems...

fluid
“Solid’ & ‘Fluid" often close spatially




.

Statistical properties

A Solid

1. Disorder and fuctuations

Strong force fluctuations—only weak packing
fluctuations

‘Small grain displacements 3 large force changes

Length and time scales of fluctuations an open
question

Continuum Limit?

n and contacts
— e

Coulomb friction s indeterminate-> History
Dependence

Persistent contacts  limited sampling of
phase space

ui
T Instabilities: clustering, hydrodynamics
Existence of T,?

Segregation and mixing phenomena



L. New states of matter

Ordinary Matter
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Drake, Joumnal of Geophysical Research, 1989



Coulomb Friction
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ESSAI

Sur une application des régles de Maximis & Minimis
@ gquelgues Problémes de Statique, relatifs &
I'Architeure.

Par M. Couroms, Ingénieur du Roi.

Inrropvcrion

E Mémoire eft defliné & déterminer, autant que le
mélange du Calcul & de lx Phyfique peuvent 11){77
mellre, !'im%-mnre du frottement & de la cohdfion, dans
gﬁel ues problemes: de Statique. Voici une légere amlyle
es difitrens objets quiil co L
Apris quelques B S ion o naiseadirla cobition
& quelues exjriences fur le méme ‘objet, lon détermine
a force d'un pilier de magonnerie; de poids qu'il peut porter,
preflé fuivant fa longueur; I fous Jequel il doit fe
rompre. Comme ce probld ge que des confidérations
affez fimples, qui fervent 3 entendre toutes les autres
ries de cet Effai, tichons de développer les principes de
Si l'on fuppofe un pilier de magonnerie coupé par un
plan incliné i [horizon, en forte que’les deux parties de ce
pilicr foient unie: dans cette fection, par une cohéfion donnée,
tandis que tout ke refle de a maffe eft parfaitement folide, ou
li¢ par une adhérence infinie;qu'enfuite on charge ceqpilier d'un
poids: ce poids tendra 4 faire couler fa partie fupérieure du
pilier fur le plan incliné, par lequel il touche fa partie infé-
vieure. Ainfi, dansle cas d'équilibre, la portion dela pefanteur,
qui agit paratitlement & k fection , fera exadlement dgale 3
la cohe; Si F'on remarque adlucliement, dans le cas de
Filghis 3 5
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Janssen Effect P=P,1 exp(-2/)))
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Materials



A. Liu and S. Nagel
(e.g. Nature 396, 21 (1998)

Class of systems that are constrained or jammed

Granular Materials
Foams
Colloids
Glasses Temperature
Liquids
Glasses
Stress
ammed
ranular
: systems
1/density -
Loose granular systems
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1. Chains deform, break, reform

2. Result: large spatio-temporal force fluctuations
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Some Models for Stress Propagation
In Granular Materials
akic)
1. Elasto-Plastic (Classical theories of soils—Coulomb)
Plus variations:  Rigid Plastic

Incipient Failure Everywhere (IFE)
Mixed Elastic and plastic

2. Q-model (Coppersmith et al.)

Microscopic model—introduces randomness
Improvements by Secelar, Beuchaud et al.

In continuum limi¢, Q-mode is diffusional

3. Oriented Stress Linearity-—OSL
Bouchaud, Cates Wittmer, Claudin

Builds on intuitive idea of stress chains

Continum model—Hyperbolic Partial Differential Eqgs.



EQUATIONS OF MOTION FOR A GRANULAR
MATERIAL

© conservation of mass:

ap/at + dj(pvy) = 0.

© conservation of energy:

material properties not affected by energy
dissipation.

issipation idi riction
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® conservation of mass: e i \"
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© conservation of energy:

material properties not affected by energy
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© conservation of momentum:

p dvi/dt = -al-Tii
(Tij = stress tensor)

© For a "simple" model: Flow lou plaghic
xgﬂmdﬁm
Tji = P8;: + kPV;i/[V] .
] L1 éﬁ_ 4—L°. ek e
mogenesn | T
~yete
Vij =-@jvi + ;¥j¥2 (The strain rate tensorfwveviend -

IVE=Z V2. (V] =norm(V))

© compare to Newtonian fluid:

T,-j = PBij + Zﬂivij = a3 Tr(V)] + (2L/3)Tr(V).

1w ordev
hgmgscwws



Fluctuations and lattice-based models

7
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Suppose the following distribution of forces P(f):
P(f) = A f 2exp(-i/f avg) (Coppersmith etal.)

where fayq = mean force, © =rms about f,g

P(f>fagtc ) = 0.149
P(f>2fyg) = 0.062

P(f>3fyg) = 0.0062

Continuum equations used in engineering design
only model the mean behavior.



Q-Model

Model for static stress propagation and fluctuations

- TR = Vrouadaw
(-9 -3%\'\'\3 % \.':,.\.-i;i]j(_ £

o

vl!e:\c g

P(F) = C F* exp(-F/F,) — -

=

Liu, Nagel, Schecter, Coppersmith, Majumdar, Narayan and
Witten, Science 269, 513 (1995).

Hkk

Experiments support exponential distribution at large F
Improvemenls by Socolar (torque and vector force bal.)
2 AR \g\

Similar results by ‘Contacl Dynamms’ Radjai et al. PRL
77, 264 (1996).



PHYSICAL REVIEW E VOLUME 57, NUMBER 3 MARCH 1998,
Force distribution in a granular mediam

Daniel M. Moeth, Heinrich M. Jasger, 2nd Sidacy R. Nagel
Depariment f Physcs, The Chicego, 640 South Ellis Avenss, Chicaga, llinsls 8087 *
(Reseived 18 Augsst 1957)

We repors oa sysematic memurements of the disuibudon of pommal forces exened by grassiar matecial
ner unitsial comprssion ooio (e inerir surfaces of a cosSiing versel. Our experimens oo tere-
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Foreey below the e foree 4nd desays expeocatially for fores greater than the mean. The shaye of the
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The Jimes Framck Inselse and

” i i form is proposed that
privides e excelient B over the whole fore fangs meswared sd i also Ciasisent with fecent compuier
simutation daa. [S1063-851X38)0260-8]
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Q-Model

Model for static stress propagation and fluctuations

= Vg,
TVE ( “7\""3%"‘3 % \r-;c\ f %l‘- le
7 ‘!:-*5 Uexe n
P(F) = C F* exp(-F/F,) —-
|

Liu, Nagel, Schecter, Coppersmith, Majumdar, Narayan and
Witten, Science 269, 513 (1995).

#** Experiments support exponential distribution at large F

lmprovemems by Socolar (tnrque and vector force bal.)
_. R NARR! g"
Similar results by ‘Cuntac! Dynamms Rad]al et al. PRL
77, 264 (1996).



New Continuum Models
1. Q-model 2 in continuum limit:

Diffusion of Forces/stresses

2. Oriented Stress Linearity (OSL): based on idea
that chains can slip wrt each other.

Claudin, Cates, Witmer: J. Phys.] 5, 639 (1995)
Combines static stress balance plus
Ta=nTa+pT,

7 and p history-dependent
(A ‘3.4 +~ Cné\\(.a ¢ B\ T_"\' &

€4 (oo
(hyperbalio—p}o(ﬁp{gaﬁngls'tresses)

3. Kenkre, Scott, Pease and Hurd—suggest mixed
diffusion/propagation

h-:'.LC-: Se -1_ Viagel za. e A ,w"l__" PPN
Viene dliste aa) =N e
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Models of stress fluctuations in granular media
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5 h , i

suggests ot the ccemacs secwork is mechasicaly uaciabie o very wesk peirbations, The SIS corrision

descipiion. Ot aalyseal calculasions
e [nm:xmuwl
PACS sumber(s: 81083, 46.10.+2, 05.40.4], E170Fa

wytgoli=Lj=Dwli=14=1)
g i+ 1= wli+1j-1), w

afi+ri-n | r

aali =15 =1

APRIL 1958



Proposed Model:
Ce8lov Clevdin, AN
o Two-branch Convectiqt_l:Diffusi_o_n Equation.
Assuming the stress satisfies the following

PDE:
Ot0 o =
where O* = 0h — DBa:z:I:c&x with ¢ and
D >0.

For a 6(z,0) initial condition, the solution
to this equation iszz ,
7 = Stz T+ ke B
3 ® Biased Random—Walk Model and DoubleY
N axs Model  { =, 5
aswershiou

-

T=e =




Contrast tupes of TDEL

" Q"Wto&d. Ccomdoum Lud ),
“Paxalsslic
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Other Features

1. Hindrance Effects

2. Transition regimes

T=0 Intermediate T>>0

Many flows contain all ranges of granular
“temperature” simultaneously
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Conclusions

Granular systems:

Are complex, rich arena for physics and other
disciplines

Have phases analegeus to solids and fluids, but...
Require mew statistical approaches (no ‘canonical -
ensembie’ for example)
Have unresolved questions of very simple issues
such as how forces ‘propagate’
Show large force fluctuations

Offer great intellectual challenges, but also
the potential for real economic payoff



Nete olse Muwerical Shodies
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“Definition"

e Consists 'of a large number of interacting macroscopic
grains.

e Grain-grain interactions are purely classical.
e Grains interact onlv when in coptact.
P . . 'y ", .1
e Collisions are generally inelastic/ dut:.?&‘ﬂ\le

e Grains are surrounded by a fluid or vacuum.

F& E. van Doavn



‘Why Granular Flows?

1. Interesting statistical questions
Fluctuations, hydrodynamic limit, e.g. of jamming
system, self-organized criticality...
2. Continuum dynamics
What are right models? When do they apply?...
3. Member of class of similar systems:

Foams, Glasses, Colloids, Quantum flux lattices

4. Important applications

Coal and grain transport...
Pharmaceuticals

Xerography

Soils

Avalanches

Mixing

Earthquakes and mudslides...

S. $55!! Lots of them Claim: ~1 STrillion/year in US for
bulk solids handling

Industrial facilities operate well below design
efficiency



