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Granular Materials 2

NS AL

TN

Tablet emicals  civil & Environmental

arnegie Mellon ENGINEERING




Forces In Granular Materials 3

\

Walk On The Beach Without
Sinking: Forces in Granular
Materials

Veje, Howell, and Behringer, Phys.Rev.E, 59, 739 (1999)

Transmission Of Loads :
Along “Force Chains”
Forces Are Highly Heterogeneous

Civil & Environmental
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Forces In Granular Materials 4

2d Shear Experiment

liu et al. (1995)
Mueth et al. (1998)

. (2003)
Majmudar et al. (2005)
Zhou et al. (2006)
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Biaxial Tester And
Photoelastic Particles

Howell et al (1999)

» Macroscopic Particles

 Forces Are Measurable
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Main Questions 5

“« Disorder
2 Anisotropy And Heterogenity Apply Globally Isotropic
: Compression
* Question?

- How To Quantify These Properties
In Geometrically Complex Forces?

o Specifically:
Local Anisotropy Despite
|sotropic Loading

* Question?

o Impact Of Forces In Elasticity And
Mechanical Response

= How Anisotropic Are Elastic Civil & Environmental
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Previous Work: Study Forces 6

* Question?

o How To Quantify T
Geometrically Com

nese
nlex Forces?

Henkes et al (2009)

Theoretical prediction

Carnegie Mellon

Simulation result
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Ostojic
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’ — p=102, d=20%, u=0.5
K N p=10-2, d=20%, u=1
& ceXa, —— Harmonic, d=20%

ZON
C, % — Edwards’ ensemble
N
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Previous Work: Mechanical Response

* Elastic Moduli

Homogeneous Displacements . 2D Jennard-Jones

- 4
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Inhomogeneous
Response, Non-
Affine Displacements

'
[ -, - i 7 5 L
f aTe Y ML
syt g r LR R Y 1
it EP LT H
| i v » N Y
e W i" ' s i, %, 8
L -
L - - - P
0 'I‘I sy - .
da - iy . - .
PP L - - s
LT fles i |
r = ! L) ., '
N - - - -
1 L] - 8
B - - -
L I'I S |
LS e g F < J-'
'
| ! [ ¥ .
ah
- - o
4 - ¢ = L [
- LA . L
o - = # i r
. P
¥ '
I
(AR i [

Tanguy et al. (2002,2004,2005)
Lemaitre and Maloney (2004,2006)
Williams et al. (1997)

Debrégeas et al. (2001)

Roux et al. (2002)

Kolb et coll. (2003)

Weeks et al. (2006)
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2 Scale Dependent
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Corrections

2 Convergence To
Homogeneous And
Isotropic Elasticity
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Model And Protocol ;

 Discrete Particle Model

(LAMMPS)

* Generate Configurations

o Start With Random Positions

a Quench At Fixed @

o Viscous Damping:

a Bi-Disperse Mixture:

O’Hern et al (2003)

At =0.1

N,/N, = 1, D,/D,

1.4

Vi

A

Periodic Boundaries

“Civil & Environmental
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Stress Tensor: o=

T+ Mohr Circle

(o

XX

Oy

o

xx> xy

q

Xy

Oy _

Stress

Microscopic
EXpression
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Coarse-grained Stress

Coarse-grained Quantity

; _'“\\kjj'lj .
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gs(R) — —Z(C":(R)
N i=1

N: Number Of Squares

|

I I

Civil & Environmental
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Coarse-grained Stress

Locally ¢ Is Large But
Globally ¢ <<1'!

Local Anisotropy Despite
Global Isotropy

Civil & Environmental
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Pressure

Chain-Like Clusters

Extended

st & Civil & Environmental
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No Spatial Correlations: ¢, ~ 1/R

More Anisotropic Closer to Jamming

Power-Law Regime: &, ~ R0

The Characteristic Length Grows With ¢-¢c =0
Scaled by R-1

IOUE | — S — T T T T T T T TTT]
g 10
10’1? :
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10°F _
-3 | -1 . m ™
107 5 10
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Average Stress

Rescale R by ¢ and ¢, by A

| III1
10'F -
< | Diverging
7 Length Scale!
miﬂ
084 086 088 09
_]- 1 IIIIIII| | IIIIIIIJ | [ ER
10 1 2 3
10 10 10 10 Civil & Environmental
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Elastic Moduli

2D Case (\Voigt Notation):

15

O Cov Con Ciw G | | &
ny nyxx nyyy nyxy nyyx gyy
Ty Com Com Con Cow | |80 Pure Rotation:
_ny _ _nyxx nyyy nyxy nyy — _ny _
Independent Moduli From Symetries
Cop5=C,s0s — 10 Moduli
6,3=6p, —> 6 Moduli 0 —1
An |sotropic Material: Lame-Navier & 10
Form Only 2 Constants o=0

A+2u A 0 O

. A A+2u4 0 O o .
C" = Civil & Environmental
0 0  u u
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Elastic Moduli .

3 Nontrivial Eigenvalues/vectors For CL:

Form orthogonal basis
' 1 O
Isotropl_c A, =200+ 1), & = [£,6,,E5,6, ]
Expansion 0 1
) B} K ¢, C; O
C— C,, 4 Cy 0
G, G, & 0
| 1 0 0 0 0 0
Axial Pure A,=2u, &g, =
Shear 0 =L Or
K C12 C13
Cy 4 Gy
0 1 G Gy 4y
Pure Shear A, =24, &, =
l ’ Tl 0 Civil & Environmental
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Anisotropy In Elastic Moduli

K C12 C13 A
Co voon=|Coy 1 Cyl| K Bulk Modulus
., C, u | M ,: Shear Moduli
C i
&) > €3
-
&0
U, =¢,.C. g,
Globally : & <<1 Isotropic | |cost ' Hy CB}{COSQ
Locally:g <1  Anisotropic sin@ | [C,, w, |sing_

Civil & Environmental
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Microscopic Elastic Moduli

Born-Huang Approximation:

C, o= —Z(rc —t)rnnnn
oV 2.4
c,=— and f =—
o &,
For The Disrdered Case
Born 1 P
Caﬂy5 — afyd - ? = of

Assemble Local Affine Force and Hessian to get full matrices

= =alne, 8 i, H' =3%(c, - )n n’
! Civil & Envwonmental

Carnegie Mellon ENGINEERING




C

6‘PureSh ear C
[ J

ofs

ﬂ:

arnegie Mellon

Elastic Moduli
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Coarse-graining

Coarse-grained Quantities
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1
Cops @nd g, Are NOT On Each Square
Linear! Region Of Length R
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Average Moduli

21

* Small R: 1 ~ g 0.1k SEEnEiizy
Large R; u = L ==
Je R [T 1 = 0,052
No Simple Scaling Behavior ..
oo2p i
 LargeR:ou =0 0.3
Lame-like Elasticity i n2k
=]
_ 0.1p
 Power-Law Regime: ¢,~ R 1}
0.62 --..EI‘".. i
NO Characteristic LengthE E‘E’__
E06]
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Conclusion

* In Isotropically Prepared, Frictionless Granular Packings

a Lengthscale Is exhibited By The Anisotropy In
The Stress

2 Anisotropy In The Shear Modulus Shows No
Characteristic Lengthscale

Thank Youl
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