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Why ?

*Many particle’ simulations work
for small systems only (10%- 10°)
« Industrial scale applications rely on FEM
 FEM relies on continuum mechanics
+ constitutive relations
 "Micro-macro’ can provide those !
« Homogenization/Averaging

_
particle

* Rotations+Averaging simulation

Micro-Macro Approach | E
X

* Introduction p

« Homogenization+Averaging ?

« Scalars i

* Vectors m
 Tensors e

n

t

« Conclusion

Continuum Theory

Micro-Macro Approach

* Introduction
2
» single particles

» many particle systems

» continuum theory

., 5%
particle

simulation

~3®03 =0T Xm

Continuum Theory

Why constitutive relations ?

Static equilibrium (particles)

i =0 DN equations, CN/2 contacts
= 1 (unknown) force per contact
= C=2D (frictionless, isostatic)

Static equilibrium (cont.-theory)

9.0, +90.0,=0 D equations

: D(D+1)/2 unknowns
= 1 eq. missing (2D)
e
... missing constitutive equation(s)

dlv 0 :0 % {aXO-ZX +aZO-ZZ = 0

Micro informations: shear bands

potential energy rotations

displacements
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Ring shear cell experiment

2D shear cell — shear band

Ring geometry

outer ring

inner ring

Ring geometry

2D shear cell — force chains




2D shear cell — energy

Ring geometry

Averaging Formalism

0=(0")=1 > wiv'er

pev

Any quantity:
QP

In averaging volume: vV
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Averaging Density
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V peV
Any quantity: Q
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Velocity field
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2D shear cell — shear band




Velocity gradient vv — Dm:;{

10 T T T

v, Ve

or

| sub- shear flow blocked

L critical

U«

.®
L © o

! L L !

9
8
7
6
5
4_
3
2
1
0
0.

78 0.79 0.8 0.81 0.82
[ v
exponential:

0.83

v, (r) =v,exp(—=(r—R))/s)

/)

Averaging Stress
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2D shear cell — force chains

Derive single particle stress

QP:gP:L lpcfc

Av. stress over pp.-volume

Volume integral transforms c
to surface integral

Surface integral transforms
to sum over contacts

Stress tensor (static)
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Stress tensor (dynamic)

ds (Nm?)
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2D shear cell — energy

Stress equilibrium (1)
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Stress equilibrium (2)

Averaging Fabric
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Fabric tensor (trace)
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Rotations — spin density
eigen-rotation:
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Macro (torque stiffness)
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Summary

Quantitative comparison between
Experiments (2D Couette) &
MD simulations (soft disks)
Observations:
- shear band & dilation
- inhomogeneous (force-chains)
- (almost always) an-isotropic
- micro-polar (rotations)
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3D shear band center position
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3D shear band width
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3D shear band center position
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The End
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