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Introduction

Dense granular flow
& shear banding

i,

Geophysics, engineering,
and science

GaltirsAastria (1999) %

Coulomb’s law of friction
Rigid body Dense granular flow
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Motivation

Constitutive relation

T= ,U(I)P 06

[ F. da Cruz, et. al, PRE 72 (2005) 021309 ]
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Aim of this study
Effects of particle stiffness/softness & gravity
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Shear band

Scaled angular speed Constitutive relation
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Constitutive relations — shear rate ¥
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Dependence on stiffness and gravity

In quasi-static regime, 4(I)= 4,
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Fitting u(P")=u,—bP"*  [=0.50

N - —— ——

Density dependence on stiffness and gravity
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Macroscopic friction - rheology

Time scales
ngwlg/g szw/ﬁ/Pg K‘=TP/Tg
Dimensionless numbers

Inertial number I = Ty /TS

“Softness” parameter P" — (Tc /TP )2

Friction coefficient

u(l)=u,+al+...
,LL(P*) =U,— b(P* )1/2 in quasi-static regime

Effect on shear band
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Angular velocity profile
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Distance from the split bottom Rs—R(h)
[ D. Fenistein & M. van Hecke, Nature 425 (2003) 256 ]
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The least dissipation principle
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Effect of particle’s friction
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Effect of particle’s cohesion

Cohesive contact model

Force chain network ithout/with cohesion
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[A. Singh, V. Magnanimo, K. Saitoh, and S. Luding, PRE, 2014 ]
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Effect of particle’s cohesion

Cohesive contact model
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Summary

Effect of stiffness/softness and gravity
Friction coefficient in quasi-static regime ﬂ(P*) = U, _b\/? P = Pg/kn

SB approaches the split (outward) The width of SB decreases

\ . g
0 Ry Rs Ro ) Ry Rs Ro

with softness, which was also confirmed by the least dissipation principle.

r

Effects of particles’ friction
SB moves inward and the width decreases with friction

Effects of cohesion

SB moves inward and the width increases with cohesion

Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(I,P")=p,+al® —bP" ?

Effects of particle’s friction and cohesion on [/

e, ullu) u(1,Bo)
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Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(l,Py=pu,+al”—bP7" ?

Very small strain rate?
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Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(I,P")=p,+al® —bP" ?

Very small strain rate: ﬂ([ < I* p*> = p o (p*>[1 -a ln(1/1*>]

[Koval et al. PRE 2009]
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Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(l,Py=pu,+al”—bP7" ?

Relation of [/ to microstructure?
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Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(I,P")=p,+al® —bP" ?

Effects of particle’s friction and cohesion on [/

e, ullu) u(1,Bo)

Outlook

Non-local constitutive relations?

fudity =7/ sz:é(f_.floc)

[ D.L. Henann & K. Kamrin, PNAS 110 (2013) 6730]
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Conclusion

Dependence on stiffness (gravity) in inertial flow states

u(l,Py=pu,+al”—bP7" ?

Effects of particle’s friction and cohesion on [/

ie. ullu,) u(l, Bo)

Outlook

Non-local constitutive relations?

fludity  f=y/u VZfZ?(f—fioc)

[ D.L. Henann & K. Kamrin, PNAS 110 (2013) 6730 ]

Thank you!
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