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Flow-Arrest Transition in Granular Materials
clogging in hopper landslide runout probability
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1. Will the flow arrest?
2. When will the flow arrest?
3. If it flows, how does it flow?



Will Flowing Granular Material Arrest (Jam)?
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When will Flowing Granular Material Arrest!?
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When it does Flow, how does it Flow! (Rheology)
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Features of 3D Granular Flows

free surface flows
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Flow-Arrest Transition: Problem Statement

representative under prescribed shear and pressure:

volume element
under shear &
pressure




DEM Simulation
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Parinello-Rahman dynamics
(isenthalpic-isotension ensemble in MD)

« fully periodic: no boundary effects
« uniform surface traction

* homogenous deformation/flow
* no shear bands
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Flow-Arrest Transition: Problem Statement
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Tang and Behringer; Chaos.(2011)
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under prescribed shear and pressure:

1. Will the flow arrest?

representative
volume element
under shear &
pressure




Granular Flow vs. Arrest steady flow

initial dilute system: ¢ = 0.05

shear arrest
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Flow-Arrest Phase Diagram

open symbols: arrest

0.64 5 8 filled symbols: flow

Ul forbidden
close 0.60 critical state
packing soil mechanics
0.58} B
A high friction p=0.36
0.54}
0591 forbidden

090001 02 03 04 05 06
stress ratio u

Srivastava et al., in prep. 11



Coordination at Flow-Arrest Transition
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Granular Fabric at Flow-Arrest: Stress-Dependent
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Flow-Arrest Transition: Problem Statement

under prescribed shear and pressure:

1. Will the flow arrest?

representative
volume element
under shear &
pressure

2. When will the flow arrest?
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Time to Arrest is Stochastic

four random cases, same stress
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Time to Arrest: Long-tailed Distributions

frictionless med. friction high friction
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Divergence of Mean Arrest Times
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Power-law Divergence: Critical Exponents
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Flow-Arrest Transition: Problem Statement

under prescribed shear and pressure:

1. Will the flow arrest?

representative
volume element
under shear &
pressure

2. When will the flow arrest?
3. If it flows, how does it flow?
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Planar Shear Rheology

after appropriate coordinate transformation
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Shear u(I) and Dilation ¢(I) laws
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First Normal Stress Difference

flow plane
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Second Normal Stress Difference
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3D Constitutive Model for Granular Rheology

purely dissipative rheological framework: Goddard (1984,1986)
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Extensions to Complex Flow Scenarios
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Compressional and Extensional Flows

compressional and extensional flows
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Kraynik-Reinelt boundary conditions
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Conclusions & Outlook

stress-driven IF: flow-arrest WHEN: diverging HOW: beyond

., simulations diagram arrest times w(I)rheology
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« are shear-arrested states fragile/stable? mechanical properties?

o a la [Bi, Behringer, Nature (2011)]
S
E‘j * is there a diverging length scale at shear-arrest near critical yield?
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« calibrate the constitutive model for complex flow scenarios
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Conclusions & Outlook

stress-driven IF: flow-arrest WHEN: diverging HOW: beyond

., simulations diagram arrest times w(I)rheology
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Volume Fraction at Arrest is Deterministic

quasi-steady flow
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Paths to Flow or Arrest

random close packing
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Stress States atYielding and Flow
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