KITP, Santa Barbara, October 20-24, 2014

4 A
A M Institut Langevin
‘? ;ﬁiPcm | 4 ONDES ET IMAGES g
Copasser ks frontisres

Parislech

Irreversible Sound-Matter Interaction in Dense Granular Media

from acoustic probing to acoustic fluidization

Xiaoping JIA

Institut Langevin
ESPCI ParisTech - CNRS UMR 7587
Paris, France

Acknowledgments: T. Brunet, J. Laurent, Y. Yang, Y. Khidas, V. Langlois, P. Mills (Université Paris-Est MLV)
J. Léopoldés (Université Paris Diderot)
P. Johnson (Los Alamos National Laboratory, USA)
S. Wildenberg, M. van Hecke (Leiden University, The Netherlandes)
J-L Genisson, M. Tanter, M. Fink, A. Tourin (Institut Langevin)




Motivation
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ﬁ Oscillation

Oscillatory monitoring of the transition from jammed to (plastic) flowing states:
¢ Acoustic probing and pumping (HF) of granular media under quasi-static shear

¢ Monitoring shear modulus (rigidity) decrease by high-amplitude oscillatory shear (LF)

— glassy behaviour




Outline

I. Linear ultrasound propagation in jammed granular media

¢ Coherent waves (EMT) & Multiply scattered waves
¢ Probing shear band & precursor events

II. Nonlinear ultrasound propagation in jammed granular media

¢ Hertzian and Mindlin nonlinearities: harmonics generation
¢ Wave velocity softening: reversible — irrevrsible regimes
¢ Interfacial sliding /granular flow triggered by acoustic fluidization

III. Low-frequency nonlinear shear wave in marginally jammed granular media

(monitoring shear modulus softening: jammed — unjammed states)



Experimental set-up
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I. Linear ultrasound propagation in jammed granular media (1/6)

¢ Coherent waves and multiply scattered waves Jia, Caroli, Velicky, PRL 82 (1999)
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Elastic anisotropy: stress-field anisotropy and fabric (2/6)

¢ Set-up
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Khidas & Jia, PRE 81 (2010)

¢ Sample density & fabric
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Correlation between induced elastic anisotropy and stress anisotropy (3/6)
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Probing the internal dissipation in dry and wet granular media
with diffusively scattered waves (4/6)

¢ Diffusively scattered shear waves:

01 —=DV?1 +1/7, = 5(2)5(t)

Jia, PRL 93 (2004)

with D = (1/3) v, I* the diffusion coefficient and 7, the inelastic absorption time
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¢ Absorption of multiply scattered waves by added liquids
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Probing the shear band formation with shear wave (5/6)

Khidas & Jia, PRE 85 (2012)

¢ Mechanical response
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Acoustic monitoring of granular failure by cyclic shear

¢ Cyclic loading/unloading
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Probing intermittent behavior with scattered waves (6/6)

¢ Cross-correlation of scattered waves (i e., acoustic speckles or coda):
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I1. Nonlinear ultrasound propagation in jammed granular media (1/6)

¢ Hertzian nonlinearity:

» weakly nonlinear regime: g, « g,
0,04 Hertz contact law:
£ ., o,=M,e,(1+ B¢, +...)
s B =—1/(4¢,) is third-order elastic constant
g (Norris & Johnson, 1997)
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Harmonic generation: reversible — irreversible regimes (2/6)

Brunet, Jia & Johnson, Geophys. Res. Lett. 35 (2008)
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Compressional wave velocity softening: reversible — irreversible (3/6)

Jia, Brunet, Laurent, PRE 84 (2011)
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Oscillation between softening and hardening (4/6)

Wildenberg, van Hecke and Jia, EPL 101 (2013)
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¢ Sound-induced breaking and making of contacts via slippage:  V, o< (Z/Rp,)"*(k, + 2k, /3)"?

EMT qualitatively applies
but quantitatively fails !

Z decreases Z increases

via fludization via bucliking

(AV IV ~10% — AZ | Z > 25%)
unreasonable !




Unjamming transition by acoustic fluidization / 7

(cf threshold rheology perturbed by high-amplitude ultrasound)

— Earthquake triggering / dynamical weakening

state instability

- Melosh, Nature 379 (1996)
- Johnson, Jia, Nature 437 (2005)
- Johnson, Gomberg, Marone et al, Nature 451 (2008)

— Avalanche/rheology of vibrated granular media

- Jaeger, Liu, Nagel, PRL 62 (1989)
- Dijksman, Dauchot, van Heck et al, PRL 107 (2011)
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Stick Slip

— Sliding triggering of a glassy interface
- Bureau, Baumberger, Caroli, PRE 64 (2001)

- Heuberger, Drummond, Israelachvili, J. Phys Chem. B 102
(1998)

- Léopoldés, Conrad, Jia, PRL 110 (2013) Solid-like state Liquid-like ot

Israelachvili, Gee, McGuiggan, Thompson, Robbins (1990)




Sliding at amorphous interfaces triggered by shear NL ultrasonic oscillation (5/6)

Léopoldes, Conrad & Jia, PRL 110 (2013)
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Acoustic probing/pumping of sheared interfaces up to failure (6/6)

4 Decrease of the static friction coefficient

Micro-slip annulus
within non-cohesive contact

with T :7za’ \ zc’

— in fluidized state

S

¢ Jamming transition diagram
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¢ Triggered flow in granular layers

by shear ultrasound

Jia and Léopoldes
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3. LF shear wave propagation in marginally jammed granular media (1/4)

¢ Detection of shear waves using ultrasonic speckle Brum, Genisson, Tourin, Fink, Tanter, Jia (2014)
interferometry (elastography)

Fink and Tanter, Physics Today (2012) Correlation Algorithm
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Softening of shear wave velocity from jammed to unjammed states (2/4)

Distance: Rev. ; Irreversible regime F -
_ Driving increase o fequency:
X =95.5 mm | | e 26 ! f - =200 Hz
S — R o~ $ . 25 |
Py — ‘ ‘ ] 7 24
= ! T~ E 1
= | | : =23 : .
2 — S —> 2 T ] g ”o . Softening up to
5 | : ‘ ‘ 3 21 : AV Vs = 30%
— S~ e~ ] o :
3 ***** 44— === == -1 - - - - - F----- — O 19
%} T T T
o ‘ ‘ : : 18
= 5 10 15 20 17
Time (ms)
e In the irreversible nonlinear regime, AV./Vs > 10%,
the EMT qualitatively applies, e.g. harmonic generation, but quantitatively fails.
Indeed, the coordination number change would be:
=) Vg oc (Z/Rpy)"? (k, +3k /2)""2
o
B’ AN =30% — AZIZ (~ 2AV V) ~ 40% !
e
2
i This huge, irrevelant change implies the EMT breaks down
& due to the rearrangement of the contact network
< without visible grain motion (jammed — unjammed states!)

10 20 30 40



Softening of shear wave velocity in unjammed flowing states (3/4)

We investigate the plastic granular flow (with grain motion!) using the change of ultrasonic speckles
patterns (A5 = 350 pum for f s = 4MHz).

Reference Frame
(before wave passage)

Frame @ Time T

Grains escape from the cage (dilatancy)
at unjammed flowing state.

Grain motions ~ d (2 Ayg /2) are detectable by US speckles !

d=200 pum



Softening of shear wave velocity in unjammed flowing states (4/4)
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Multiscale Acoustics of Granular Media

Granular

material /:\

Grains
Contact R
between grains b glass bead monolayer  POMS film
’ \ 8 h~10-80nm
s W] 1" = 5000000/
Asperities ¢
- (a) quartz resonator

¢ A= 10d : coherent elastic waves

e Compressional & shear velocities
— material elastic moduli K & G

Jia, Caroli and Velicky, PRL 82 (1999)

¢ A¢ ~ d : multiply scattered waves
e Q-factor — dissipation at the contact

e Mean free path I* — rearrangements

Jia, PRL 93 (2004); Brunet, Jia and Mills, PRL 101 (2008)

¢ Ultrasonic interfacial rheology
shear resonator & a bead layer
e Resonance peaks and width

— interfacial stiffness & dissipation
Léopoldes & Jia , PRL 105 (2010)

Acoustic Probing & Pumping !




