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Rocks are complex granular materials, ‘sintered’ together

Sandstone
Anorthosite Quartz-mica schist



Measure of elastic

characteristic

All exhibit nonlinear fast and slow dynamics

Dynamic perturbation
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in critical state
(strain ~10°—107)

Meta-stable elastic state
[slow dynamics = aging]—

V¥ Duration of elastic effect

<€ >

‘my

(slow dynamics)

time



Quasi-static and dynamic nonlinear
elasticity in consolidated granular materials
(e.g., rock, concrete...)



Quasistatic and dynamic elasticity of individuals crystals and
many metals




Quasistatic and dynamic elasticity of individuals crystals and
many metals
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Nonlinearity due to anharmonicity
in the crystalline lattice.
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Quasistatic elasticity of rock and ‘damaged’ materials

Nonlinearity much larger than metals and single crystals.....
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Berea sandstone
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Static forcing of slow slip in Mexico
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Creep under static loading
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Elasticity of individuals rock and damaged materials

Nonlinearity much larger than metals and single cyrstals.....
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Why the velocity (and dissipation) change with
pressure?

Fontainebleau sandstone (SEM)

From Tore Stendahl http://folk.ntnu.no/tores/SiCl4/SEMappendix.html



Why the velocity (and dissipation) change with
pressure?

Granite in
Thin-section

Pressure makes rock
look like ordinary solids,
closing cracks

kfs: K-feldspar
ms: muscovite
pl: plagioclase

From USGS http://pubs.usgs.gov/0f/2003/0f03-221/htmldocs/thinsect/95mw0107ts.htm



Dynamic nonlinear elasticity in a traveling wave

classical s =M{(1+ be)]

A

Fix the load and

measure elastic
wave

No change in wavespeed
Single crystals,

many
metals....

Nonclassical
(rock, GM....)

s =K, | e+ bé - a| (De)e+sign (& € - (2De)2
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nonlinear acoustics in a traveling wave-
example glass bead pack
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Wave dynamics in rock and other earth materials

de (V)

o = stress

g = strain

Like in quasti-static experiments, nonlinearity and
hysteresis are present in dynamics when strains
exceed ~5x1077 - 10° [at low effective pressure],
Material dependent



1-D phenomenological wave equation

Normal form:
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Exploring regimes of elastic nonlinearity applying wave

resonance
« = Young' s mode experiments in a bar
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Recovery- the slow dynamics (aging)
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Nonlinear, nonequilibrium behavior in diverse materials

— I — Young' s mode experiments

Classical NL behavior

Linear elastic / Nonclassical (nonequilibrium) behavior
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with applied pressure?

Experiments with 0.01 E— & & 1
rock and canisters 0 Decrease in modulus
of glass beads ., -0.01 and increase in
% 0.02 dissipation with wave
< 503 amplitude.
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Induced nonlinear behavior with an active source
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Near surface sediment response from a large
vibrator source: site characterization
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Strong ground motion

Reet Rrock 1994 Northridge Earthquake
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Quasi-static+ dynamic nonlinear elasticity

Co-seismic velocity change
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Brenguier et al., Science (2014)
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Nonlinear elasticity and plasticity in glass beads

Jia, Brunet, Laurent, PRE; 84 (2011); Olson Reichhardt etal.,
Physical Review E (2015); Limrich et al., in review PRE 2017
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Class of materials exhibiting rock-like
“nonclassical” (hysteretic) nonlinear behavior

Granular media, some
ceramics, all(?) rocks,
all damaged “Distributed” “Localized”
materials, ~ -

sintered metal....

A primary
contribution to
elastic
nonlinearity Is
mechanical
damage.

0P53 -4 2 Sox



F cos (ot-kx), o <27

Stress transferred by skeleton.
Cracks/bonds/dislocations... are
periodically closed by cyclic
forcing. Little mobilization of
damage features.

Mechanism?

F cos (ot-kx), m>>2m

Progressively stronger stress
mobilization of damage features,
primarily by shearing (?)



Probing elastic nonlinearity with dynamic acousto-elasticity

laser Doppler vibrometer
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Dynamic acousto-elasticity reveals exotic behavior
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Recovery- the slow dynamics: early time
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It doesn’t matter how beautiful your
theory is, it doesn’t matter how
smart you are. If it doesn’t agree

with experiment, it is wrong.

Richard P. Feynman




Some Models of non-classical nonlinearity

P-M, Ahrennius

Phenomenologic, basic hystertic units:
model

Bentahar et al.,

s= Ko{e+ be - a{(De)e+ sign(é)ﬂ}] + exp (1/KT)
Phys Rev. B, 2016

Applicability

All systems

R Relaxation of metastable contacts:

Contact physics —y
model /\T\ W e-ug, exp{— £, ] (A=KT V)
1/ : f /
Lebedev and : ! a
Ostrovsky ‘ Sound speed relaxation (analytical result)
Acoust. Phys. Ac _ E :iln i+e_|gm,_\|[_l_i)
2014. ¢ 2E, 2E, |r r

Consolidated and pre-
compressed unconsolidated
materials.

Models hysteresis and

slow time relaxation
Provides a contact scale

Superposition of relaxations:

R(t) = / o if?_t/"d’r

'min

Crack healing

model Snider, next

Strain relaxation:

Snieder et al,

1
Geophys. J. Intern. PR N Z .
Adv. Access, 2016 nn

i, closed

Consolidated materials with
microcracks.

Models hysteresis and

slow time relaxation

Effective temperature

N, +N_ .
STZ model Az ; _s-ix  [Daub last
Linear , Monday]
Lieu et a|, Inear resonance:

JGR Solid Earth
2017 (submitted)

E PG

Non- consolidated materials
with grain restructuring.
Models fast time processes
Including nonlinear resonance
and losses



“the story is true. | may have
skipped over some of the details
along the way.”

The Ben Zion, Cargese, 2017




Take away: nonlinear fast and slow dynamics

(@) fast dynamics (b) slow dynamics

1 2
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