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Deformation as Avalanche Phenomena

◮ Non-linear Deformation → Avalanche Dynamics:







◮ Low Temperature

◮ Quenched Disorder

◮ Interactions

Crystalline nano-pillars Tectonic Gouges

[N. Friedman et al., PRL (2012)] [T. Hatano, C. Narteau, P. Schebalin, SREP (2015)]
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◮ Failure Prediction?
◮ Properties / State: (tomography, seismography)
◮ Statistics of Avalanches: Acoustic Emission







◮ Low Temperature

◮ Quenched Disorder

◮ Interactions

Crystalline nano-pillars Tectonic Gouges
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Critical Failure

◮ Power Laws everywhere ! (scale-invariance)

[A. De-Santis et al., BSSA (2011)] [S. Goodfellow & P. Young, GRL (2014)]

◮ Acceleration of Activity / Energy Released

[D. Amitrano, JGR (2003)]
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⇒

◮ Failure is a Critical Point (RG)

Distribution of Sizes

D(S; |tc − t|)dS = S
−κDS(S|tc − t|1/σ)dS

(reproduced by most models) [K. Dahmen, et al. (2011)]
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◮ Failure is a Critical Point (RG)

Distribution of Sizes

D(S; |tc − t|)dS = S
−κDS(S|tc − t|1/σ)dS

(reproduced by most models) [K. Dahmen, et al. (2011)]

Acceleration from 1st moment

dS/dt ∝ 〈S〉 ∼ |tc − t|
κ−2
σ
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An experimental case: Uniaxial compression of SiO2 porous materials
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V
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t-tini (ms)

E ∼

∫

|Signal(t)|2dt

◮ Porous SiO2 (Φ ∼ 10% – 40%)

◮ Soft Uniaxial Compression
◮ stress control (∼ 1 kPa/s)
◮ no lateral confinement

◮ Strain Monitoring (∼ µm)

◮ Acoustic Emission Recording

(∼ Mhz)

◮ Fractures & Crackling Noise (AE)

(10k − 30k events)

⇐=
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[Baró et al. PRL (2013), Baró et al. PRL (2018)]
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[Castillo-Villa et al. J. of Phys.: Cond. Matt. (2013)]
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10
-2

10
-1

10
0

10
1

10
2

10
3

0 10 20 30 40 50
10

-6

10
-5

10
-4

10
-3

10
-2

d
N

/d
P

 (
k
P

a-1
)

d
h
/d

P
 (

m
m

 k
P

a-1
)

P (MPa)

b) Pc
1

Pc
2

Pc
3

Pc
4

Pc
5

5

10

15

20

25

30

35

5.6

5.8

6

6.2

6.4

N
 (

x
1
0
0
0
)

h
 (

m
m

)

a)

d
E

A
E
 /

 d
t 

 (
aJ

/s
)

fk = 1-P/Pc
k

m = 1.02(12)

10
2

10
4

10
6

10
8

10
10

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

<
 E

A
E
 >

  
(a

J)

Vycor (SiO2)

k=1

k=2

k=3

k=4

k=5

10
2

10
4

10
6

10
8

fk = 1-P/Pc
k

m = 0.99(8)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

Sandstone

k=1

k=2

k=3

k=4
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An experimental case: Uniaxial compression of SiO2 porous materials
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[Baró et al. PRL (2013), Baró et al. PRL (2018)]
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Viscoelasticity in the Democratic (mean field) Fiber Bundle Model

Standard (democratic fiber bundle) Model
d

e
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rm
a
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o
n

tension

E(broken)ε

σ

σl

S1

σl

Eε

(each fiber)

1
◮ Micromechanics:

σl =

{

Eε (Eε < Si)
0 (Eε ≥ Si)

Mean Field: σl =
σ

Nfibers
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Viscoelasticity in the Democratic (mean field) Fiber Bundle Model

(generalized) Viscoelastic (democratic fiber bundle) Model
d

e
fo

rm
a
ti

o
n

tension

X

E2

E

 0

 1

σl

 0

 0.5

 1

time

Eε /σl

h=1.0, α=1.0
h=0.5, α=1.0
h=0.5, α=0.7
h=0.5, α=0.0
h=0.0, α≥0.0

◮ Micromechanics:

E∆ε(t) = (1 − Hα(t/τ ))∆σl

Transient:

{

Hα(0) → h

Hα(∞) → 0
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Universal Avalanche Statistics for Fibrous Models

◮ Avalanche start at Si, stops when: σ(Eε) ≥ σ(Si)

Universal Avalanche Condition:

ξ(∆i) > B(Si|h)∆i

ξ(
∆)

∆

B=1

 0

 5

 10

 15

 20

 25

 30

 0  5  10  15  20  25  30

◮ ξ(∆) : Poisson counting process of ∆ steps.

[Baró & Davidsen, PRE (2018)]
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[Baró & Davidsen, PRE (2018)]
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Tuning Acceleration: Critical Failure or Foreshocks?

Standard Model (h = 0): Critical Failure
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Critical failure can be tuned by material rheology:

◮ Models of critical failure do not reproduce some

experimental observations:

◮ Accelerated energy release without divergence of
energy scales.

◮ Temporal correlations: aftershocks, foreshocks.

◮ Addition of transient hardening to models of

critical failure:

◮ generate triggering (aftershocks) and preceeding
activity (foreshocks).

◮ prevent criticality at failure, preserving
acceleration.

◮ Statistics of avalanches in the viscoelastic

democratic fiber bundle model are universal

and only depend on the distance to criticality

(not to failure).
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a case of study ...

J. Baró, K.A. Dahmen, J. Davidsen, A. Planes,

P.O. Castillo, G.F. Nataf, E.K.H. Salje, E. Vives,

Experimental evidence of accelerated seismic release

without critical failure in acoustic emissions of

compressed nanoporous materials,

Phys. Rev. Lett. ?? (2018)

... and a model

J. Baró, J. Davidsen,

Universal avalanche statistics and triggering close to

failure in a mean field model of rheological fracture,

Phys. Rev. E 97 (3), 033002 (2018)
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Tables PRL2018

V32 G26 SR2 slip MF fracture MF

γ 3.0 (4) 3.4 (4) 3.2 (4) 3 3

ε 1.40 (5) 1.40 (5) 1.50 (5) 4/3 4/3

m 1.02 (13) 1.11 (20) 0.99 (8) 1a 2b 1/2a 1b

σνz 0.50 (6) 0.45 (6) 0.48 (5) 1/2 1/2

κ 1.60 (8) 1.62 (8) 1.76 (8) 3/2 3/2

σa 0.40 (9) 0.34 (9) 0.24 (8) 1/2 1

σb 0.88 (12) 0.80 (16) 0.76 (7) 1/2 1

βa 3.7 ± 0.8 4.6 ± 1.2 6.3 ±2.1 3 3/2

βb 1.67 (24) 1.83 (37) 2.00 (25) 3 3/2

Table: First three top rows: fitted exponents in experimental data, compared to the MF
exponents for slip and fracture MF models. Bottom rows: fundamental exponents estimated
from MF theory. Superscripts a and b denote two different interpretations of ASR in terms of
MF theory.
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Tables PRL2018

area height driving rate Th N

A (mm2) h (mm) dP/dt (kPa/s) (dB)

Vycor (V32) 17.0 5.65 5.7 23 34138

Gelsil (G26) 46.7 6.2 0.7 26 5412

Sands. (SR2) 17.0 4.3 2.4 23 27271

Table: Sample details: crossectional area A; height h; compression rate dP/dt; number N of
recorded signals above threshold Th.
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Filling the Checklist: Minimal Structured Model

◮ Model with minimal Structure (non-MF)
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The Generalized Zener Element

◮ Adds dissipation, temporal scales and power-law memory.

◮ Reproduces the response of certain bulk amorphous materials

σe = Eε

σl

σm = Emεm

σX = X dα

dtα
εX

Constitutive equation for the generalized Zener Element:

[

1 +
X

Em

dα

dtα

]

σl =

[

1 +
X(Em + E)

EmE

dα

dtα

]

Eε.

 0

 1

σl

 0

 0.5

 1

time

Eε /σl

h=1.0, α=1.0
h=0.5, α=1.0
h=0.5, α=0.7
h=0.5, α=0.0
h=0.0, α≥0.0

Creep compliance:

JGZ(t) =
1

E

(

1 − Hα

( t
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Hα(t/τ ) :=
Em

Em + E
Eα

(

−
(

t

τ

)α)







Hα(0) =
Em

Em + E
:= h

Hα(t ≫ τ ) → 0
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Figures PRL2018

Magnitude Relations:

◮ AE magn.
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Figures PRL2018

◮ Acceleration and energy exponent before failure:
d
E

A
E
 /

 d
t 

 (
aJ

/s
)

fk = 1-P/Pc
k

g)
m = 1.02(12)

10
2

10
4

10
6

10
8

10
10

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

<
 E

A
E
 >

  
(a

J) d)
k=1

k=2

k=3

k=4

k=5

10
2

10
4

10
6

10
8

ε

V32 a)

1.0
1.2
1.4
1.6
1.8
2.0

fk = 1-P/Pc
k

m = 1.11(20)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

h)

e)
k=1

k=2

k=3

k=4

k=5

k=6

G26  b)

fk = 1-P/Pc
k

i)
m = 0.99(8)

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

f)
k=1

k=2

k=3

k=4

SR2 c)
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Figures PRL2018

◮ Deceleration and energy exponent after failure:
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Figures PRL2018

Complementary Cumulative Distribution of Energies:
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Triggering in experiments and model

Triggering in lab: [Baró et al., PRL (2013)]
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Triggering in viscoelastic model: [Baró & Davidsen, PRE (2018)]
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Under slow σ driving:

◮ Accelerated energy release?
d(Energy)

dt
∝

dF(Eε)

dσ
∝

d(Eε)

dσ
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