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Physics of scale-invariant avalanches

Phase transitions 
Critical dynamics 

Scale-invariance 

Critical properties

Predictability

? Inherently impossible?

Universality classes? 
Experiments: Not-robust exponent values & exponent values larger than 3/2

Diverging correlation lengths?

Memory effects
Prediction of catastrophic events?

Some open questions in scale-invariant avalanches

Origin?
Robustness?

Common features: 
Clustering, memory?



Elastic line in a disordered landscape 



Exponent values in avalanche size distributions 

Renormalization group in elastic lines

RP RB RF Le Doussal & Wiese, PRE 2009
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Avalanches in branching processes dissipation
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Preben Alstrøm. Mean-field exponents for self-organized critical
phenomena. Phys. Rev. A, 38:4905–4906, 1988.
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Which is the "right" variable to measure ? 

Avalanche size 



Which is the "right" variable to measure ? O. Ramos, HDR (2015)



Shear modulus of the rocks

Seismic Moment

Area of the rupture along the geological fault

Average slip

Which is the "right" variable to measure: the volume of the avalanche

Real Earthquakes
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Getting familiar with exponent values 

Avalanche size distributions 
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What to compare with ?

Exponent values 
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Magnitude Energy

3/2 (Magnitude + 6.07) = Log (Seismic Moment) 

U.S. Geological Survey (USGS)
http://earthquake.usgs.gov/earthquakes/search/

1990-01-01 00:00:00 to 2019-12-31 23:59:59 
(30 years period)

Size distributions of earthquakes

4



We can do rely on recent earthquake data ! 

U.S. Geological Survey (USGS)
http://earthquake.usgs.gov/earthquakes/search/ https://scedc.caltech.edu/data/QTMcatalog.html https://www.hinet.bosai.go.jp

Get updated. 



Our experiment



30 cm

20 kg2 force sensors

6 acoustic sensors

24 cameras

T=18.3h

bidisperse disks 
6.4 & 7.0 mm ø

10 020304048.84v(mm/h)

2 position sensors



Position  h(t) Acoustics

Granular structure

Torque (t)

Measurements
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Real Earthquakes

Real Earthquakes
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Inter-event time distribution: Real Earthquakes
A. Corral, Phys. Rev. Lett. (2004)

Exponential distribution

Poisson process 

No memory

Memory 
of past events !

Zhang et at, (2013)

=

=

Quantitative analogies with earthquake statistics



Our experiment

Inter-event time distribution:

All

Real Earthquakes
A. Corral, Phys. Rev. Lett. (2004)

Quantitative analogies with earthquake statistics



Landers (1992)
M=7.3

Omori's law:

Our experiment

Real Earthquakes

Quantitative analogies with earthquake statistics



Variations before Large events

- Lherminier et al,  Continuously Sheared Granular Matter 
Reproduces in Detail Seismicity Laws, Phys. Rev. Lett (2019) 

Highlighted in 
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Abundance of 
high energy 
events indicates 
a strong 
correlation 
between 
magnitudes

Silence 
zone

Qualitative analogies with earthquake statistics



- Quantitative similarities strongly suggest a common physics 

Why is this analog experience (to earthquakes) relevant? 

A 48h experiment brings a similar number of events as 150 years of seismicity with
magnitude ≥2 in California (very suitable for Artificial Intelligence analysis). 

We are currently trying to understand its dynamics:

- Parameter dependences (robustness) & origin of the dynamics
- Memory effets
- Possibilities of predicting large events
- Separating common ("universal") features of the dynamics vs. 

specific ones to earthquakes or to our granular fault. 

- A relevant difference: quakes/s



Physics of scale-invariant avalanches

Phase transitions 
Critical dynamics 

Scale-invariance 

Critical properties

Predictability

? Inherently impossible?

Universality classes? 
Experiments: Not-robust exponent values & exponent values larger than 3/2

Diverging correlation lengths?

Memory effects
Prediction of catastrophic events?

Some open questions in scale-invariant avalanches

Origin?
Robustness?

Common features: 
Clustering, memory?



JGR, 2017



Threshold1Threshold2

focusing on predictability: 
Machine Learning analysis of LabQuakes time series
focusing on predictability: 
Machine Learning analysis of LabQuakes time series
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Take-away messages

- Different exponent values can reflect a very different physics 

- We can rely on recent earthquake data, and it is an excellent tool to test 
and better understand our methods and actual data. Get updated !

- We are working on generating reliable and high quality data with controlled 
experiments, and so far the results look quite promising.
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Adding dissipation to avalanche models dissipation
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Preben Alstrøm. Mean-field exponents for self-organized critical
phenomena. Phys. Rev. A, 38:4905–4906, 1988.



OFC model Gaussian

Force:

Friction thresholds:

Dissipation 
PRL (1992)

OFC model: changing the exponent value with dissipation 
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Fig. 2 The Gutenberg–Richter law and time–energy self-similarity. a
Distribution of AE energy in one of the experiments (microstructure length-
scale: d = 583 μm, crack speed: "v 1Ú4 2:7 μms1). Solid magenta line is a
gamma function P(E) ∝ E−βexp(−E/E0) for E ≥ Emin = 10−4 (vertical magenta
dashed line), with fitted parameters β = 0.96 ± 0.02 and E0 = 38 ± 9.





Philip W. Anderson

1977

More Is Different

"The ability to reduce everything to 
simple fundamental laws does not 
imply the ability to start from those 
laws and reconstruct the universe."

Emergence of new properties 
resulting from the interaction
of the elementary parts. 

1982

Phase transitions

Renormalization groups

1980

Fractals

1993

B. Mandelbrot 

D. Turcotte J. Rundle 

"Complexity"       Earthquakes
1985-90

G. Parisi

Spin Glasses

2021

P. Bak

Self-organized Criticality (SOC)
1988

SOC & Earthquakes models (Bak, Sornette, 
Carlson, Langer, Shaw, Olami, Feder, 

Christensen, Main…—1989-92)

as an attempt to explain 
scale-invariance in nature

Friction & Dissipation affect (remove)
the critical properties in SOC models

Science (04/08/1972)





Physics of disordered systems  
using hard & frictionless spheres

Spatial frustration 
(Jamming)

Physics of actual granular 
(disordered) systems,

friction plays an essential role
(Jamming)

≠



Models of Avalanches

• cellular automata

• Elastic line is a disordered landscape (renormalization groups)

• Mesoscopic approaches (elastoplastic models)  
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Exponent values in avalanche size distributions 

Renormalization group in elastic lines

RP RB RF Le Doussal & Wiese, PRE 2009
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