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Gutenberg-Richter	Law	(1949)	

Beno	Gutenberg,	1889-1960	

The	New	Yorker,	Mars	1933	

Charles	Richter,	1900-1985	



Ohnaka’s	view:	integrating	30	years	of	
experimental	rock	fracture	mechanics	

Ohnaka 2003 
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Energy	partitioning	during	EQs	

MOTIVATION	



MOTIVATION	
What controls fracture energy (weakening)?

Abercrombie	and	Rice,	2005	

For	comparison,	the	fracture	energy	of	Tohoku	EQ	≈	30-60	MJ/m2	

Fulton	et	al.	2014	



MOTIVATION	

Tohoku	earthquake	(Mw=9.0,	Japan,	March	11th	2011):		
Largest	co-seismic	slip	ever	observed	

Courtesy	TO	Observatory,	Caltech		

Fracture	energy	≈	30-60	MJ/m2	
	Fulton	et	al.	2014	



MOTIVATION	
Radiation efficiency vs. Rupture speed

Venkataraman	and	Kanamori,	2004	



•  EQs in the lab.
•  Fracture energy (breakdown work)
•  Heat generation
•  Radiation and rupture speed

Outline	



•  EQs in the lab.
•  Fracture energy (breakdown work)
•  Heat generation
•  Radiation and rupture speed

Outline	



Kuwano	et	al.	(2011) 

LABORATORY	EARTHQUAKES	

Courtesy from Osamu Kuwano, ERI 



Unconfined	Rock	failure	of	granite		
	 	 	 	 			

	



Theodore	von	Kármán	
1881-	1963	

The	first	triaxial	Rig	(1910)	

Maximum	Pc:		
165	MPa	

Reproducing	crustal	depth	in	the	lab	



Reproducing	crustal	depth	in	the	lab		
	Triaxial	apparatus		-	100MPa/200°C	

•  Designed specially for acoustics
•  Corrosive fluids injection (pH<3) in gas, water or supercritical phase
•  Up to 100MPa confinement and pore pressure, 70 tons axial load





Stick-Slip	in	rocks	(exp.	set-up)	
Saw	cut	Westerly	granite	–	strain	rates:	1-10	µm/s	

Rupture	speed:	NF	AE	sensors		
Foreshocks	and	off-fault	damage:	FF	AE	Sensors	 Fracture	energy:	Dyn.	Strain	gage	

Heat:	Thermocouple	and	Carbon	layer	



Recording	nano	to	micro	seismicity	in	the	lab 
		
	
	
	Acoustic	Recorder	–	16	channels	

- Continuous acoustic wfms recorded using Richter minisystem (ASC Ltd., 4 MHz sampling  
freq. on 16 channels)
- Triggered data -  up to 16 events/ sec  
-  Each transducer can be used as source for velocity measures (P&S)



•  EQs in the lab. 
•  Fracture energy (breakdown work)
•  Heat generation
•  Radiation and rupture speed
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Energy	partitioning	during	EQs	



Stick-Slip	motion	



Static	vs.	dynamic	stress	drops	



Static	vs.	dynamic	stress	drops	



Static	vs.	dynamic	stress	drops	

healing	



Molten	asperity	on	fault	surface	
Westerly	granite,	Pc=70MPa	

Static	vs.	dynamic	stress	drops	
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Static	vs.	dynamic	stress	drops	



Passelègue et al. JGR 2016 

Static	vs.	dynamic	stress	drops	
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Static	vs.	dynamic	stress	drops	



Passelègue et al. JGR 2016 

With Ida, 1972 : 

Measuring	(+/-)	Dc	



G scales with displacement, also in the lab! 

Fracture	energy	

Passelègue et al. JGR 2016 

Combining	Dc	and	Stress	vs.	time	measurements	



•  EQs in the lab.
•  Fracture energy (breakdown work)
•  Heat generation
•  Radiation and rupture speed
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Stick-Slip	in	rocks	(exp.	set-up)	
Saw	cut	Westerly	granite	–	strain	rates:	1-10	µm/s	

Rupture	speed:	NF	AE	sensors		
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Measuring	Heat	
Aubry et al. Sub. 



Measuring	Heat	
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Fracture	energy	vs.	Heat	

	
H>>G	for	small	slips	(small	stress	drops)		

but	comparable	at	larger	slip	(large	stress	drops)			

from	two	independent	measurements!	



Fracture	energy	vs.	Heat	

	
H>>G	for	small	slips	(small	stress	drops)		

but	comparable	at	larger	slip	(large	stress	drops)			

from	two	independent	measurements!	

At	large	slips,	Fracture	energy	(breakdown	work)		
is	dissipated	into	Heat		(weakening	is	thermal)	



Heat	dissipation…	



Temperature	maps	of	the	interface	during	frictional	sliding	
Aubry et al. Sub. 

…is	heterogeneous	



Aubry et al. Sub. 

Transition	from	asperity	to	bulk	surface	melting			



Heating	efficiency	

	
When	looking	at	heat,	rupture	becomes	more	efficient	

with	increasing	sliding	
	

Aubry et al. Sub. 



Heating	efficiency	

Rupture	becomes	more	efficient	with	increasing	sliding		
because	heat	is	bounded		

by	melting	(or	phase	change)	temperature	and	heat	diffusion	
	



•  EQs in the lab.
•  Fracture energy (breakdown work)
•  Heat generation
•  Radiation and rupture speed
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Stick-Slip	in	rocks	(exp.	set-up)	
Saw	cut	Westerly	granite	–	strain	rates:	1-10	µm/s	

Rupture	speed:	NF	AE	sensors		
Foreshocks	and	off-fault	damage:	FF	AE	Sensors	 Fracture	energy:	Dyn.	Strain	gage	

Heat:	Thermocouple	and	Carbon	layer	



Rupture	speed	



Comparison	with	synthetics	

Passelegue et al, 2013 



Rupture	speed,	S	ratio	and	lc	

Passelegue et al, Science 2013 



Stress	drop	and	rupture	speed	
Typical	earthquake	and	asperity	range	

Passelegue et al, Science 2013 



Transition	from	sub-R	to	supershear		
HF	radiation	



Transition	from	sub-R	to	supershear		
HF	radiation	

Vr<Cs	 Vr>Cs	



Rupture	velocity	and	HF	radiation	
Normalized	near	field	velocity	(fault	//)	records	



Off-fault	damage	(HF)	radiation	

Marty et al, in prep. 



Marty et al, in prep. 

Off-fault	damage	(HF)	radiation	
fc	increases	



Marty et al, in prep. 

400-800kHz	

Off-fault	damage	(HF)	radiation	
fc	increases	



Marty et al, in prep. 

Back	projection	of	the	HF	content	locates	at	rupture	front	
Off-fault	damage	(HF)	radiation	



Energy	budget	-	summary	

Aubry et al. Sub. 



					

•  Flash  melting  on  asperities  (sliding  velocities  >m/s)  drives  the  discrepancy 
between static and dynamic stress drop and generate high velocity ruptures. 

•  Fracture energy scales with final slip, and at large slip, is mainly dissipated into 
heat (which triggers thermal cracking, so it’s a feedback loop), because large slips 
are accompanied by near-total stress drops.

•  Faster  (Supershear)  ruptures  are  accompanied  by  HF  radiation.  Back 
projection shows that this HF radiation originates at (or close to) rupture front 
(dynamic off-fault damage triggering and/or breakdown zone).

•  During sliding,  heat generation is  limited to asperities.  Increaseing seismic 
efficiency corresponds to the transition from the behavior of multiple asperities 
(low seismic efficiency) to that of a single asperity (high seismic efficiency).

 

Conclusions
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AT LABORATORY SCALE
BUT IN THE RIGHT σ-P-T CONDITIONS
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Precursories	to	Stick-Slip	



•  EQs in the lab.
•  Precursory processes to Stick-slip 
•  Rupture Speed and off-fault damage
•  Fracture energy (breakdown work)
•  Heat generation

Outline	



Precursories	to	Stick-Slip	

Passelègue	et	al.,	AGU	monographs,	2017	



Precursory	slip	
Passelègue	et	al.,	AGU	monographs,	2017	



Precursory	slip	

Here	tc	≈	cst	≈	7s	

Passelègue	et	al.,	AGU	monographs,	2017	



From	Latour	et	al.,	2013	

Precursory	slip	

Here	tc	≈	cst	≈	7s	≈	

Passelègue	et	al.,	AGU	monographs,	2017	



Foreshock	dynamics	
Passelègue	et	al.,	AGU	monographs,	2017	



Similar to  
Bouchon et al., 2013 

Foreshock	dynamics	
Passelègue	et	al.,	AGU	monographs,	2017	



Foreshock	dynamics	
•  Foreshocks are spatially and temporally correlated

Marty	et	al.	AGU,	2017	



Foreshock	dynamics	
•  Life of a single asperities during and over several cycles

All	foreshocks	 Repeaters/similar	family	of	events	

Marty	et	al.	AGU,	2017	



•  EQs in the lab.
•  Precursory processes to Stick-slip 
•  Rupture Speed and off-fault damage
•  Fracture energy (breakdown work)
•  Heat generation
•  Mineral coupling
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Mineral	coupling	
Saw	cut	Alpine	Corsica	Serpentinite		(≈100%	antigorite,	Pc=95MPa)	

Brantut	et	al.,	Geology	2016	



Westerly	granite	
Antigorite	

Displacement	scales	with	stress	drop		

Δσ ≈ CµD / L

Mineral	coupling	



Saw	cut	Alpine	Corsica	Serpentinite		(≈100%	antigorite,	Pc=95MPa)	
Fault	surface	and	fault	gouge		
Mineral	coupling	
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