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Dilatant	hardening	causes	a	spectrum	of	slow	earthquakes	in	laboratory	
	

Taka	Kanaya	&	Wenlu	Zhu,	University	of	Maryland	
	
Abstract:	 Dilatant	 hardening	 is	 thought	 to	 be	 an	 important	mechanism	underling	
the	 family	 of	 slow	 earthquakes	 observed	 in	 plate-boundary	 faults.	 	 Along	 a	
propagating	 rupture,	 if	 dilatancy	 occurs	 faster	 than	 fluid	 flow	 into	 newly	 created	
pore	 spaces,	 a	 reduction	 in	 fault	 pore	 pressure	 (i.e.,	 an	 increase	 in	 the	 effective	
pressure)	 retards	 further	 rupture	 propagation.	 	 However,	 the	 laboratory	
demonstration	of	this	well-known	process	remains	scarce.		The	SCEC	grant	provided	
supplementary	 support	 for	 our	 continuing	 investigation	 of	 the	 effect	 of	 dilatant	
hardening	on	faulting.		Here	our	experiments	show	that	dilatant	hardening	results	in	
two	 distinct	 timescales	 of	 fault	 stabilization.	 	 The	 early	 stage	 of	 failure	 is	
characterized	 by	 a	 prolonged	 period	 of	 aseismic,	 quasistatic	 slip	 over	 a	 timescale	
comfortable	with	that	of	imposed	displacement	rates.		Unexpectedly,	the	later	stage	
of	failure	also	shows	stabilization	at	a	timescale	of	dynamic	rupture:	the	early	stable	
failure	 eventually	 becomes	 unstable,	 but	with	 a	much	 reduced	 rupture	 speed	 and	
seismicity.	 	 Contrary	 to	 previously	 thought,	we	 observe	 long-term	 stabilization	 in	
low	bulk	 diffusivity	 rocks	 deformed	under	 low	 strain	 rates,	 in	which	 pore	 fluid	 is	
drained	during	axial	loading,	but	becomes	undrained	during	failure.		In	contrast,	the	
short-term	stabilization	occurs	in	rocks	with	any	bulk	diffusivities	at	all	strain	rates	
tested	at	high	pressures.	 	With	 increasing	pressure,	 the	mode	of	 fault	slip	changes	
from	 earthquake-like,	 episodic	 slow	 slip,	 and	 to	 low-frequency	 earthquakes.	 	 Our	
results	support	the	hypothesis	that	dilatant	hardening	causes	the	spectrum	of	slow	
earthquakes	observed	in	nature.			
					Over	 the	 last	 three	 years,	 we	 conducted	 31	 axial	 compression	 experiments	 on	
intact	cores	of	Westerly	granite	and	Fontainebleau	sandstone	with	porosities	of	~4,	
6,	and	14%	(hereafter	denoted	as	Φ4%FBS,	Φ6%FBS,	and	Φ14%FBS)	at	a	constant	
differential	pressure	of	70	MPa	 (produced	with	various	 combinations	of	 confining	
pressure	Pc	 and	 imposed	pore	pressure	Pf),	 room	temperature,	and	strain	 rates	of	
10-6	to	10-3/s.		The	four	rock	types	range	in	bulk	fluid	diffusivity	by	seven	orders	of	
magnitude.	
					Figure	 1a	 shows	 the	 effect	 of	 (confining	 and	 pore)	 pressure	 on	 the	 failure	
behavior	 of	Westerly	 granite	 at	 a	 strain	 rate	 of	 10-6/s.	 	With	 increasing	 pressure,	
failure	becomes	more	stable,	while	peak	strength	increases	(Table	1).		At	Pc	-	Pf	=	80	
–	 10	MPa,	 failure	 is	 entirely	 unstable	with	 a	 sharp,	metallic	 sound.	 	 In	 this	 study,	
unstable	failure	refers	to	a	stress	reduction	of	100s	of	MPa	within	≤1	second	based	
on	 2	 Hz	 data.	 	 At	Pc	 -	Pf	 =	 140	 –	 70	MPa,	 an	 extended	 period	 of	 stable	 failure	 is	
followed	by	unstable	 failure	with	a	soft	hissing	sound;	 then,	 failure	again	becomes	
stable,	 with	 stress	 gradually	 approaching	 residual	 frictional	 strength.	 	 The	 entire	
failure	takes	over	>100	seconds.		At	Pc	-	Pf	=	180	–	110	MPa,	failure	is	entirely	stable	
over	 a	 period	 of	 >1000	 seconds.	 	 Similar	 to	 that	 observed	 at	 140	 –	 70	 MPa,	 the	
middle	 part	 of	 failure	 becomes	 least	 stable	 (i.e.,	 fastest	 stress	 reduction),	 but	
remains	stable	with	no	audible	sound.		Similarly,	Φ4%FBS	deformed	at	a	strain	rate	
of	 10-5/s	 shows	 higher	 peak	 strength	 and	 more	 stable	 failure	 with	 increasing	
pressure	(data	not	shown).		



Kanaya	&	Zhu,	SCEC	Annual	Report	2020	
	

	 2	

					In	 contrast,	 Φ6%FBS	 and	 Φ14%FBS	 show	 limited	 strengthening	 and	 failure	
stabilization	 with	 increasing	 pressure	 (data	 not	 shown).	 	 For	 both	 rock	 types	
deformed	at	a	strain	rate	of	10-5/s,	failure	remains	entirely	unstable	at	all	pressures	
tested;	 nevertheless,	 failure	 sound	 changes	 from	 metallic	 to	 soft	 hissing	 with	
increasing	pressure.		Thus,	for	all	four	rock	types,	at	the	same	differential	pressure,	
higher	 confining	 and	 pore	 pressures	 may	 result	 in	 two	 timescales	 of	 failure	
stabilization:	 prolonged	 periods	 of	 stable	 failure	 in	 the	 early	 and	 last	 stages	 of	
failure,	 and	 a	 reduction	 in	 acoustic	 energy	 in	 the	middle,	 unstable	 part	 of	 failure.		
Hereafter,	the	two	timescales	of	stabilization	are	referred	to	as	long-	and	short-term	
stabilization,	 respectively.	 	 The	 low-diffusivity	 rocks	 show	 both	 styles	 of	
stabilization,	whereas	the	high-diffusivity	rocks	display	the	latter	only.	
	

	
Fig.	 1.	Failure	behavior	of	axially	deformed	rocks	with	various	bulk	 fluid	diffusivities.	 	All	
tests	 were	 conducted	 at	 a	 differential	 pressure	 Pc	 -	Pc	 =	 70	MPa.	 	 (a)	 Effect	 of	 a	 various	
combination	of	confining	and	pore	pressures	at	a	constant	strain	rate.		(b-c)	Effect	of	strain	
rate	 for	 three	 rock	 types	 deformed	 at	 constant	 confining	 and	 pore	 pressures.	 	 Long-term	
failure	stabilization	is	characterized	by	the	ratio	of	unstable	stress	drop	to	total	stress	drop	
(color	 coded	 curves),	while	 a	 decrease	 in	 failure	 sound	 indicates	 short-term	 stabilization	
during	unstable	failure	(denoted	by	colored	stars).			
	

					Figure	 1b	 shows	 the	 effect	 of	 strain	 rate	 on	 the	 failure	 behavior	 of	 Westerly	
granite	 at	 Pc	 -	 Pf	 =	 180	 –	 110	 MPa.	 	 With	 increasing	 strain	 rate,	 peak	 strength	
increases,	and	failure	becomes	more	unstable	-	from	fully	stable	at	10-6/s,	partially	
stable	 at	 10-5/s,	 to	 fully	 unstable	 at	 10-4	 to	 10-3/s,	 along	with	 a	 change	 in	 failure	
sound.		Φ4%FBS	shows	a	similar	trend	(Fig.	1c).		In	contrast,	with	increasing	strain	
rate,	Φ6%FBS	deformed	at	Pc	-	Pf	=	200	–	130	MPa	shows	limited	strengthening,	but	
more	 stable	 failure	 -	 from	 fully	 unstable	 with	 a	 metallic	 sound	 at	 10-6/s,	 fully	
unstable	 but	 with	 a	 reduced	 sound	 at	 10-5	 to	 10-4/s,	 to	 partially	 stable	 with	 a	
reduced	sound	at	10-3/s	(Fig.	1d).		At	Pc	-	Pf	=	200	–	130	MPa,	Φ14%FBS	shows	fully	
unstable	failure	at	10-5	to	10-3/s	with	a	reduced	sound	(data	not	shown).		Thus,	both	
low-diffusivity	rocks	show	pronounced	stabilization	(both	long-	and	short-term)	at	
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lower	 strain	 rates,	 whereas	 the	 intermediate-diffusivity	 rock	 (Φ6%FBS)	 displays	
modest	 stabilization	 at	 the	 highest	 strain	 rate	 tested;	 the	 high	 diffusivity	 rock	
(Φ14%FBS)	shows	short-term	stabilization	at	all	strain	rates.		
					To	quantify	the	various	styles	of	unstable	failure	(i.e.,	short-term	failure	behavior)	
observed,	we	characterized	stress	reduction	and	seismic	behavior	using	strain	gages	
and	 narrow-	 and	 broad-band	 acoustic	 sensors	 at	 frequencies	 of	 0.1	 to	 1	 MHz.		
Figures	 2a	 –	 2c	 show	 the	 effect	 of	 pressure	 on	 the	middle,	most	 unstable	 part	 of	
failure	in	Westerly	granite	deformed	at	a	strain	rate	of	10-6/s.	 	At	Pc	 -	Pf	=	80	–	10	
MPa,	 where	 fully	 unstable,	 audible	 failure	 is	 observed	 (Fig.	 1a),	 dynamic	 rupture	
results	 in	an	earthquake-like	event	 (Fig.	2a).	 	 Stress	 reduces	abruptly	over	10-5	 to	
10-4	seconds	(i.e.,	a	rupture	velocity	of	102	to	103	m/s).		Acoustic	data	show	a	single,	
distinct	event,	with	a	sharp	rise	to	a	large	amplitude	and	subsequent	decay.		At	Pc	-	
Pf	=	140	–	70	MPa,	where	we	observe	partially	stable	 failure	with	a	hissing	sound	
(Fig.	 1a),	 unstable	 failure	 produces	 slow	 slip	 event	 and	 low-frequency	 (LF)	
seismicities	 (Fig.	 2b).	 	 Stress	 decreases	 gradually	 over	 10-2	 seconds,	 and	 acoustic	
data	show	a	swarm	of	low-amplitude,	LF	seismicities,	with	few	high-frequency	(HF)	
seismicity.	 	At	Pc	 -	Pf	=	180	–	110	MPa,	where	failure	is	 fully	stable	and	silent	(Fig.	
1a),	 faulting	 occurs	 at	 the	 imposed	 displacement	 rate,	 resulting	 in	 LF	 seismicities	
only.	 	The	steepest	part	of	the	stress	reduction	observed	in	the	2	Hz	data	(Fig.	1a)	
shows	no	change	 in	stress	over	a	 timespan	of	a	 few	seconds	 in	 the	MHz	data	(Fig.	
2c).		However,	acoustic	data	exhibit	smarms	of	low-amplitude,	LF	seismicities,	with	
few	HF	seismicity.		
					We	 further	 explore	 the	 effect	 of	 pressure,	 strain	 rate,	 and	 bulk	 diffusivity	 on	
short-term	failure	behavior.		Similar	to	the	granite	case,	at	low	pressure	(Pc	-	Pf	=	80	
–	10	MPa),	 all	 three	 sandstones	 show	dynamic	 rupture	 and	earthquake-like	 event	
(data	not	shown).		Likewise,	at	high	pressures	(Pc	-	Pf	=	160	–	90	MPa	to	200	–	130	
MPa),	Φ4%FBS	and	Φ6%FBS,	which	exhibit	long-term	stabilization	at	the	respective	
strain	 rates	 (Figs.	 1b	 and	 1c),	 also	 show	 short-term	 stabilization	 (e.g.,	 Fig.	 2d),	
similar	 to	 that	 observed	 for	 the	 granite	 deformed	 at	 Pc	 -	 Pf	 =	 140	 –	 70	 MPa.		
Furthermore,	at	these	high	pressures,	even	fully	unstable	failure	(in	the	2	Hz	data)	
displays	prolonged	durations	of	unstable	 failure	 in	all	 four	 rock	 types	at	all	 strain	
rates.	 	Whereas	Φ14%FBS	also	 shows	a	 reduction	 in	 seismicity	 (data	not	 shown),	
the	 other	 three	 rocks	 (showing	 fully	 unstable,	 audible	 failure	 in	 the	 2	 Hz	 data)	
display	prolonged	unstable	failure	only.				
					Thus,	our	MHz	data	show	that	dilatant	hardening	also	stabilizes	the	unstable	part	
of	 failure	 at	 the	 timescale	 of	 dynamic	 rupture,	 in	 addition	 to	 the	 long-term	
stabilization	 observed	 in	 the	 2	 Hz	 data	 (Fig.	 1a).	 	 A	 suit	 of	 sensors	 successfully	
documents	that	the	observed	reductions	in	failure	sound	reflect	changes	in	rupture	
dynamics	and	seismic	behavior.		We	observe	that	high	confining	and	pore	pressures	
result	in	the	suppression	of	unstable	failure	at	all	strain	rates	tested	in	all	four	rock	
types,	 including	 the	 highest	 diffusivity	 rock.	 	 Strain	 rate	 and	 bulk	 diffusivity	 also	
influence	 short-term	 failure	 behavior,	 in	 that	 long-term	 stabilization	 (which	 is	
promoted	under	certain	strain	rates	in	a	given	diffusivity)	always	accompany	short-
term	 stabilization.	 	 However,	 even	 in	 the	 absence	 of	 long-term	 stabilization,	 high	
pressures	induce	short-term	stabilization.		As	a	result,	dilatant	hardening	produces	
a	wide	spectrum	of	slow	slip	behavior	(Fig.	2).		



Kanaya	&	Zhu,	SCEC	Annual	Report	2020	
	

	 4	

	

																		 	
Fig.	 2.	 	Time	series	of	acoustic	and	strain	measurements,	showing	that	dilatant	hardening	
produces	a	spectrum	of	fault	slip	behavior.		Strain	gage	measures	stress	drop	at	MHz,	while	
both	 acoustic	 sensors	 record	 teleseismic	 signals.	 	 	 With	 increasing	 confining	 and	 pore	
pressures	(at	the	same	differential	pressure),	fault	slip	mode	changes	from	(a)	earthquake-
like,	(b)	predominantly	episodic	slow	slip,	and	to	(c)	low	frequency	earthquakes	(LFE)	only.		
(d)	Both	slow	slip	and	LFE	can	also	occur	simultaneously.			
	
					To	assess	 the	relationship	between	 failure	stabilization	and	pore	 fluid	drainage,	
we	monitored	 instantaneous	volumetric	strain	εv	and	change	 in	pore	 fluid	content	
Δζ	 (which	 may	 reflect	 a	 delay	 associated	 with	 fluid	 diffusion)	 during	 axial	
deformation	(Fig.	3).		Our	results	show	three	end-member	drainage	conditions	as	a	
function	of	bulk	diffusivity	and	strain	rate.		In	high	diffusivity	rocks	deformed	at	all	
strain	 rates	 tested	 (Fig.	 3a;	 Regime	 1),	 εv	 and	 Δζ	 track	 each	 other	 from	 initial	
compaction	during	axial	 loading	through	subsequent	dilation	during	yielding,	peak	
stress,	 and	 failure.	 	 This	 indicates	 that	 pore	 fluid	 was	 drained	 throughout	 axial	
deformation.		In	low	diffusivity	rocks	deformed	at	low	strain	rates	(Fig.	3b;	Regime	
2),	εv	 and	Δζ	 track	 each	other	only	during	 initial	 compaction;	εv	 outpaces	Δζ	 once	
deformation	 becomes	 highly	 dilatant	 during	 peak	 stress	 and	 failure.	 	 Pore	 fluid	
became	undrained	during	 failure.	 	 In	 low	diffusivity	rocks	deformed	at	high	strain	
rates	 (Fig.	 3c;	 Regime	 3),	 εv	 outpaces	 Δζ	 throughout	 initial	 compaction	 and	
subsequent	dilation.		Pore	fluid	was	undrained	throughout	axial	deformation.		Thus,	
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long-term	 failure	 stabilization	 occurs	 when	 pore	 fluid	 is	 drained	 during	 axial	
loading,	 but	 becomes	 undrained	 during	 failure.	 	 In	 contrast,	 no	 long-term	
stabilization	is	observed	when	pore	fluid	is	either	drained	or	undrained	throughout	
axial	deformation.			
	

	
Fig.	3.		Pore	fluid	drainage	conditions	constrained	by	instantaneous	volumetric	strain	εv	and	
change	in	fluid	content	Δζ	as	a	function	of	axial	deformation	history.		Δζ	results	from	moving	
pore	 fluid	 from	 an	 external	 reservoir	 (to	 maintain	 a	 constant	 Pf	 in	 samples	 following	
volumetric	deformation),	and	thus	may	reflect	a	delay	associated	with	fluid	diffusion	within	
samples.		(b)	Long-term	failure	stabilization	occurs	when	pore	fluid	is	drained	during	axial	
loading,	 but	 becomes	 undrained	 during	 failure	 (Regime	 2).	 	 (c)	 Contrary	 to	 previously	
thought,	 undrained	 condition	 throughout	 axial	 loading	 and	 failure	 does	 not	 produce	
stabilization	(Regime	3).			
	

					What	 is	 the	 physics	 underlying	 the	 observed	 relationship	 between	 failure	
stabilization	 and	 pore	 fluid	 drainage?	 	 Failure	 stability	 can	 be	 understood	 in	 the	
context	of	the	Griffith	criterion,	G	-	Gc	≥	0,	where	G	and	Gc	are	the	energy	release	rate	
and	fracture	energy,	respectively.		G	is	proportional	to	the	excess	of	the	peak	shear	
stress	τpeak	over	the	frictional	resistance	τfric	[e.g.,	Rudnicki,	1980]:	
	
𝐺 ∝  [𝜏!"#$(𝜎′!"#$)  −  𝜏!"#$(𝜎′!"#$)]!	
	
where	σ’	(=	σ	-	Pf)	is	the	effective	normal	stress.		In	Regime	2	(low	diffusivity	rocks	
deformed	 at	 high	 pressures	 and	 low	 strain	 rates),	 peak	 differential	 stresses	 are	
similar	to	those	of	dry	samples	deformed	at	Pc	=	70	MPa	(Table	1).		This	is	consistent	
with	 the	observed	drained	condition	during	axial	 loading	 (Fig.	3b),	 indicating	Pf	~	
𝑃!!	at	 peak	 stress.	 	 In	 contrast,	 during	 failure,	 the	 observed	 undrained	 condition	
suggests	that	dilatant	hardening	leads	to	a	significant	decrease	in	Pf	(i.e.,	Pf	<<	𝑃!!).		
As	a	result,	high	τfric	under	high	σ’	results	in	low	G,	stable	failure.		In	Regime	3	(low	
diffusivity	rocks	deformed	at	high	pressures	and	high	strain	rates),	peak	differential	
stresses	are	higher	than	observed	at	low	strain	rates	(cf.	Figs	3b	and	3c),	consistent	
with	 the	 observed	 undrained	 condition	 during	 axial	 loading.	 	 These	 observations	
indicate	a	significant	decrease	in	Pf	before	attaining	peak	stress.		During	failure,	we	
infer	 high	 σ’	 under	 low	 Pf,	 yet	 a	 further	 decrease	 in	 Pf	 is	 likely	 limited.	 	 This	 is	
because	 a	 significant	 amount	 of	 pore	 pressure	 is	 already	 depressurized	 before	
failure.		High	τpeak	and	τfric	result	in	high	G,	unstable	failure.		Thus,	we	propose	that	G	
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governs	failure	stabilization	by	dilatant	hardening.	 	The	values	of	G	depend	on	the	
effective	pressure	and	resultant	shear	stress	and	 frictional	strength,	which	 in	 turn	
rest	on	the	drainage	conditions	during	both	axial	loading	and	failure.	
	

																													 	
	
Fig	 4.	 A	 phase	 diagram	 of	 failure	 stabilization	 as	 a	 function	 of	 strain	 rate	 and	 bulk	 fluid	
diffusivity.	 	 Granite	 and	Φ4%FBS	 represent	 lowest	 diffusivities;	Φ6%FBS	 and	Φ14%FBS,	
intermediate	and	highest	diffusivities,	respectively.	 	Failure	stability	is	quantified	based	on	
the	 ratio	 of	 unstable	 to	 total	 stress	 drops;	 three	 ranges	 of	 Δσunstable/Δσtotal	 are	 defined	 to	
indicate	 fully	 unstable	 (circle),	 transitional	 (triangle),	 and	 stabilized	 (cross)	 failure.	 	 Our	
results	show	that	failure	stabilization	occurs	in	low	diffusivity	rocks	deformed	at	low	strain	
rates.	 	 This	 is	 in	 contrast	 to	 traditional	 models	 of	 dilatant	 hardening	 [e.g.,	 Rudnicki	 and	
Chen,	1988;	Segall	and	Rice,	1995]	where	failure	stabilizes	in	low	diffusivity	rocks	deformed	
at	high	strain	rates.		
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