Dramatic Reductions in Fault Eriction
at Earthquake Slip Rates
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Many: thanks for providing data and slides go to:
David Goldsby, Giulio Di Toro,
Nick Beeler, Vikas Prakash, Toshi Shimamoto,
Jim Rice, Nadia Lapusta
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Main Point

[Friction of reck at slip veloeities < 1 mmysis
ielauvely high, 0.6:0.6 (Byeree s, law)

VIest i Situr stress measurements: i the: UpPREer:
Crust stiggest lecionic siresses; are relatively,
RIgi;, PeUNEEC Y BYEREE SHaw,

As | will'show, many potentiali highi slip speed
weakening mechanisms exist, all pessibly giving
low coselsmic friction

ifdyRamIC ffction at seismic sliprrates
(=4 mys) s oW, tHERFEIhEr:

1. Eanthguake stress dreps could belange; potentially,

creating extreme ground moelen; o .
2. lectenic siressiis actuallyAlowertnantthe i siiu w o

measurementsistiggest
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Outline

o Propesed mechanisms o reductioniin
fifcien at highrslip rates

s\Vhereravailable; recentlaneratoesn
resultsion them

o |mplications ior earthquake: stress; aneps
andifor tECIONIC SIrESSES
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Difficult to Reproduce Earthguake
Conditions in Lab

Simultanesusly neeadite nave:

o [High sliprates: (=5t mys)
o Large displacements (Up ter20 m)
o [High efiective normal stresses: (60-200 ViEa)

= [Elevaied pore-iuidipressunesi(0:4=-1Fimes 6, )

Consequenty present expernmentalidaia
COMPromISE 6N ONE! OF More Of theEse

P~
U iR k1]
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Dynamic fault weakening
mechanisms

- Nemmallinterace vibrations

Pynamicinermall stress; reduction irom elastic
misSmaitech

ACOUSTIC fluidization
Elastenydredynamiciubrhcaton

ihermal pressunzation o pore iuids

Local Flash weakening/melting attasperity,
CONLECLS

Interaciallvbricationtoy ictonal mell
CURRcation vy thixetrepic silicargel layer

U iR k1]

o [Er
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Normal Interface Vibrations

Propesed by Bruneretait, 1995

IVOIVEST ENNER OPENING Off SUHaCE OF dynamic
ieductions infnermal stress durng sliding

IlhUs shear resistance s muchi reduced

IS theoretically predicted enly infcases Where
difierences in elastic preperties: eExist acress the
nteriace (bimaterals, 1Le. ReExt meehanism)

INas DEEN SEEN Il EXPERMENTS USIng Identical ieam
iUPER PIOEKS

IRtuitively:mightibe expected durng sliding o
surfiaces withrsmall=scale roughness — aspEerities
PEUREING Glif GNEranether o

INeTWelllindersieod; could e mportantior coas

earthguakes
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Dynamic Nermal Stress Reduction
From Elastic Mismatech

Propesead vy \Weeriman, 196355 1960. Stuadied oy many
ethersiincluding Adams, 1995, 1996 2004
Andrews and Bern Zion, 11997, Ben Zionand
Andrews, 19965 Cochandiand Rice, 20005 Ran|ith
and Rice; 2004 Shirand BeniZion, 2005.

IVelvesidynamic reductions: iInfnermall stress near
Upture tiprduing sliding en a bimateral interace

Can result in proepagation: o a wWiinkle=like puise

ISt theoretically predictediifdiiferences in elastic
PropErties exist acress: the! Interface

Viagnittude depends;onrameunt ol elasticimismaten &
enidiiierencervetweenistatciand dyaamicHHcien:

Observed elastic mismatches across San Andreas &%=
fraulEfren s te S0 are suliicient o

Coulaibe Important e eartiiguakes S|

G=0RC)C




Acoustic Fluidization

Prepesed by Vielesh, 1971996

IRVeIVES acoustic Waves holuRcIng aneunainside a
sheanng granularaggiegate with sufiicient
Intensity terpartially hoeld the particles apalrt

IiUsi shear resistance isimuchireaduced

IS aniinterestinglidea; but Whether ikcan actually,
OCCURISIUnCIealr

EXPERMERtS tofnvestigate Iithave BEEn Peposed;
PUL I knew: ol Ao resulits

INOTWellNinGdEersieood; Imporiance ior eantiguakesis
guestienanle
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Elastehydrodynamic Lubrication

Propesead vy Brodsky and Kanameri, 200/

IAVOIVES INCreases! N pressure ol a livid separating twoe
Irregular slidingfsuriaces due to) the viscous fiuid veing
acetively sgueezed by clesing gaps

Pressure wouldiinerease in clesinglgaps and decrease in
OPENING GapPs

IRl order tergetiarnet increase N pressure; elastic distertion of
tne splids oeeuls Inthe pressulized gaps, making| the
geometry asymmetrical

ShEear resistance!is reduced due to the inereasein iivid
pressure (efiiective nomrmal stresstlowered)

Hyaredynamiciubrcatieonis well=knowRinieumallearings,
pUt the geemetnyis more faverakle

INOI relevant eXperiments

Waterinsutficiently viscous: INot clearwhetherit can be:  wam,

WEP I

Impofantier moere viscous filidslikenmelrorsilicargels m mr
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Elastohydrodynamic lubrication

5 B VLAl
L ™~ =3

Fluid trapped in fault exerts a normal

pressure tending to separate surfaces, |

reducing effective normal stress and e

thus weakening fault W
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Dynamic fault weakening
mechanisms

INermallinteriace Vilrations

PDynamicinermall stress; reduction irom elastic
miSmaitch

ACOUSTIC fltidization
Elastenydredynamiclubrcaton

hemal pressuzation o pore iuids

Lecal  Flashtweakeninag/melting at asperity,
CONLAECLS

Interracialiitiviecation oy iictionalmelt o
LUBRcation By thixetrepIc silicargel layer W
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Thermal Pressurization of Pore Eluid

Propesedi vy Sisen, 1973, Studied by nmany.
Ineluding Lachenpruch, 1960; Viase ane
St 19655 1987 ARdiiews; 2002; Rice; 2004
IRVelvestthermal expansion ol pere iuidin a fiault
separating relatively Impermean]e rocks; o
sutliciently: rapid andfiocalized slip: that elevated
[emperatures; resuit
Could e evercome Py dilatancy ol the rault zene i
IS ecceurs anal persists withrslip
EXpermentalievidence lacking; butrelevanitliah
experments still remain te e conductea
Wellfunderstood theoretically; Applicability for e
faults stilfunciear Couldeimpoertantfor Bz
eannguakes i
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Thermal Pressurization of Pore Fluid

,l, [Rice 2003,
building on Sibson (1973),
/ & Pamb 1. Lachenbruch (1980),
p, I —» Mase & Smith (1985, 1987),
e YA Rudnicki & Chen (1988),
- - <+ Segall & Rice (1995a,b),
g ! Andrews (2001),
Heat Fluid masS T Garagash & Rudnicki
flux  flux > Friction 7= T(0 —p) (2003a,b)]

Fluid mass conservation
+ Some thermo-poro-elastic calculations

™V dT d dT 1 dl’]IOI K o
_/OCspht +2qh —p—A =2 s ; qf——pf —p
h dt h dt dt ﬁ dt p. sh n; oy
Assume adiabatic conditions (q, =0).  [Lachenbruch: We can neglect g, if h >3.5(c,6/V,,,)"*
Neglect dilatancy (dnP'/ dt = 0). or h>3.5mm (5/m)"* using V,,, ~1 m/s]

Energy conservation




LVDT - measures

Retaining Screw axial displacement

Pressure Vessel

Spacer e

U Anvil F{esolvar“
pper Anvi galures
ngular

Pressure Seals displacement

Sample
Load/Torque Cell
Pressure Seals
Top Platen
Loading Piston — | L
Ret‘ ining Screw
Rotary Servo Actuator { a‘l‘ 9
_ Electro-Rudraulic
Thrust Bearing —[ Stepping Motor

Moving Platen

Right-angle Gear ——]

Selector

Harmonic Drive

Hydraulic Ram
Y T Speed Reducer

Tie Bars ———"]

Lower Platen

' 1 meter '
Overall Rotary Shear Apparatus

Speed Reduction “

LVDT - measures
axial sample
motion

LVDT Core

Resolver - measures
/ rotary sample motion

_——Resolver shaft

Resolver Mount

Bellows protects
resolver from
axial motion

/Alignment bearing
assembly

L-Sample

Sliding jacket
assembly

\Upper wedge
assembly

\Spacer

Lower sample grip

*q Lower wedge
: assembly
e
50 mm

Sample Assembly with
Internal Rotary and Axial
Displacement Transducers




Comparisen Between Quartzite Data (inblue)
and Prediction from TThermal
Pressurization ofi Pore Eluid

Quartzite
was
water
saturated
and had
permeability
of 10-1¥ m?
Goldsby
and

Tullis
(1997,

1072 102 107" 10° 10" 102 10° QL)
displacement, m o

Theory of Mase and Smith, 1983
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But withr ne water, behavior Is the samel
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=
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.
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Dry vs. Saturated

v=3.2 mm/s

Gn.eff= 25 MPa

0.6 05 1.0 15 20 25 3.0

displacement, m

We will return
to the
explanation
for the
weakening
later: silca gel

More

experiments
needed on

rocks that

don’t show

gel o
weakening “f:ii‘
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Dynamic fault weakening
mechanisms

INermallinteriace Vilrations

PDynamicinermall stress; reduction irom elastic
miSmaitch

ACOUSTIC fltidization
Elastenydredynamiclubrcaton

hemal pressuzation o pore iuids

Lecal  Flashtweakeninag/melting at asperity,
CONLAECLS

Interracialiitiviecation oy iictionalmelt o
LUBRcation By thixetrepIc silicargel layer W
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‘Flash Weakening/IVielting at Asperity: Contacts

Discovereadioy Bowden andianor 1942, Studied by Archand,
119565 1955 RICE; 1999 5eelerrana iuiis; 200:5:

Invelves: local transient heating i shos=lived contacts by
fnctional sliding at Very/ highrasperity: contact stresses

Shearresistance Isireduced ether due to thenmall seitening or
ey melting

Iiheoeretically isrenly eliective aneyve a veloeity that'depends
on lecalfstrengthrandldimensions: Gl asperities

Originally ehserved experimentally by flashes eiilight Seen in
transparent materials

VWeakening hasi heen opsernvedin rocks thatiitss predictions: o
thistmechanismi(Goldsiey and ullis; 20085 Prakash,
2008)). Direct proofistilllneeded. et 2

Could be impostant fier earhguakes
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Calculations ofi WWeakening| Due to
[Flash Vlelting

o [Flashineatinglisilocaltieating at tips; o contacting
asperities

— Sowden andlianoer saw:small e light Whenithey,
loekediat arsliding suliiace threugh' a transparent: plate

[} y
d TR L TR sl s ] Ty TR L TR sl s ] A ] e L
K el L i o = iyl F!I -y P _"_I'. i o o L) 2 b el e oy P e o e oy
RIS S RN BT e TR S BT N R LT S S R BT e R P e B

o Jim Rice developed simple model for strength as, a
iUnClion ol VEIOEItY Tor aspenties ol one: size
* Extension usingl a distibution oif asperity’ sizes
aind assuming non=zere strength o meltea |
contacts (INick Beeler) st 2
W E
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Flash Heating Analysis of Rice (1999)

D = contact size
\/ ='slip rate

Tc

Contact!

letime

O =HDJ\/

I IsSweakeninaM
IS aver fauli

A

=S S G ConSiant =iy
= S rnegligiele

T at asperity contact

—

;Simple model
assumed

T

>



Theony (Rice, 1999)

A, = time to weaken

Equate heat input 7.V 4,
to thermal energy storage pc (T,—T;)
over an effective distance V(z ¢y, 4,)

gw = (ﬁCth /VZ) [/0 C (TW_Tf) /Tc ]2

Will'weaken! I [time to weaken] is < [lifetime of asperity], o
g,< 0'when | V>V, = (zc, /D) [pc (T,~T:) ]

Representative values: ¢, = 1 (mm)?4/s, pc = 4 MJ/m3K,
DI =85 wm;, 15,1 = 1000 Kand 7, = 7 GPa
Gives V,, = 0.1 m/s for onset of severe thermal weakening
Also, 0<V <V, : Friction =y, ~0.6, and
V>V, : Friction = x4, (V,,/ V) = 0.6 (V,,/ V)



Unconfined Rotary: Shear Friction Experiment
FlashVVeakening

[ D -/ v
|_]“ =
“ . -—1-- e ] |
2 , Ig
High speed —
veogemes < 1 1l .~
e ) G = 5 MPa i
S David Goldsby @ B

G=0RC)C



Quartz Velocity and Friction iniene 901 deg. Rotation

Velocity, m/s

=
-
)
&)
E
()]
O
@)
-
@
—
&)
—
LL

10 20 30 40
displacement, mm

David Goldshy
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Same Quartz Data Plotting Friction vs. Velocity.

|
f=f,*V, /V f,=0
f=f, +(f,-f,)*V, /V >0

|
(Rice, 1999)

(Beeler and Tullis, 2003)
>

~

10"

velocity, m/s

David Goldshy

At lewer
SpPEEads this
iapid
Weakening
IST el SEEn

Is reversible
WIthine
imedelay —
INaImely
Realing s
InsStantaneous

NI e
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Quartz:

Similar Behavior Is Seen

for Several Rock Types:
Friction coefficient Is
0.2 at seismic slip rates

Granite:

friction coefficient

0.01 0.1
velocity, m/s

Gabbro:

friction coefficient

12

1.0

0.8

0.6

0.4

0.2

0.0

friction coefficient

f=fo* VoV f,=0
f=f, +(fof, )" VIV £,>0

| |
0.01 0.1
velocity, m/s

f=f 4(Foef, )V IV f>0

| |
10° 10* 10"
velocity, m/s




Plate Impact Pressure-Shear

Friction Experiment
Flyer plate

3.25 inch single stage gas-gun Tilt adjustment

4 r\
Target plate

Holographic
diffraction grating

Fiber glass projectile

\ Combined normal and
transverse displacement
Target holder interferometry

Vikas Prakash




Tlersional Kolsky bar apparnatus

[ |
Hydraulic A

Pulley
System

Vikas Prakash




Conditions; Assessable Using Non-conventional
Experimental Technigues, to Vleasure Sliding
Resistance at Seismic Slip Rates

Pressure Shear Kolsky-Hhar
[Frction [Frction
EXpernment EXpernment
INermal 100/ MPa to 1-100 MPa
pressure 2 GPa
Slip speed 1-50 m/s 1-10 m/s
Slip < 0.5 mm 10 mm
distance

The Kolsky-bar friction
experiment can access
more interesting ranges of
normal pressures and slip
distances than the
pressure shear friction
experiment, but also at
high slip speeds

Vikas Prakash



Results from Plate Impact Pressure-Shear
Pilot Experiments

=
I-.,J

Results on a
dense
Arkansas
ReVaculite:

Couldie
compatinle
Withfiash
meling anae
enlargement
O VISCOUS
melilayer

Shot FY008

Flyer and Target: Dense Novaculite Rock
Thickness of Flyer: 12.3mm

Thickness of Target: 10.40mm

Impact Velocity: 75.4m's

Skew Angle: 35°

o
(53]

L e
o o o

= M
=

¢
=
o
©
Q
>
=3
o
[
&
£
2
=

Coefficient of Kinetic Friction, u,

w0 ool bbb bbb bbb b
[
N

Time after Impact (us)

Vikas Prakash




Tlopography: of Surfaces

Vikas Prakash



Torsional Kolsky Bar Results (Exp001)

Coefficient of Kinetic Friction, p,

Exp001 (Normal Pressure 32.2 MPa)
Tribo-Pair: Quartz on Quartz

Interfacial Slip Velocity

Coefficient of Kinetic Friction

Interfacial Slip Velocity (m/s)

Interfacial Slip Distance (mm)

w

Vikas Prakash




What Might Be Done to Verify The Weakening
Is Due to Flash Weakening/iVielting?

Theony says: V., = (zcy /[ D)o (1= z]?

hhusasilk Increases V., Willldecrease;
SE)chianging ambientiemperaturei: willimake
predictablerchanaes in Vi,

AlSeras DiRcreases V., INCIEASES) S changing
surfacerreughnessisheuld changer DranaiserV.,

Attempts toropsenrnve smalllamounts ol melt at
asperities, alse shiouldibermade;, butitis difficult

BROW)
GEOLOGY



L.

. Interiaciallltpricaton by irictional melt

Dynamic fault weakening
mechanisms

Normal interface vibrations

. Dynamic nermallstressireduction) fireml elastic

miSmaitch

ACOUSTIC fltidization
Elastenydredynamiclubrcaton

hemal pressuzation o pore iuids

Lecal  Flashtweakeninag/melting at asperity,
CONLAECLS

Wy
G- - B
TOIREIT D

Fukrcation by thxetrepicsiicargeliayerr il

BROW)
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Interfaciall Lubrication by Frictional Melt

Prepesed by Jelieys; 1942 VicKenzie and Brune,;
11972

Invelvesieneugh irictional heating| te: create: ailayen of
melt separatingltne adjeining kIeeks

Shealresistance woulaiseem torbe reduced, bui
VISCoUS) couplinglcan be a factor

lheoryis complex due tornegative ieedback PEWEEN
Weakening andheatng

IHasi BEEN SEENIRIEXPEmMeEnts atlew nermal
Siresses;, but strengtnl s arcomplex funetion of slip
(Wistissumirand Shimamee;, 1997, Hirese: anad
Shimameie; 2005) e,

@CeUrsS dunRg some eartiguakes; Genenatng G
pSeudetachylyies; butnot cleariow irequenty’ @ @
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ngh velomty Rotary Shear Ig Kyoto

30 cm

Apparatus of Toshi Shimamoto [Hirose, Ph.D. thesis, 2001]



[Friction In the presence of
melt at low normal stress

1.6

1.4

1.2 Gabbro,
Tsutsumi and

1 -
Granite, Shlm ot0>(1997)
0.8 | Dieterich (1978)

& A A

Visible

/ I melting

Tsutsumi &
Shimamoto,

Slip Rate (mm/sec) 1997

0.6

0.4 | No visible
melting

3
Eﬁ
Q
=
2
-
5
b
C
el
=
2
<
&=
)
Q
Q

0.2
0.0001 0.001 0.01 0.1 1 10 100 1000 10000




VWeakening-strengthening-weakening behavior

G, — 1.25 [redrawn from Hirose and Shimamoto, 2003]

W=l

- 06 Hpeak gabbro
Hss A ' v =0.85m/s :
D= 151m on=125MPa [t
: - n ' Shimamoto,
andislip
O 2003
U[erie 5 06
S0/ m L I

20 40 60 ‘ .
Displacement, m O E

ERIOVVIN
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VWeakening-strengthening-weakening behavior

G, — 1.25 [redrawn from Hirose and Shimamoto, 2003]

W=l

- 06 Hpeak gabbro
Hss A ' v =0.85m/s :
D= 15im on=1.25MPa [
: - n ' Shimamoto,
andislip
[e 2003
Uprte S
S0/ m L

First
weakening

= flash 8
. 20 40 60 W .
meiting Displacement, m O E

ERIOVVIN
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VWeakening-strengthening-weakening behavior

OIS 1.25 [redrawn from Hirose and Shimamoto, 2003]
ViPa;
= 0.6 Hpeak gabbro
Hes = 20 ' v =0.85m/s _
D = T2 oy =1.25 MPa [
andslip. g= o Shimamoto,
O
S 2003
Ugnio s +
sOm" I

First
weakening

= flash
melting



Weakenings

o, = 1.25
VP2,

Second weakenlng melt Iayer

u. =06, X

D, = 15'm
anadisiip
Uprie
S0 m

Friction

First
weakening | 04
= flash
melting

v=0.85m/s

5. = 1.25 MPa Hirose &

Shimamoto,
2003

Strengthening = melt patches
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What Are Implications of Doing Unconfined
Experiments Where Melt is Lost?

VeIt lossieeeUrs I betn;, Elthertorexieriol o (e melt
Velns

IHOWEVES, MElt pressuremay be quite difierent

lifresistance Is;due; te) VISCoSsIty, then the VISCoSILY,
anad sertne shearresistance willlnetive Ve,
pPressule dependence

IHOWEVET, the apparentimcton will e muchlowerr i
the nermal stressiisimuch RiIgher

EXPErmentssare needediat elevated noermal siress
Where the sitiaNsielther retainedioratieast thes
melt pressure stays high =

BROW)
GEOLOGY




Dynamic fault weakening
mechanisms

L1 Noermallinterface: vibrations
[ 1 2, Dynamic nermallstressi reduction|fireml elastic
miSmaitch
ACOUSTIC fltidization
Elastenydredynamiclubrcaton
hemal pressuzation o pore iuids
Lecal  Flashtweakeninag/melting at asperity,
CONLAECLS

L2 interacialitivieationtoy fnctionalmelt o
1wy 51 LUBHICALIGN BY thIXOLrERIC SIlIcargelayer ﬁiﬁmﬁ;?

an] [
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Lubrication by Thixotropic Silica Gel LLayer:

Piscovered by Goeldshy and hullis, 2008, Studied 15y
DINeNE; Geldsey; andliuiis; 2004

IRVelvesigeneration ol arlayer ol silica gel oy
Interaction erwaterwitnrsSiO;

Shear: strengtnl el geliistiowered by iast slip and
large: slipr= thixetrepic = strengtn  depenads; on
COMpPENleN PEWEEN HIME dependent
Strengtneningland staindepenaent weakening

VWas discovered 1IN eEXpermERnts en quartz;, Ui
eeeUrs N ecksiwithrover s percent: S105

Could e Imporiantierearthguakes. Feld

\}@/
TOITEI TS

evidence for its eperation may: be hard (e find. @ &
W

BROW)
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Unconfined Rotary: Shear Friction Experiment

j‘ 5 cm=

o

| s —~

I m iilr

.  ——
a : =
High speed
V=<0.20 mys
Large Cumulative —> I\/IPa e
Displacement: =
S=45m David Goeldshy .-Ej

G=0RC)C



[Friction Droeps: at High Speed, Slowly Recovers
at Low Speed

1.2  Guartz |
10l V=lum/s
0.8 | :
06}
0.4

0.2

V=30 mm/s v V=1 pm/s

~300s —_J |

Friction coefficient

0.0 1.0 1.9 1000 2000 3000 4511.5 4512
Slip displacement (mm)

Di Toro, Goldsby, & Tullis, 2004
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Slip Dependence for Gel Weakening

N410
N705

s 100 mm/s

N414

30 mm/s

1000 2000

Displacement, mm




Friction for Quartz Rocks Extrapolates to Zero
at Seismic Slip Rates

‘Quasi-static’
| friction —
experiments Extrapolation from

low-speed friction Seismic
Slip
Speeds

o
oo

o
~

)
c
D
&)
E
o
o
o
c
o
-
&
—
(-

Observed high speed
behavior

O
N

Di Toro,
Goldsby, =52

| | | | .
10° 10° 10* 10° 102 10" 10° & Tullis, ond

velocity, m/s 2004
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Controlled Humidity: Test in 1-atm Apparatus

-

Dry N, gas Novaculite
el

~

____________

V=3 mm/s

SROW
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Controlled Humidiit

—
M

Room Dry Room
humidity humidity

Y

Water Is
needed for

the
weakening

O
oo

beaker
of H2O
in sample
chamber

oty .
] ] ] ] ] ]

0O 10 20 30 40 50 60 70

cumulative sliding displacement, m

-~
~

-
-
Q
O
g
3
S 0.6
-
O
-
9
L -
e

—
N




Reflected Light Image of Mirror Surface

DAk SPOLS = PoKreSIty-caused pits InrsuiHace Z
0 =162'mj, V= Simmys, 6, =5 VP2
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Friction Coefficients for Granite, Feldspar and Quartz
Extrapolate to <0.4 at Seismic Slip Rates

O
oo

O
o

gabbro

quartz

feldspar

feldspar

granite Roig Silva

et al., 2004
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U decreases with Si0, content above 50 Wi.%o
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Thixotropic Behavior of Silica Gels

Characterized by particles with bonds between them that can be
disrupted by strain — many paints and clays are thixotropic

Often called shear thinning, since the viscosity gets lower as
strain increases

After strain, bonds become stronger with time

This means that the strength results from competition between
strain-induced weakening and time-induced strengthening

Thus expect:
Weaker at higher velogcity ,
Time-dependent healing with low: or zero velogcity A

] " 7”@
This: Ist what we observe!
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Implications of Low' Dynamic Strength for Earthguake
Stress Drops and/or for Tectonic Stress Magnitudes

A dilemma exists IiFdynamic StfeSses  are |owW:

IFtECIONIC Stresses: are close! te) static fmcional
strengtn;, then ene Woulafexpect Iargerrsiress
drepsiand aceceleratiens thamnrarerypically
epsenved

A medel withr oW tECIORIC SiFESSES! Caln BVEICOME
static iifcuon and e compatinle with low: stress
drieps, PUL then ene Would expect te inaliow,
measureadiinisituistress, Valtues;, ratherthat
those that typically’seem boundediby static: ===

e W mr
fifctional strengtin
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Slip
Velpelty,

Shear
Stress

Slip Velocity and Shear Stress
at the Thp of a Prepagating Rupture
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An example
for raterand
staterifction
parameters
thatigive a
seli=healing
UpLure;
Propagation
time = 25.00!'s



One Possibility for Initial Stress
Compared to Static and Dynamic Friction

0.77.

40 60 80
Distance of propagation (km)
IHigh Stressi Viodel:
l"arge stress diep
Static friction GVErcome
moesty by iniialfstress:
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Alternate Possibilities for Initial Stress
Compared to Static and Dynamic Friction

0.77.

40 60 80 40 60 80
Distance of propagation (km) Distance of propagation (km)
IHIghr Stiess IViedel: Brittle; [Cow: Stress; Viodelk
lLarge stress diep Small stress drop
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Dynamic Rupture Models with Extreme High Speed Weakening

Uses Thermal Pressurization and Flash Weakening

High normal stress + weak patch in the middle
(Corresponds to

~8 km depth)

—
N
-

Steady-state Steady-state
velocity velocity
- strengthening — strengthening

I == velocity Weakening | '

0 50 100 150 200
Distance along strike, km

@
ol
=

vl

0
£

"
©

=

-

O
=

Cn
-

Nadia [Lapusta



Example with Low Initial Shear Stress
Rupture overcomes static friction via stress concentration

Shear stress vs. TIME during rupture at a point
180 . . Static

stress drop

160 + Stress 7 &Statlc Strength- is much

concentration smaller
140 ¢

Jl than what
at rupture front — Most slip occurs one would

P 120} _
a2 at very low stress expect
_ 100 + dyn. weakenin Il because
LOW S'[I’eSS ( y g) shear

il before | ngeosrs(;the
rupture arrival Static
60 SIl carthquake
J stress drop is much
1 BEukEUEs

than static
strength.

40 ¢
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0

98 99 100 101 102 103
Time, s
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Fault models with strong dynamic weakening
based on Thermal Pressurization and Flash Weakening
satisfy several observational constraints

Operates with low stress, low heat production!
Vw = 0.1 m/s, L = 40 mm, weak patch 160/8 = 20 MPa

Average static strength of the fault

Average shear stress on the fault

Shear stress based on heat generation
.""! A

)
o
=

A

D
=
7

1000 2000 3000 4000
Time, years
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Conclusions
Viany high=slip-velociy/ Weakenineg MEeCHanIsSms
potentially exist
ViUGh remains terhe Understoed aneut them
Erom what we know, the shear resistance!: ihom
many: el themis quite oW,
lifshear resistance durng earthguakes Istiow: then

eltner:

A. e stress dreps durngleantnguakes, could e lange,
apparentiy largertnanis typically elhsenved, or

5. e inital tectonic stiess IS oW, SO the siess dreps
aneraceeptablyiow. e static iifclion Is GVErcome
By dynamic StiESSES at thetipiofithe propagating) &
ibpiure



	Main Point
	Outline
	Difficult to Reproduce Earthquake Conditions in Lab
	Dynamic fault weakening mechanisms
	Normal Interface Vibrations
	Dynamic Normal Stress Reduction From Elastic Mismatch
	Acoustic Fluidization
	Elastohydrodynamic Lubrication
	Dynamic fault weakening mechanisms
	Thermal Pressurization of Pore Fluid
	Comparison Between Quartzite Data (in blue)and Prediction from Thermal Pressurization of Pore Fluid
	But with no water, behavior is the same!
	Dynamic fault weakening mechanisms
	“Flash” Weakening/Melting at Asperity Contacts
	Calculations of Weakening Due to Flash Melting
	Unconfined Rotary Shear Friction Experiment
	Quartz Velocity and Friction in one 90 deg. Rotation
	Same Quartz Data Plotting Friction vs. Velocity
	Similar Behavior is Seen for Several Rock Types: Friction coefficient is 0.2 at seismic slip rates
	Plate Impact Pressure-Shear Friction Experiment
	Torsional Kolsky bar apparatus
	Conditions Assessable Using Non-conventional Experimental Techniques to Measure Sliding Resistance at Seismic Slip Rates
	Results from Plate Impact Pressure-Shear Pilot Experiments
	Topography of Surfaces
	Torsional Kolsky Bar Results (Exp001)
	What Might Be Done to Verify The Weakening Is Due to Flash Weakening/Melting?
	Dynamic fault weakening mechanisms
	Interfacial Lubrication by Frictional Melt
	Friction in the presence of melt at low normal stress
	What Are Implications of Doing UnconfinedExperiments Where Melt is Lost?
	Dynamic fault weakening mechanisms
	Lubrication by Thixotropic Silica Gel Layer
	Unconfined Rotary Shear Friction Experiment
	Friction Drops at High Speed, Slowly Recovers at Low Speed
	Friction for Quartz Rocks Extrapolates to Zero at Seismic Slip Rates
	Controlled Humidity Tests 
	Reflected Light Image of Mirror Surface
	Friction From These Weakening Mechanisms
	Implications of Low Dynamic Strength for Earthquake Stress Drops and/or for Tectonic Stress Magnitudes
	Slip Velocity and Shear Stressat the Tip of a Propagating Rupture
	One Possibility for Initial StressCompared to Static and Dynamic Friction
	Alternate Possibilities for Initial Stress Compared to Static and Dynamic Friction
	Conclusions

