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High-Velocity Friction of Faults and Earthquake Generating Processes:
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Abstract

O O To understand not only the mechanisms of earthquakes, but also the origins of the diverse
behavior of faults and plate boundaries, one must integrate] 10 field studies on faults to
understand deep intrafault processes,[] 200 laboratory work to reproduce those processes and
determine mechanical and transport properties of fault zones,O 30 theoretical and numerical
studies analyzing fault motion, including earthquake generation processes, based on the
constitutive properties determined by laboratory studies, andd 40 seismological and geodetic
studies revealing dynamic fault motion during earthquakes and diverse aseismic fault
behavior. Ideally, such integrated studies should be carried out for a selected fault that
produced an earthquake with good seismic/geodetic records so the predictions fromO 100 to 30J
can be fully tested againstO 400 rather than selecting favorite data from the literature. The
1999 Taiwan Chi-chi earthquake is an ideal example for such integrated studies because the
fault motion during the earthquake is clearly analyzed based on very good near-field strong
motion data, and because the Chelungpu fault zone, which caused the earthquake, is exposed
on land and has been drilled at several places. Also, the IODP drilling project into seismogenic
zones in the Nankai Trough will provide rare opportunities for such integrated fault and
earthquake studies in the near future.

0 O This paper focuses on high-velocity frictional properties of faults for which frictional
heating plays a crucial role, with special reference to dynamic fault motion during large
earthquakes. Recent progress in high-velocity friction studies, particularly those in frictional
melting, thermal pressurization, and high-velocity gouge behavior, are rapidly filling the gap
between field/laboratory studies on faults and seismological/geodetic studies on earthquakes.
Representative results from our recent studies are presented, revealing that the
field/laboratory data can predict slip weakening distance, D., of the same order as determined
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by seismic data. We also show highlight data on frictional melting and argue that the effect
of frictional melting on the dyanimic fault property can be predicted by solving a Stefan
problem with moving boundaries. Seismic fault motion may be predicted not so long in the

future based on the measured properties of a fault that caused an earthquake. Transition
from ordinary friction to high-velocity friction that has been poorly explored to the present,
should control the initial phase of earthquake generation and perhaps is critical to an

understanding of the physical bases of earthquake prediction.

This is perhaps the most

important area for systematic studies in the near future.

Key wordsO fault, fault rocks,

high-velocity friction,

frictional melting, thermal

pressurization, pore pressure, permeability, earthquake mechanism
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Fig. 10 A simple slip weakening model in which
a fault weakens over slip weakening
distance, D.. Shaded area G denotes
fracture energy.

gbobooooobobooboboboooobo
ubooboooobooboobobooobooboobo
gooobooooooobbooobobooooo
Sibson0 1973, 197500 0000000000
gbobooooobobooboboboobooobo
gbobooobooboooobooboobobo
gbobooobooboooooobobooobo
booodobobobooboboobobobbo
gboboooooboboooboobobooobo

goodooooobbobooooooobobobbooo

0000000199100 000000000 19910
00 D000 O0McKenzie and Bruneld 197200
goobdobooooouooouoooooa
O00o000o0opoooooooooooo
O0000DoDooooooooooooooon
gobooooooobooboouooooooa
O00o000o0opoooooooooooo
O00o00o0oo0Dooooooooooooon
gooobodooooboouooboooooooa
00000000D0ooooooooooooo
0000o0oooooog, 1994
glioooooo
o0o0oo0oDo0oooooooDoDoooooo

IO —



gdoboooodobooooobooooooo
00 Sprayld 1987, 19880 0000000000
gooooooooooooooboboooooa
gdoboodoooooooobooooooo
goobooooooobobbuooooooood
gooooooooooooooboboooooa
gdoboboouoobooooobooooooo
Olem/sO0000D000O00OOODOODOO
gooooooooooooooooooooa
gooooooooboobooO 000 10000
goooooooooooogMPa oo d
godddoooogoog,19¢4oooood
goobobooboooooooouoooooooo
gooobobbouodoooooooobooooa
goooooooooooooboooooooa
goooooodoooouooboouooooo
goooooooooooooooboooooa
gododdoooooooooooo

0 Tsutsumi and Shimamotol 1996, 1997a, b0
goooooooooooooooboooooa
gooooooooooooooooooooa
gdobobooooooobooooobooobooo
goooobooooooooooooooooa
gooooooooooooooooooooa
gdobooooboooooooooooooo
goooooooooooooobbooooa
goboooooooooooooooooooa
00000000000 00D0D00O00Hirose,
2002; OOOO0O, 2002; Hirose and Shima-
moto, 2003a, b OO0 OO OO0O0OOODODOO0O
0000000000 stefan0000000O00O
goooooooooooooo, 20020000

gboboboooobooboboboooooo

oooooobobooobobooboobonboog
gboboooooobog

ogbz20000000000000DO0DO0OD0OO
000000000000 0O0Hirose, 200210 0
allOoboboooobobooooobooob
gobDoOoooooodOobbOOOOOOOOO
go40000000DODOOODOODODO a
gbooobooboooboobobobooboboobo

00oooooooooooooobOoDbDOO
O000000O00oooooooooO 2bO
al0ObO00O0O0OOOO 10 slip weakening O
0000Do00ooooooooooo 10 slip
weakeningO OO OD.O00 106mO 00000
gooo0ombOOOOOODOOODODOODOO
gobooobooobbuooobbuogdad
ObOOOOCOOOOOOOOOODOOOOCOO
O00o00U00ooooooooooooooooo
000000Riced 19990 O flash heating O O
O00oU00ooUoooOoooooooooooo
O0D0O00D0O0OO00DOOOOdTsutsumi and
Shimamotod 1997a0 00000000 OOODO
Oo0oOo0ooooooooooooooooan
slipweakeningO OO OOOOOOOOOODO
goboobooooooobbboooooog
Oo0oOooooooooooooooooooo
goooooooDoooOoDoODOOo
gooooobbooooooobobouoooog
O0002a0d0000O0200000000
00000 20 slipweakeningD OOOOOOO
O00p00o0oobOooooboononDo 2000
000000000 doo 2000000o0oO
000000 0000000000000
O0u-000000000000000 2a00
Om

O Op <MY med Y <Lexpl O d/d.0 010

000 d.O slipweakeningOD OO OOOOO0O

OpOp<sO00p medp 00 expd 0100 0.368

Oo0ooooooooooooooo™@™punO
MOOOpmdp 00 950000000000
00000 D®00000DS™03d. 0000
D00 10 Db 00000000000 0O0ODO
02a00000000000OP me0.89% 0.0010
M 0 0.6+ 0.00050d.J9.4+ 0.08MM O OO OO0
g0oooOoUooooooooOoOoooooooo
0000 3a00000 slipweakeningO 000
gobboobbbooooooobbbouooog

gbooooobbooooobbooooobao

IO —



Post-second-peak Displacement [m]

0 20 40 60
1.2 LB B B UL I IR B
=] - d .
.S B _
5 10 i K
— r .
S 08 F Hg\ . f-
- - - ¢ E
-§ 0.6 f Wﬂu‘_‘_‘k‘""‘! T
3 04| & B
A i 95% —
(3 L qKC<D—C> i
X
0.2 b -
L Eq.(1) | A
0 | EFEFETENS ETETETATS ETTEATEN ATSTETATI ASTATESl AYSTATAE ATATATATE STATATArE AT
0 20 40 60 80
(a) Displacement [m]
L0 [~ T ;
e [ ¥ ]
2 08 F .
| 1
i3 [
5 061 e
B .
Q - -
= 0.4+ 1
5| A
5] [ b 1
“ 02t -
O-I 1 1
0 0.5 1.0 1.5
(b) Displacement [m]

obooobooboooboooboooboobooonoo
oooobooboooboboboboboooog
gboooobobooboboboboobooboo
gboboobooboooboobobobooobobo
oooobooobooobooboboobobooog
ooooooooooooobo sadoooO
ogboboooobobooobooboobobonbo
oooobooboooooboobobooobonboog
gboooobooboobooboboboooobooboo
obooooboooboobobobobooboooog
oooobobooobooooboboooog
gbooooboobooboobobobooboboobo

0 200a0000000000000D000O0OCO
OooooooooooooombooOO
oooooooooo

00000000000 o0.850m/s, 00000

l5MMPa0000O0O0O0O0O0O0OOOOOOODOOO

go0oo00ooO0oooO0ooO0oO0o0ooOoooOoOooOooo

OOoooO0oo0ooO00ooO0O0ooO0OoooOoOdadnd

O0eO0OO0O00OCDOOOOO2000000000

goooOobo0ooOooOooOobooooooooolo

goodoboOooooooo0ooOoooooooOooo
0om

Fig. 200 a0 Representative mechanical behavior
of Indian gabbro at a velocity of 0.85 m/s
and under a normal stress of 1.5 MPa,
shown as a frictional coefficient versus
displacement curve, andd b0 a close-up
figure showing the initial part of the
curve in0J all

Two stages of slip-weakening are recognized a to
b and d to ell Periodic fluctuations on the curves
is due to distortion of torque gauge at each
revolution caused by small misalignments of
facing specimens. Dashed line in0 allis a least-
squares fit to the second slip-weakening behavior
with an exponential decay to a steady state,
equation 1[0 using Kaleida Graph software.

O0o00oouooooooooooooooo
gobobbboooooobbbbbuoooog
O0ooooOooooOo2ymiOO0OoooonO
O0o00U00ooooooooooooooooo
oo0o0ooooooo 200000000000
Oo0oO0oooooooooooooooooo
00o00oU0ooooooooOoooooooo 2
O slip weakeningO OO OO

O03b000000000000000 2000
O0o0oooooooooooooooooo
goodoobbbooooooobbbouoooog
Oo0oO0oooooooooooooooooo

IO —



140 T T T T T T T
L 2nd-peak é
r friction ]
'g' 120} interval
= [ «>
2 100 - 1
= )
£ sf ]
2 L
= L
= 60 ]
) r O Melt patch
E 40 (pre-second peak friction)
(4 r ® Molten zone
< 20k (post-second peak friction)
0L . . . . .
0 10 20 30 40 50 60 70 80
(a) Post-first-weakening Displacement [m]
O Apparent viscosity
O Matrix viscosity corrected for bubbles
@ Matrix viscosity corrected for bubbles & clasts
250~ 1 ~ "~ "~ T T T T T T T ]
— 3 | .o ]
= [ ]
< 200 [ ]
=] : ]
2 150 .
7 i ]
O b 4
2 100 f .
> i ]
50 ]
0 L n n n n n n n n
0 20 40 60
(b) Post-second-peak Displacement [m]

gboooobobooboboboboobooboo
gboooboobooobooboboboobobo
oooooobooboobobobooobooonog
gboobomoobooooboboobooon
gbooooobooobooboobobobobono
oo0omuobobooooboooDO e5PasOiU
2300000000 b000booboooDobo voO
S0PasOOOUOOODOOOOODOOOOODO
goooboobooboboboboboooonoog
ooboooooooooo3oooooooo
000000 Jaegerd 1969, 140-1420 0000
oooobooboobobooobooooboonoog
gboobobooboooboooboobooobo

0 30all0000DOO00ODOUOOOUDODDOON
O slipweakening 0 00000 20 bOO
ooooooOooooOoOooooooooo
000000 ooooooooomboOQg
0000000 2000000000000
2ald d00ODOO00OO0OOODO

ObOOO0OOO0OOO0ODODOOODOOOOOOOOOO
000ooU00ooo0oooO0O0ooUoOooDoOoOooOoo
goooO0oooUoOoooUoOoooOoooooooo
gob0obo0oooooooooobooooboobo
0000oU00oO0oo00ooUo0oooOoooOoooOoo
gooooOoooooooooooo

Fig. 300 al The area-averaged thickness of
molten layer plotted against displace-
ment immediately after the first slip-
weakeningl point b in Fig. 20 at which
melt patches begin to form. Solid line is
a least-squares fit to the data using a
logistic curve.O b0 Viscosity of molten
layer plotted against post-second-peak
displacement.

Open circles in0 b0 give the apparent viscosity of

molten layerO i.e., measured shear stress divided

by the average shear strain of gross molten
layer([] open squares show viscosity corrected for
bubbles, and filled lozenges exhibit melt viscosity
corrected for clasts and bubbles. For reference,

mechanical data in Fig. 2a are shown without a

vertical scale.

oooob0ooooob20000D000b0O00O0
booobmoboooobooobooobobooDbo
gbobooboooboboobobooboooobo
O04bMO2ale000000O0O0O0O0OOOO
gboboooooboboobobobobooobo
gbooooooboboboboboodb 3amg
gboboooboobooooboboboobobo
gbooooooobo b.0booboooboobooobo
gbobooobooboooboobgobooobooobo
gbooooooooboobobobo
0D2000000000000 stefanD O
gbooooooobuobobuobobon 4ab O
oooooooooooobooo 200000

IO —



—

Melt escape
-\
\
A~
O

Growth of a
molten layer

V,_.-3
4

<

Heat conduction

Viscous shear heating

Heat conduction

Melting surface
(fixed at melting
o temperature)

O Absorb heat
by latent heat

Exporiments Natural faults
o
(b)

0 400a000000000000000O00DOO0ODOOO0DbO
ooooooOo0ooO0oooOooOO0OboOOoOO0OOOOoOOon
ooooooOoOO0OO0O0Ob00mOooooooOooOooOoon
gooboooooooooboboooooobooooo

Fig. 400 a0 A schematic

diagram showing the physical

processes involved with frictional melting, andO b0
sketches for the melt escape from fault zones for
frictional melting experimentsO left(] and for frictional
melting along a natural fault forming pseudotachylite

veinsO right[l

gbooboobooobooboboooooboobo

gbobobooooobooboboboooooo

goggbobooobobbooobbbooooboo
gooboooooboooboooooboooog

gbobobooooobooboboboooooo

gdoboboooooooboooooboooooo
0000D00o00oooog Stefan00000
000 00Hill, 1987 ; Alexiades and Solomon,
13000000 ooooobooobn
000o0ooooooooooooooooo

goobooboooooooooboboooooog
doodooobobobooooooooooooooo
goobdobooboobooouoooooa
00000000000 Alexiades and Solomon,
03 00000000000 booooo
goobdobooooooooooooooa
gooooooooooobbooooooog
dooooooooooboooboooooooo
goobdobooooooooooooooa
Jooooooooooooooooooooa

IO —



gbobiooooooboooboboobooog
gboobobooobobobooboboboobo
gooobboooobobbooooobboooob
O3p00000000000000D0000OO0

gboboobooooobooboboboooooo

D.OO0O0O0O0ODOO0ObObOobOobObooobooonDog
goooboobooboboboboobuooooog
gboobooboboobooobobooboobo

gboboboooobooboboboooooo

goooobboooooobobobbbuoooo
oobobz2afd0oooooooooooog
Ooo0oooooooooooooooooog
0O00000oooooooooooooooog
ooob.000oboooooooooooogooag
O0o0o0oo0oooooooouooooo bed
goobobooooobbooooobooog
gzoo200 00000 OoOoooooooog
0000 slipweakeningOD OQOOGO0O d.OOO
0do0ooobooboooboOoO 2add 3ad0O
O [ Sibsord 197500 0 0 0 00 00O OO Outer
HebridesDOODODOOOOOODDOOODOODOO
Jald0d0ooooooobooooobooogd
Ooooooooooooooooooooodg
0100 mOOOOOOOOOODODOOOOOO

gO000SsibsonD 0000000 0OOOODOOOO

gioamiooOoOoOoooOooooooooDooo
gboobooobooooobobobzoee200n
SibsonO0ODOOO0OODOODOO D.OOOOODO
gooooo1comiOOOoOooooooDoO
gooo

obobooboooboboooboboooboobog
gboooboobooboobobobooboobo
goobooooobbooobbooobo 4a0d
goobobbooodobtbowOOoooonobOOO
gobooddobbdesboooooooooo
gbobooooboooboobobobooboobooono
oooooobobooobobooboboonoog
gboooboooboboooboboobooboo
gbooboboboboob.bobooobooog
gooboooooboooboboboooboobog
goooobobooooooobobooooon

gboboobooobobooboboobobooobo
gboboboboboboboboobobobbo
gboboboobooboboooboobooobo
gboboobooiliobobobgoooooobo
oo

gboobooooboboboooboobooobo
gboobobooobobooobobooobobo
ooboooz2o0300gooouoooooooDn
gboooooogobb4ab000O00OonoOonDO
gbooooboobooboobgobooooobo
OO00O0OCOOODOOO0OOD191600 S.J3. Shand O
gboooooooboobeocbobobbonoobo

goboobogbbooboobobooboon

nmooooooooooon

O SibsonD 197300 0000000000 ODO0O
Oo0ooOoooooo1ooooooooooo
Oo0o0oooooooooooooooooo
U0 PHporepressurel 000 O0O0O0OOOOO
Oo0oUooooooooooOooooooooo
00000 Thermal pressurization"d 0000
0000000000000000000000
Oo0oooooooooooOouoooooooo
0000000 OLachenbruchO 198010 Mase
and SmithD 19870000 00000000DO0O
Oooooooooooooooooooooo
O0o000ooooooooooooooooo
0000000000000 00ooooooo
oooooopP0O000C000OD0OCUOOODOO
O00000o0oooooooooooooo
gobooobboboobboboobooobobo
OoooooooOooooooooouooon
0 permeability structureD 0000000000
P O00000O0O0O0OOODODODODODOOO
gliooooooooooooooo
0000o0oooUooDoOoooooooDOoo
0000000000000 DOdCaine et al.
0199600 Evans et al.019970000 0 O O
0100000000 0o0ooouoooooooo
gobobbboooooobbbooooooog
O0O000O0DOOdamage zoneD OO200 00

IO —



goboobouoboobboobooboooo
OfaultcoreD 00000000 OOODOOCOOO
oooooooooOooo 10mooooog
goboboobooooobbobbbooooog
ooooooooocooooouoooooood
ooo0ooUooDmoooooooouooooog
gooboboooooooooobbbuoooo
ooooooooooooooooooooodg
Oo000ooooooooouooooooooog
gooobooooooobbbbooooooo
goOo0o0OOoQoOoQoOoQooQooO 1oemOoog
0o0o0o0o0oO00oOooOooOoD 10emUiOogg
goooobooooooooobbbboooo
oooooi0oo0ooooOooooooooodg
Oo00o0ooooooooouooooooooog
goooobooooooooobbbboooo
ooooooooooooyos8suooooOoO
OCmmO0O 1000 mmO00000000000
0000000000000 slip-weakening
distance D.0 00000 OOOOOOOOOO
oo

OLockner etal.d020000 0000000000
ooooUoooOoooooooooooooog
Evans0 OO ODOODO0OODOOOOO0OOOOOO
goozoooUODooooOoOobDOoOOooOOoOO
00000000000 D0ODODOO Locknerddd
O00o00oU0oo0ooU0ooOoooooooo
gooooboooooooobbboboooo
Oooooooooooooooooooood
000000 0OOWibberley] 200200 Wibberley
and Shimamotod 20030 0000000000
ooooooooooooooooooooodg
Oo000ooooooooouooooooooog
godp,00000D00DO0O0O0O00O00O0O0OO
oooooooooooooouoooooood
o0ooooUoooooooUooooooooodg
oo00o0o0o P,O00O0DOODOOOOP,O00O0O0OO
Oooooooooooooooooooood
OOOWibberleyOOOOOOQOOoOOOoOOOOO
goooobooooooobbboobuoooo
ooooooooooo

020000000000000 De
gboboobuodooboobooboboobooo
000000000 107”010 m*00ooon
0000000000 OWibberley 20020 0 O
000 Mase and Smith0D0 198700 000000
gobooooooboooobobooooboobo
gobobbboooooobbboooooog
gogobooooobobuooobbbouooooboobo
gbooobooobobuoboooboobobooo
Mase and SmithD 19870 0 000000000
oooooDoObbOO0oOoOooooooo 50mm
goboobooooboobod 10dmb D.OO
goodoooobbbobobobo b.ooog
0000 O0OThermal pressurization 00 OO
gob b.0boobooooboooo
goooooobbobouooooobobboooog
gboooobooboboouobobooobooo
goooboooooooobboobooooo
180MMPal 0000 10°Y0 10°*m 00000
gogooboboooobobuoooboboooooboobo
gobooooboooobobboogoooobo
goodoooooooo ppO0bbobogoogog
gobobooooobobuooobbbouoooobobo
goobooooobooobobboooooboobo
000000 Mase and Smith(D 19870 0 O O
Lachenbruchd 1980000000 1000000
gobooooobooooboboooooobo

0o00oogad, 2003; Noda et al., 200311

gigdooobosoboobooboobooobooo
O0D000OO000O0oOooOoooODnD 1m/sO0
000000000000 3BMOOOOOODO
gboboobooobobooboobobobbo
gbobooobooboobobooobobooobo
0000000000 46x 10°*m00000
0000000000 29x 10°*m*00000
O0o00O0o3xkmOOODOOOOOOOOOD
gboooooobobuoooobobooobo
000000D00oooooooog 25x 107
Pa"'0 00000000000 UOOOOOOO
gooooboboobooooooobbobooooo
25x 10""Pa™000000000O00O0O0

IO —



L0 e S I B B SR

r Hanaore Fault
0.8 b Sliprate=1m/s | -
k Depth = 3 km 1

0.6

X Width of deformation
|, . € zone=100 mm

Normalized shear strength

e S

Ollllllnlnl P
1.5

0 0.5 1.0

.2.0. 2.5 3.0
Displacement [m]

O sb0oooooboooooooOoOoOoOoOooOon

goooOooO0ooOoooobooo
0O03kmOOOOODOOOO0OO0OOOODOODOO
00000000000 LachenbruchO 19800 O O
goooooo0ooboO0oOoO0ooOooOooboOoooooo
00001m/sO00000000000O0O0O 100nm
ooOlooommOO0O00O00O0O0O0O0OO0O04000
oooooooOoO0obobOoO0oooOooOoooOoOoobOOoo
pooooooOoOoOoOoOOoOO0OO0O0O0oO0O0O0o0o0on
oo

Fig. 50 Slip-weakening curves due to thermal
pressurization, calculated for the
Hanaore fault zone at a slip rate of 1
m/s, assuming different widths of de-
formation zoned 10 to 100 mm(l

A one-dimensional finite-difference calculation
based on Lachenbrush's0 19800 theory was per-
formed using measured permeability and storage
capacity values at an effective pressure corre-
sponding to 3 km in depth. Fault strength is
shown as a normalized shear stress with respect
to the initial shear stress, assuming that the
shear stress depends on the effective normal
stress.
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Fig. 600 al Strength-reduction curves andO b0
temperature-rise curves plotted against
displacement, for different permeability
values as shown on each curve and at a
fixed slip rate of 1 m/s.

Temperature rise is for the central part of the 10

mm-wide deformation zone. It is assumed that

permeability is homogeneous between deforma-
tion zone and the surrounding fault zones and
remains constant with P, build-up, that fric-
tional coefficient is 0.4, that the storage capacity

with respect to pore water is fixed at 2.5 x 10"*

Pa !, and that deformation is homogeneous

within the concentrated shear zone. Numerical

procedures are the same as in the previous figure.
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Fig. 700 a0 Two representative results showing
high-velocity frictional behavior of
Nojima fault gouge, collected at the
Hirabayashi trench site conducted
by K. Otsuki, shown as frictional
coefficient  versus  displacement
curves. Experiments were done at a
velocity of 1.3 m/s and under a
normal stress of 0.94 MPa.

0 bO Slip weakening distance, D., plotted
against the normal stress, for runs
at three slip rates shown in the
inset window.

Periodic fluctuation on the curves indJ alJis due to
distortion of torque gauge caused by small
misalignments of facing specimens.
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Fig. 80 A photomicrograph under crossed polarized light showing Nojima fault
gouge deformed by a high-velocity experiment under the same condi-
tions as in the previous diagram and at a displacement of about 15 m.
The final thickness of the gouge is slightly larger than 1 mm, and the host rock-
gouge interface was separated after the run. Note the highly concentrated shear
zone within the relatively undeformed gouge. Host rock in the photo is the
moving side and sense of shear is right-lateral.
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A Tentative Framework for Tnitiation of slip
High-Velocity Friction '

¥ a7
Thermal Frictional heating, S Frictional
pressurization <> but not melting melting
(mechanisms unknown)
Dry ()
Fluidization | Low <€-—----- Permeability —====== > High

(+ Hydrodynamic
lubrication?)

Sharp concentration of deformation

( Chemical Tribology: totally unexplored! )
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Fig. 90 An emerging framework of high-velocity friction with important mechanisms
related to each other.

Systematic studies are needed for tribochemical effects on rock friction, i.e., the effects of

interfacial reactions forming hydrous phases enhanced by frictional heating under fluid-

rich environments.
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