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* Physical theory and experimental basis, strong velocity
weakening at seismic slip rates

* How it promotes a self-healing rupture mode (at
sufficiently low pre-stress levels)

* Project (Dunham, Noda & Rice) to use fully lab
constrained friction descriptions to predict earthquake
ruptures

 Relation to earlier studies (Lapusta & Rice) and to
SCEC Code Validation project (TPV103 and TPV 104,
Rate-and-State Friction, Slip Law, Strong Rate-
Weakening)



Flash heating of microscopic frictional asperity contacts
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[Tullis & Goldsby, SCEC, 2003; EOS, 2003]
Rotary Shear Apparatus

High speed V £ 0.36 m/s
c,=5MPa

Rotary shear, 1.2 mm pre-slip
at ~10 um/s, followed by rapid
slip for remaining 43 mm.

Atlow V, f=~0.65

AtV >03m/s, f=0.30

friction coefficient

friction coefficient

Arkansas novaculite (~100% quartzite)
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Punchbowl PSS, composite based on Chester & Chester [Tectonophys ‘98] & Chester & Goldsby [SCEC ‘03]
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Figure 1. Principal slip surface (PSS) along the Punchbowl fault. (a) From Chester and Chester [1998]:
Ultracataclasite zone with PSS marked by black arrows; note 100 mm scale bar. (b) From Chester et al.
(manuscript in preparation, 2005) [also Chester et al., 2003; Chester and Goldsby, 2003]: Thin section;
note 5 mm scale bar and ~1 mm localization zone (bright strip when viewed in crossed polarizers due to
preferred orientation), with microshear localization of most intense straining to ~100—-300 pm thickness.

[Rice, JGR 2006]



[Heermance, Shipton & Evans, BSSA, 2003]
Core retrieved across the Chelungpu fault, which hosted the 1999 Mw 7.6 Chi-Chi, Taiwan, earthquake.

Suggests slip accommodated within a zone ~ 50-300 pum thick.
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G (constant)

: %

T = T (V) = steady-state strength

Instantaneous change, V] to V,

Evolution towards steady

Tpulse .
d state over slip of order L

Slope/
=u/2cq ViV, Slip rate, V

Figure 5 Velocity weakening friction. Interpreted in the rate and state framework,
including laboratory-based state evolution features that also regularize ill-posed or
paradoxical features in models of sliding between two identical elastic solids. A stress
level Tpu1se 18 also shown, below which crack-like ruptures become impossible.




* O (constant)
r.xbi,‘
, F <V
T
T = T (V) = steady-state strength
Instantaneous change, V] to V,
Evolution towards steady

T
pulse l state over slip of order L
Stope” || |
=ul/2cs, W W Slip rate, V

for applications to tectonic faulting. So the guestion arises. why use
rate- and state-dependent friction instead of a pure rate-dependent fric-
tion law, say, 7 = 7(V)? The answer is that in addition to attaining
consistency with laboratory evidence and with the microphysical under-
standing of friction, we eliminate the following [51]:

m [ll-posedness of the pure rate-dependent formulation when —oc <
dr(V)/dV < —pu/2¢,. An e** perturbation of a steady sliding
state, with V = Vj. then elicits response V (z, t) — Vj ~ ef@ealklest
« > (); see the discussion of a similar issue in the next section.

m Supersonic propagation of rupture fronts [52] when —p/2c, <
drss(V)/dV < 0. An €'** perturbation elicits response V (z,t) —
Vo ~ e*fl@Ert) where r > ¢p for mode IT and r > ¢4 for mode III
slip. (While supersonic propagation of rupture fronts seems to be
precluded in the rate and state formulation, phase velocities at
sufficiently low |k|, within the range for which there is unstable
response to e’** perturbations, do become supersonic [53]).



* O (constant)
T

T = T, (V) = steady-state strength

Instantaneous change, V; to V,

Evolution towards steady

T= f g Fpulse state over slip of order L
Slope L
=ul2cs, WV W, Slip rate, V
df adV V
Familiar from standard R & S: dr = vV odr z[f — Jss (V)]
: Vv dy Vv
Equivalent: f= f(V,y)=aln| — |+yv, —=——|w - Vv
q f=rV,y)=a n(vo) 4 i L[W W ( )]
Proposed [Dunham] for TPV 103, 104: fuv(V) V<V
j.“(v) _ . . LV ’. w
V l// h fw+[jLV(V)_»/w]Vw/V’ V>Vw
(V w) = a aresinh " vl
f(V.y)=a arcs T exp( ; ) where
WV - (v fiv(V)=fo—(b—a)n(V/V,)
Vss (V) =aln {—Osmh{f“—():” .
V a fw = weakened friction, ~ 0.2
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T =T (V) = steady-state strength

Zheng & Rice

Instantaneous change, V] to V,
) [BSSA4 1998]:

Evolution towards steady
state over slip of order L No crack-like

rupture 1s

possible if

b

T, <7T
d(x,z,1) = slip, V=090(x,z,1)/dt 0 pulse

| Fault T X

7 TP — — |

T(x,z,1) = shear stress 1in slip direction

T
0
Figure 6 Identical elastic half-spaces meeting on a fault plane y = 0; for discussion
of crack-like versus self-healing rupture mode.



d(x,z,1) = slip, V=090(x,z,1)/dt

Fault X

T(x,z,1) = shear stress in slip direction

T
0
Figure 6 ldentical elastic half-spaces meeting on a fault plane y = 0; for discussion
of crack-like versus self-healing rupture mode.

Elastodynamic conservation theorem (rupture on plane in a full space):

Vix.z, t |
// [T(:z:, z,t) — 1o(x, 2) + H (21 %) dzdz =0
J JSw Cg

For a hypothesized crack-like rupture with 1'10’ <7 must be the case that

pulse>
[[ =h)ardz<0 (and = —o0 a5 Sy = 00).
v S(‘ntt.(t)

= Shear force carried by area outside the rupture would have to decrease.
Seems implausible in general; provably impossible, thus far, only in Mode III.



15 (V.To)= fiv (V)

[Noda, Dunham & 0.6f V =0.170 m/S OO =126 1:/IPa'
Rice, to JGR "08] 05 wo T, =210 °C
. - fss (V’TO )
Based on Tullis T 04}
and Goldsby o o Pulse / 5. = 02475
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parameters 0.9 (‘c pulse _ uV/2c¢, ) /5
Spf,and V ' \
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Figure 1. Steady state frictional shear stress, 7ss, nor-
malized by initial effective normal stress, 7, as a function
of slip velocity, V. 7P“*¢ is defined for the initial ambi-
ent conditions at 7 km depth (7" = 210 °C, o= 196 MPa,
p = 70 MPa) by the radiation-damping line which fits
tangentially to 7ss(V) at V = VP*s€ (= 1.487 m/s). The

weakening slip rate is V,, = 0.170 m/s. Due to extreme

velocity weakening at elevated slip rates, rPulse

small (0.2475 7).
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Flash heatin & (in dynamic rupture simulations, Noda, Dunham & Rice, to JGR 08)

Effective stress law: given, fixed compressive normal stress

. Jriction coefficient
T=0,f=(0,~p|:=0)f

pore pressure on slip surface

Flash heating at microscopic contacts, model for f, (steady state friction)
[similar to Beeler & Tullis, 2003, 2006; Rice, 1999, 2006]

r

V), V<V, 2
A : oy (5=1)
SS

V. with V, =7x
fW+(fLV(V)_fW)7w7 VZVW, " D TC/pC




Thermal pressurization (in dynamic rupture simulations, Noda, Dunham & Rice, to JGR 08)

Effective stress law: given, fixed compressive normal stress

. Jriction coefficient
1=0,f=(0,~p|.=0)f

pore pressure on slip surface

Thermal pressurization, finite thickness of slipping zone;
Gaussian shear distribution, r.m.s. width w)

Conservation of energy:

oT o 9*T LT 1% oxp 72 T O
o M2 pe2mw 22 92 .
Conservation of fluid mass: B.C.
2 ap -
Ip o°p T _0
o Oy A 0z,
ot dz ot :

Oy, ~ 0.7 mm?/s; Oy, ~ 0.9 - 6 mm?/s at mid-seismogenic depths; pc~2.7 MJ/m3K;
A ~0.3-1.0 MJ/m3K (Rice [JGR 2006] & Rempel & Rice [ibid], based on Wibberley [EPS
2002, priv comm 2003] & Wibberley & Shimamoto [JSG 2003], and estimates of damage)



[Noda, Dunham
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[Noda, Dunham & Rice, in prep.] Longest simulation to date: ~30 m of rupture length
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left: Distribution of slip d showing a ~linear increase with x by 0.14 mm/m.
right: History of slip rate J and shear stress 7 at x = 8 m:

» Peak V' is extremely high (> 100 m/s).
« 70 (= initial shear stress) ~ 29 MPa = 0.23 (0-p,) [0—p,=126 MPa].
o 7Peak (= peak stress at rupture front) ~ 107 MPa = 0.85 (o— Do)

o b — ¢/inal (= geismic stress drop) ~ 3 MPa



2D crustal plane model of a vertical strike-slip fault

z‘ Y

 Constrained continuum, the only
displacement is in the direction of x.

*u = u(x,y,t) is its depth-averaged value over
the seismogenic thickness Hg;s.

- Barth’s crust (24 km) / A v, | * The equation of motion is depth-averaged in
Loading substrate — z; the fault plane becomes a fault line.
V=35 mm/yr or ~10” m/s 12 Vo ) ) )
1 o0°u J°u N 16 1 . (Wt 1 0“u
Lapusta & Rice D) 2 2 ) — SIgn\y pl —u|= _2—2
[EOS, 2004] (A=v)" ox” dy" 7 Hgs\2 ¢y o
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A simplified law: Strong weakening with seismic slip velocities V

f:f0+aln(V/V0)+bln(V00/L) e _, Vo _ f _fot(a=b)In(V/V,)
I+ L/V,0 " di L . 1+V 1V,

V<<V, 6>>L/V = denominator =1 = ordinary rate and state friction

V'>>V = strong dynamic weakening in steady state

From theory and experiments: V,, ~ 0.1 m/s

Experiments Above law
GC) 0.8 7] 0.63 Vw = |
& 0.5 N ]
! POOXYs
3 0.6 . 0.4l \ \ A
g : 25\(11/55
o i 0.3} :
B 04T ey f,=0 : \ \;
= f=f +(f, £, )V V f,>0 0.2F 4=0.015 b=0.019, —\
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0.1F V=10 mss, £,=06 ]
0.01 0.1 1 0.00010.001 0.01 0.1 1 10 100
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Stress, MPa

Shear stress vs. TIME during rupture at a point
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Shear stress evolution
at a statically strong fault point
during dynamic rupture

Static stress drop is much smaller
than what one would expect because

shear stress before the earthquake
is much smaller than static strength.

Slip velocity vs. time at a point
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Stress state on the fault
through many earthquake
cycles

[Lapusta and Rice, in preparation]
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Parkfield: San Andreas Fault Observatory at Depth

Surface
trace of
San Andraas

Schematic cross section of the San
Andreas Fault Zone at Parkfield,
showing the drill hole for the San
Andreas Fault Observatory at Depth
(SAFOD) and the pilot hole drilled in
2002. Red dots in drill holes show sites
of monitoring instruments. White dots
represent area of persistent minor
seismicity at depths of 2.5 to more than
10 km. The colors in the subsurface
show electrical resistivity of the rocks
as determined from surface surveys; the
lowest-resistivity rocks (red) above the
area of minor earthquakes may represent
a fluid-rich zone.



[Hickman & Zoback, GRL 2004]
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* Physical theory and experimental basis, strong velocity
weakening at seismic slip rates

* How it promotes a self-healing rupture mode (at
sufficiently low pre-stress levels)

* Project (Dunham, Noda & Rice) to use fully lab
constrained friction descriptions to predict earthquake
ruptures

 Relation to earlier studies (Lapusta & Rice) and to
SCEC Code Validation project (TPV103 and TPV 104,
Rate-and-State Friction, Slip Law, Strong Rate-
Weakening)



Quandary in seismology:

 Lab estimates of rock friction coefficient f usually high, f~ 0.6-0.8.
Shear strength 7=fX (0, — p), where:

o, = normal stress clamping the fault shut
p = pore pressure in infiltrating fluid phase (groundwater)

e Fault slip zones are thin.

==> [{ those f prevail during seismic slip, we should find
e measurable heat outflow near major faults, and

e extensive melting along exhumed faults.

Neither effect 1s generally found.



One line of explanation: Weak faults: T=fX(0,—p)

» Fault core materials are different, have very low f.

 fisn’t low, but pore pressure p 1s high over much of the fault.

Another line: Statically strong but dynamically weak faults, e.g.,
due to thermal weakening in rapid, large slip:

e Processes expected to be important from start of seismic slip:
- Flash heating of asperity contacts, reduces f in rapid slip.
- Thermal pressurization of pore fluid, reduces effective stress.

e Other processes that may set in at large enough slip or rise in T
- Thermal decomposition, fluid product phase at high pressure.

- Gel(?) formation at large slip in wet silica-rich faults.

- Melting at large slip, if above set has not limited increase of 7.
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