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Rate-and-State Friction
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Steady State Friction Depends on Velocity

V * no physical meaning for f, and V;
* b-a>0 velocity weakening
f ss(V) _ f 0 (b o CZ) hl * b-a<0 velocity strengthening
V() * stronger V-dependence at large V'
* not valid at /=0
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[Rice, Lapusta, Ranjith, J. Mech. Phys. Solids, 2001]




Physical Basis for a (not b)
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[Rice, Lapusta, Ranjith, J. Mech. Phys. Solids, 2001]



Introduction of State Variable
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[Rice, Lapusta, Ranjith, J. Mech. Phys. Solids, 2001]



Difterent Forms of State Evolution

V V, 9
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do ~ vo
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Vo
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no evolution without slip



Solution to Divergence at V=0
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[Rice, Lapusta, Ranjith, J. Mech. Phys. Solids, 2001]



Friction in TPV101/102

V fo +bIn(V,0/L)

T = a0 arcsinh| —exp
_2VO a _
do Vo
—=]-— ageing law
7 3 (ageing law)

so long as T 1s nonzero, V is nonzero (fault is always sliding,
but at V'~10-1> m/s in interseismic period)

[Rice, Lapusta, Ranjith, J. Mech. Phys. Solids, 2001]



TPV101/102 Model Geometry
(TPV101=whole space, TPV102=half-space with free surface at y=0)
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TPV101/102 Parameters

P Cs CP

2670 kg/m’ 3.464 km/s 6 km/s

(uniform material properties, same as TPVY5)

Jo Vo a(x,y) b L

0.6 10°m/s | 0.008+Aa(x,y) | 0.012 0.02 m

Aa(x,y) = Aao[l — B(x;W w)B(y—y;;W /2 ,w)] Aa, = 0.008

I, ‘x‘sW
B(x;W,w)=<ll+tanh id 2 , W<lx<W+w
2 -W-w |x-W
0, ‘x‘2W+w

W=15 km (fault width and half of fault length)



TPV101/102 Parameters

Aa(x,y) = Aao[l - B(x;W w)B(y— ys;W /2 ,w)] Aa, = 0.008
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class C* with compact support for transition zone

(smooth function, all derivatives continuous,
transition occurs over finite interval)



TPV101/102 Initial Conditions

Vini Tini Oini Gini(x ,y)
107"* m/s 75 MPa 120 MPa | 1.606238999213454x10’ s
+ A0O(x,))
=50.899729562171359 yr |+—
+ A0O(x,))

o (xyz)=1, and O (x,yz)=-0,, at t=0

‘/im'/z’ Z>O

at 1= 0
_‘/ini/z’ Z<O

vx(x,y,z)={

~duration of

interseismic period
can only specify twoof V, , 7., 0,

(must be consistent with frictional strength)



TPV101/102 Nucleation Procedure

time-dependent loading in circular patch (with smooth edges)

At(xy.i) = ATOF(\/(X_ %)+ (=)’ )G(t)
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class C* with compact support in x and ¢



Connecting Rate-and-State and Slip-Weakening Parameters

horizontal shear stress

100 —

V v, V
TxXxaoln— = 7,-7,*aoln—=-aoln—
v, v, Z
= aaln&
A 1
1 m/s
neglig%ble state ~ 0008 X 120 MPa x ln( 0_12 m/s)
evolution
=0.22 x120 MPa
=26.5 MPa
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P —
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given t, =75 MPa, pick a=0.008 for
reasonable static friction (f,=0.85)
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Connecting Rate-anc
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Connecting Rate-and-State and Slip-Weakening Parameters
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Numerical Resolution

Steady sliding is
e unstable to large-wavelength perturbations

» stable to short-wavelength perturbations

oo ~—HE | 3kmforL=002m
(b — a)()‘

use grid spacing h<<A . for proper resolution

crit



TPV101/102 Fault Stations

'e——— 18 km > Y fault stations
i 1— 15km > (x,y) in km, z=0
11 o(=12,3) O3 (123) o
EE
. ©(-9,7.5) 0(0,7.5) ©(9,7.5)
O Q (0]
\ | (-12,12) 012) (12.12)
| \} !
- 36 km L

< 30 km >



distance down-dip

0.5E+04

1.0E+04

1.5E+04

TPV101 Results
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dalguer (Luis Dalguer - Finite Difference - DFM)

dunham (Eric Dunham - Boundary Integral - MDSBI)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
Tiu (¥i Liu - Boundary Integral)



distance down-dip

TPV101 Results

1.0E+04

0.8E+04

0.6E+04

0.5E+04

1.0E+04
distance along strike

barall (Michael Barall - Finite Element - FaultMod)
dalguer (Luis Dalguer - Finite Difference - DFM)

dunham (Eric Dunham - Boundary Integral - MDSBI)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
Tiu (¥i Liu - Boundary Integral)

1.5E+04



distance down-dip

0.5E+04

1.0E+04

1.5E+04

TPV101 Results

distance along strike

barall (Michael Barall - Finite Element - FaultMod)
dalguer (Luis Dalguer - Finite Difference - DFM)




distance down-dip

0.5E+04

1.0E+04

1.5E+04

TPV101 Results

0

-1E+04 1E+04
distance a1ong strike

dunham (Eric Dunham - Boundary Integral - MDSBI)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)

Tiu (Yi Liu - Boundary Integral)



TPV101/102 Fault Stations
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horizontal slip rate

TPV101, x=0, y=7.5 km

time

barall (Michael Barall - Finite Element - FaultMod)
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horizontal slip rate
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TPV101/102 Fault Stations
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horizontal slip rate

TPV101, x=9 km, y=7.5 km

4 —
2 —

- 1 r

1,

. q“ ' &(ﬁfﬂ( IR
0=

I 1 1 I 1 I || I || || I

4 6 8

time

barall (Michael Barall - Finite Element - FaultMod)

dalguer (Luis Dalguer - Finite Difference - DFM)

dunham (Eric Dunham - Boundary Integral - MDSBI)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
Tiu (¥i Liu - Boundary Integral)



horizontal shear stress
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horizontal shear stress
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horizontal slip rate

TPV101, x=-12 km, y=3 km
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horizontal slip

TPV101, x=-12 km, y=3 km
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vertical shear stress

TPV101, x=-12 km, y=3 km
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vertical slip rate

TPV101, x=-12 km, y=3 km
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vertical slip

TPV101, x=-12 km, y=3 km
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TPV102 Results
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TPV101/102 Fault Stations

'e——— 18 km > Y fault stations
i 1— 15km > (x,y) in km, z=0
I o(-12,3) 103 (123) 9
S £
% ©(-9,7.5)  ©(0,7.5) ©(9,7.5)
\ | °(~12,12) T012) (1212) °
| \} !
g 36 km N

< 30 km >



horizontal slip rate

TPV102, x=12 km, y=3 km

time

barall (Michael Barall - Finite Element - FaultMod)
dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
Tiu (¥i Liu - Boundary Integral)




TPV101/102 Fault Stations
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horizontal slip rate

TPV102, x=12 km, y=12 km

time

barall (Michael Barall - Finite Element - FaultMod)
dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)
Tiu (¥i Liu - Boundary Integral)



TPV102 Surface Stations

surface stations
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TPV102 Surface Stations

surface stations
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horizontal velocity

TPV102, x=12 km, z=6 km

time

barall (Michael Barall - Finite Element - FaultMod)

dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)



normal velocity

TPV102, x=12 km, z=6 km

time

barall (Michael Barall - Finite Element - FaultMod)

dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)




vertical velocity

o

TPV102, x=12 km, z=6 km

time

barall (Michael Barall - Finite Element - FaultMod)

dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)



TPV102 Surface Stations

surface stations
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horizontal velocity

o

TPV102, x=0, z=9 km

time

barall (Michael Barall - Finite Element - FaultMod)

dalguer (Luis Dalguer - Finite Difference - DFM)

kaneko (Yoshihiro Kaneko - Spectral Element - SPECFEM3D)



Conclusions

 good agreement between codes!

» minor differences between FD/FE codes and BIE / spectral FE codes—why?

e slip law

What’s Next?

« extreme velocity weakening (slip pulses)

Vv
fo+aln— =1 +alnl+1p
f = Vo Vo
b. V.0 L
A A R S ()
fO Vw dt L %
d9 =1—V—(9 (ageing law)

dt L

(slip law)



