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Stress and heat-flow paradox 
for San Andreas Fault 

•  Observations indicate that 
SAF is weak 

•  Indicates friction coefficient of 
~0.1 – 0.2 

•  Byerlee’s Law: static friction 
should be around 0.6 – 0.85 



Why is the SAF weak? 

Statically weak? 
•  Anomalous low-friction materials (e.g. clays) 
•  Permanently elevated pore pressure 

Statically strong but dynamically weak? 
•  Flash heating of microscopic asperity contacts 
•  Thermal pressurization of fluids 
•  Acoustic fluidization 
•  Elastohydrodynamic lubrication 
•  Silica gel formation 

See a critical review by Scholz (2006) 



A Possible Drawback of Current 
Dynamic Weakening Mechanisms 

“They offer no mechanism by 
which the static friction can be 
reduced.”         -- Scholz (2006) 

• All mechanisms require slip to 
occur 
 
• ~100 MPa strength drop (static 
friction minus dynamic friction) is 
inevitable. 
 
• Leads to huge slip velocities (~300 
m/s) and fault-parallel strain (~0.1) 

Noda, Dunham, and Rice (JGR, 2009) 



Simulations with Off-Fault Plasticity 

• Used Drucker-Prager plasticity 
•  Peak slip velocities drop to ~10 m/s with plasticity. 
• But it is harder to drive rupture at low shear stress 

Dunham et al. (2011) 



Slide from Jim Rice 



“ … a more complete understanding of the 
earthquake process will probably require 
measurements of the permeability of fault zone 
materials, the width of the active shear zone, 
and studies of fault gouge dynamics.” 

Lachenbruch (1980) 

What about the gouge? 



Mechanical Characteristics of Fault Gouge 

Chester and Chester (1998) 

Chester and Logan (1986) 

The damage zone rocks experience brittle failure 
The gouge readily compacts and deforms more ductilely 



Nature (1992) 



Two-Phase 
Undrained Gouge 

Deformation 

Compaction Weakening pore pressure increase 

Dilation Strengthening 
pore pressure reduction 

Gouge behavior in a dynamic rupture model? 
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Finite Element 
Model: Geometry 

ρ = 2670 kg/m3

VP = 6000 m/s
VS = 3464 m/s

σ N
0 = −126 MPa

τ b
0 = 35 MPa

τ b
0 /σ N

0 = 0.2778
Element size: 1 cm 



Rate-and-State Friction with Strongly Velocity-Weakening 

State variable evolves via the slip law: 



Constitutive Modeling 

Mohr Coulomb yielding 
at low stress: 
 
 µστ += c

Elliptical cap at high stress: 
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Constitutive Modeling 

dS0 = 0.5 Kdrained  (-dεkk
p )+ 0.2 G  dη

η :  inelastic shear strain
dS1 = 3 dS0

Hardening rule 



Constitutive Modeling 

•  Simulates dilatancy of frictional surface 
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Dilatancy rule 

analogous to Segall and Rice’s (1995) porosity evolution 



Pore Pressure Change in Undrained Condition 

B: Skempton’s coefficient (0.6) 

Biot’s coefficient (0.45) 

p = −B
σ kk

3
−
KB
α
εkk
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K: drained bulk modulus 

α :

Viesca et al. (2008) 

elastic inelastic 



Pore pressure change on the Fault 

Rudnicki and Rice (2006) 

We average the pore pressure changes on both sides of the fault 
(i.e., ignoring damage-induced poroelastic parameter changes) 



Snapshot at 
t = 8 ms 



On-Fault Time Histories at 15 m from Hypocenter: 
Elastic vs. Inelastic 
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Self-Healing Slip Pulse 

From Heaton (1990) 



Effect of 
Background Shear 
Stress Level 
 
(Slip contours are at 
0.5 ms) 



Strain localization in fault gouge 



Conclusions 

•  Gouge compaction due to large shear stress increase 
ahead of rupture front increases the pore pressure and 
reduces static friction, weakening the fault. 

•  Gouge dilation during stress breakdown reduces the pore 
pressure and strengthens the fault, promoting slip pulses. 

•  The presence of well-developed fault gouge might 
explain the weakness of mature faults, such as the SAF. 

•  Rapid gouge dilatancy and softening during sliding highly 
localizes shear strain to the fault surface; reduction in 
strength drop leads to less plastic strain in the damage zone 



Thank	  you!	  	  
Ques.ons?	  




