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Overview

• Summary of fault constitutive models

• Laboratory experiments
• Theoretical studies (simulations)

• Nature bites back

• Lab versus the Earth
• Theory versus the Earth

• How do we reconcile with nature?
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Coulomb Failure Criterion (18th century)

Failure criterion for intact rocks

|τ | = c− µiσn
τ : shear stress
c: cohesion
µi: internal coefficient of friction
σn: normal stress (compression is negative)

Lockner and Beeler, 2002
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Amonton’s Law (18th century)

Basic concept of friction for two surfaces in contact

|τ | = −µfσn
τ : shear stress
µf : coefficient of friction
σn: normal stress (compression is negative)

Lockner and Beeler, 2002
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Byerlee Friction (Byerlee, 1978)

Laboratory measurements of friction for rocks and minerals
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Rate- and State-Friction (Dieterich, 1979)

Similar friction behavior for wide variety of materials

Figure from Dieterich and Kilgore, 1994
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Rate- and State-Friction (Dieterich, 1979)

Apply sudden change in steady slip rate with V2 > V1

• Direct effect from change in slip rate

• Evolution effect controlled by characteristic slip distance Dc

Figure from Dieterich and Kilgore, 1994
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Rate- and State-Friction

Perturbations in friction about nominal value
Dieterich-Ruina model

µf = µ0 + a ln
V

V0
+ b ln

θV

dc

dθ

dt
= 1− V θ

dc

µf : coefficient of friction
µ0: nominal coefficient of friction (≈ 0.6)
θ: state variable
dc: characteristic displacement V : slip rate
V0: Reference slip rate

0.005 < a, b < 0.015
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Rate- and State-Friction: Comments

Dieterich-Ruina model

µf = µ0 + a ln
V

V0
+ b ln

θV

dc

dθ

dt
= 1− V θ

dc

• Can be derived from a model of viscoelastic creep

• Applicable at “creep” slip rates (V < 10−4 m/s)

• Differentiation between stable and unstable sliding

• Unstable sliding if a > b
• Stable sliding if a < b

• Not defined for completely locked fault (zero slip rate)
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Slip-Weakening Friction (Ida, 1972; Andrews, 1976)

µf = µfailure − (µfailure − µsliding)
D

D0

µf : coefficient of friction
µfailure: coefficient of friction at failure
µsliding : coefficient of friction for sliding
D: slip
D0: slip-weakening parameter
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Slip-Weakening: Comments

Simple equation with only a few parameters

µf = µfailure − (µfailure − µsliding)
D

D0

• D0 6= dc

• Compatible with fracture mechanics theory

• Steady state propagating shear cracks

• Parameters can be constrained with seismological observations

• Slip → stress drop
• Rupture speed → fracture energy
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Nature Bites Back: Heat Paradox

If µf ≈ 0.6 where did all of the heat go?

• Heat flow on San Andreas fault

• Field measurements fail to detect heat flow anomaly consistent
with µf ≈ 0.6 (Brune et al., 1969; Lachenbruch and Sass, 1980)

• Implies µsliding < 0.2 during ruptures at depths < 14 km

• Punchbowl fault (Chester and Chester, 1998)

• Primary slip surface is only few mm wide
• No evidence of melting by frictional heating
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Nature Bites Back: Heat Paradox

If µf ≈ 0.6 where did all of the heat go?

• Heat flow on San Andreas fault

• Field measurements fail to detect heat flow anomaly consistent
with µf ≈ 0.6 (Brune et al., 1969; Lachenbruch and Sass, 1980)

• Implies µsliding < 0.2 during ruptures at depths < 14 km

• Punchbowl fault (Chester and Chester, 1998)

• Primary slip surface is only few mm wide
• No evidence of melting by frictional heating

Suggests dynamic processes reduce friction during rapid sliding
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Nature Bites Back: Heat Paradox

Slip- and Rate-Weakening Friction (Heaton, 1990)

Slip pulses imply dynamic friction is low with rapid restrengthening
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Nature Bites Back: Heat Paradox

Inspired many theoretical models of fault behavior

• Normal vibrations (Brune et al., 1993)

• Acoustic fluidization (Melosh, 1996)

• Elastohydrodynamic lubrication (Brodsky and Kanamori, 2001)

• Flash heating (Rice, 1999)

• Thermal fluid pressurization (Sibson, 1981)
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Nature Bites Back: Rate- and State-Friction

Theory only works in a general sense

• Qualitatively explain many general observations

• Clustering (aftershocks & foreshocks), afterslip, remote triggering

• Problems

• Stable/unstable zones predicted only if SAF loading rate is orders
of magnitude faster than observed

• Explaining observations requires extrapolating parameters to
scales orders of magnitude larger than lab experiments

Lockner and Beeler, 2002
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Nature Bites Back: Slip-Weakening Friction

Only works well for isolated earthquake rupture

• Parameters depend on the size of the earthquake

• Stress drop scales with slip
• Fracture energy scales with stress drop squared

• Requires forced nucleation of rupture

• Shear stress on fault lower after event than before (no healing)
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Reconciling with Nature: High Speed Friction Experiments

Dramatic weakening with fast slip rates

Chester et al., 2005
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Reconciling with Nature: SAFOD
Drilling into an active fault zone and observing earthquakes up close
may yield important clues

• What are the physical properties of an active fault zone?

• What are the stress conditions near an active fault zone?

• How does the fault slip in an earthquake?
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Quasi-Static Simulations

Current research practice

• Objectives

• Model strain accumulation and post-seismic deformation
• Link observed deformation to bulk and fault constitutive models

• Features

• Linear and nonlinear viscoelastic materials
• Usually rate- and state-friction
• Ruptures handled quasi-statically (no rupture dynamics)

• Challenges

• Need to adequately constrain bulk and fault constitutive models
• Do model parameters work outside isolated earthquake?
• How to incorporate effects of earthquake dynamics?
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Dynamic Simulations

Current research practice

• Objectives

• Model rupture dynamics and radiated waves
• Link observed ground motions to fault constitutive models

• Features

• Elastic materials
• Usually slip-weakening or slip- and rate-weakening friction
• Many modelers use uniform normal stress in uniform half-space

• Challenges

• Need to adequately constrain fault constitutive models
• Do model parameters work outside isolated earthquake?
• Initial conditions are poorly constrained
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Multi-Cycle Simulations

Future research practice

• Objectives

• Capture strain accumulation, rupture propagation, post-seismic
deformation

• Constrain bulk and fault constitutive models

• Features

• Linear and nonlinear viscoelastoplastic materials
• Mixture of fault constitutive models
• Seamless strain buildup → rupture → post-seismic deformation

• Challenges

• Requires understanding fault constitutive behavior across many
spatial & temporal scales

• Need to understand forces driving crustal deformation
• Must reconcile conditions in quasi-static and dynamic models
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