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Outline:

- Theoretical framework for stick-slip motion (1D spring-slider system)

- Spring-slider system (hands on) 

- Slow earthquakes and spectrum of fault slip behavior – a laboratory approach



Brief historical summary of our understanding of friction 

Rabinowicz, 1956
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Stability of steady frictional slipping

Assume:
- Frictional stress t at constant normal stress (sn)
- That the frictional stress t is only dependent on slip rate
- One degree-of-freedom elastic system

!"($)
!$ > 0

!"($)
!$ < 0

Individuate two stability regimes:

Stable sliding

Unstable sliding

Where we can describe the function t(v) in terms of µs>µk

Rice and Ruina, 1983
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Stability of steady frictional slipping

However, there is a problem !!

How can we observe, experimentally, stable sliding even if                       ? 
!"($)
!$ < 0

Velocity weakening 
Friction decreases with increasing velocity, 

setting the stage for an instability.

This observation implies that velocity 
weakening is a necessary but not 
sufficient condition for unstable sliding. 

For high stiffness experimental 
apparatuses we observe that in 
response to a velocity jump friction can 
decrease with the absence of stick-slip 
motion.



Rate- and state- constitutive equations and 1D spring slider model

Elastic coupling



!" = $&̈+µN

!" = '(&)* − &) $&̈ Inertia that at slow speed can be 
neglected

' &)* − & = µN

Differentiating in time

/0
/1 = 2(3)* − 3)

Equation of motion during sliding

Rate- and state- constitutive equations and 1D spring slider model

Elastic coupling

Johnson and Scholz, 1976 JGR
Burridge and Knopoff, 1967
Mora and Place, 1994

For a full description of this problem:
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Solving (1) for the slider velocity
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Rate- and state- constitutive equations and 1D spring slider model

Elastic coupling

Friction law

Evolution law

Elastic coupling



!"
!# = % &'( − &*+,-

" − ". − /01 &.2
34

5
dθ
dt

=1− vθ
Dc

⎛

⎝⎜
⎞

⎠⎟

Stability of one-degree of freedom elastic system
Considering a single decay process 
(Rice and Ruina, 1983; Gu et al., 1984; Roy and Marone 1996)) 
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Critical fault rheologic stiffness 
(i.e. rate of frictional weakening)

64

Rate- and state- constitutive equations and 1D spring slider model

Elastic coupling



Stability of one-degree of freedom elastic system
Considering a single decay process 
(Rice and Ruina, 1983; Gu et al., 1984; Roy and Marone 1996)) 
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Critical fault rheologic stiffness 
(i.e. rate of frictional weakening)

Rate- and state- constitutive equations and 1D spring slider model

Elastic coupling
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fundamental requirement for instability
(a-b) < 0 Velocity weakening
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Rate- and state- constitutive equations and 1D spring slider model
A
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Rate- and state- constitutive equations and 1D spring slider model
A
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Rate- and state- constitutive equations and 1D spring slider model
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Force imbalance 
drives slip 
acceleration



(1) k/kc > 1 Stable sliding

(2) k/kc ~ 1 Conditional Stability

(3) k/kc < 1 Unstable sliding

Gu et al., 1984

Rate- and state- constitutive equations and 1D spring slider model



Nonetheless I will attempt it, so 
please have low expectations.
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Experiments:

- We will attempt at reproducing fault slip from 

stable sliding to fast stick slip

- We will use three springs (which one is the 

third?)

- We will measure and record the displacement 

of the the block to analyze this transition
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Force imbalance 
drives slip 
acceleration



However, faults are heterogeneous systems and the analysis 
we have seen so far put the basis for more comprehensive 

models set up. 

Luo and Ampuero, 2017; Skarbek et al., 2012



From aseismic creep to dynamic stick-slip passing through slow earthquakes

Slow Slip Events (SSE) play a fundamental role in the slip budget of faults.

Rogers and Dragert, 2003 ScienceObara and Kato, 2016 Science



Fault slip occurs via a spectrum of behaviors 

Seismic (fast dynamic)

Slow (quasi-dynamic) 

Aseismic (creep)

changing the way fault slip behavior is 

understood.

Peng and Gomberg, 2010 Nat. Geo. 
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From aseismic creep to dynamic stick-slip passing through slow earthquakes

Scaling relationships:

M0 ~ T3 for regular earthquakes

M0 ~ T for slow earthquakes (?) 

(Ide, 2007)



Mechanism(s): Why are they slow?

• Dilatancy hardening in areas of high pore fluid pressure (e.g., Segall et al., 2010 JGR)

• Designer friction law (i.e. rate dependence of friction rate dependence) (e.g., Rubin, 2008 JGR)

• Dehydration Reactions (e.g., Brantut et al., 2011)

• Slow frictional stick-slip near the stability boundary

They could represent a quasi-dynamic frictional instability

The fault zone energy release rate equals the frictional weakening rate resulting in a quasi-
dynamic stress drop (Self-driven instability)

Rate dependence of the critical rheologic stiffness kc

Complex behavior near the stability boundary 

From aseismic creep to dynamic stick-slip passing through slow earthquakes



k
kc

Double-direct shear configurationWe modify the shear loading
stiffness in order to match kc via:

• A spring in series with the vertical loading 
piston (k)

• By changing the normal stress

Surrounding 
stiffness

Critical rheologic
stiffness

Scuderi et al., 2016 NatGeosc; Leeman et al., 2016 NatComm

k '= k
σ n

kc =
b−a( )
Dc

From aseismic creep to dynamic stick-slip passing through slow earthquakes



Double-direct shear configuration
We modify the shear loading

stiffness in order to match kc via:

• A spring in series with the vertical loading 
piston (k)

• By changing the normal stress

Surrounding 
stiffness

Critical rheologic
stiffness

Scuderi et al., 2016 Nature Geoscience

k '= k
σ n

kc =
b−a( )
Dc

From aseismic creep to dynamic stick-slip passing through slow earthquakes
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kc =
b−a( )
Dc

From aseismic creep to dynamic stick-slip passing through slow earthquakes



From aseismic creep to dynamic stick-slip passing through slow earthquakes
Typical experimental curve

Shear velocity is maintained 
constant at v=10µm/s 
throughout the experiment



From aseismic creep to dynamic stick-slip passing through slow earthquakes
Typical experimental curve

Instabilities spontaneously 
grow from stable sliding shear

Principal slip 
zone



Spectrum of fault slip behavior:

• Stable sliding k/kc>1 (i.e. !n ≤ 13.5MPa)

• Slow stick-slip k/kc~1 (i.e. !n~15MPa)

• Fast dynamic stick-slip k/kc<1 (i.e. !n>20MPa)

From aseismic creep to dynamic stick-slip passing through slow earthquakes



From aseismic creep to dynamic stick-slip passing through slow earthquakes
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Scuderi et al., 2016 NatGeosc; Leeman et al., 2016 NatComml; Tinti et al., 2016 JGR

Maximum friction before 
weakening and stress drop (µs)



From aseismic creep to dynamic stick-slip passing through slow earthquakes



Stable Sliding

Silent Slow-Slip

Audible dynamic stick-slip

Scuderi et al., 2016 Nature Geoscience; Tinti et al., 2016 JGR

From aseismic creep to dynamic stick-slip passing through slow earthquakes

Stress drop, Rise Time and Peak slip velocity all 
scales with the stiffness ratio K/Kc showing a 
continuum spectrum of fault slip behaviors



From aseismic creep to dynamic stick-slip passing through slow earthquakes

How a frictional instability begins Surrounding 
stiffness

Critical rheologic
stiffness

k '= k
σ n

kc =
b−a( )
Dc

Unstable slip 
requires k<kc



From aseismic creep to dynamic stick-slip passing through slow earthquakes

How a frictional instability begins Surrounding 
stiffness

Critical rheologic
stiffness

k '= k
σ n

kc =
b−a( )
Dc

Measure the evolution of fault 
zone stiffness during deformation

Unstable slip 
requires k<kc



From aseismic creep to dynamic stick-slip passing through slow earthquakes

How a frictional instability begins Surrounding 
stiffness

Critical rheologic
stiffness

k '= k
σ n

kc =
b−a( )
Dc

Measure the evolution of fault 
zone stiffness during deformation

Unstable slip 
requires k<kc

Instability arise spontaneously 
from stable sliding



From aseismic creep to dynamic stick-slip passing through slow earthquakes

Gradual stability transition with normal stress and not a Hopf
bifurcation between stable and unstable.

Slip acceleration and maximum slip velocity vary 
systematically across the transition.



From aseismic creep to dynamic stick-slip passing through slow earthquakes
Velocity dependence of stability

The fact that Kc decreases with slip velocity means that 
an unstable slip event may be quenched as it accelerates 
above a critical slip velocity

Leeman et al., 2018; Rubin, 2008



From aseismic creep to dynamic stick-slip passing through slow earthquakes

Elevated fluid pressure

Kodaira et al., 2004 Science



Lab is fun !!
Thank you 


