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Summary

* Static coefficient of friction is in the range of 0.6

* Long run-out landslides show rapid transition to
dynamic friction < 0.05 during slip rate greater than2 m/s

* This type of dynamic friction produces slip pulses
* Slip pulses are dynamically unstable; they are chaotic
* Crustal stress evolves into a scale-free fractal (aka, strange attractor)

* Prestress is far less than yield for most points on active faults; small
earthquakes only inform about the points with high stress

 Earthquakes are a far-from-equilibrium process; There is no
earthquake cycle



Standard crack model

* Shear stress drop of 3 MPA Is independent of length scale

* Stress drop is determined by the change from static friction to
dynamic friction

* Slip is determined by stress drop and rupture dimension
* Tectonic loading on the San Andreas is about 10-2 MPA/yr



Byerlee friction (High friction)

e Almost all measurements of static friction fall between 0.5 and
0.7.

 Earthquake slip varies by a meter in a km, or residual strain
variation of 10-3. This implies friction of 0.7.

* Dieterich-Ruina friction (aka, rate-state friction) varies between
0.5and0.7.

* Must have high friction to maintain topography, open drill holes,
tunnels

* friction stress at 10 km depth is about 200 MPa (or 20,000 years of
tectonic accumulation)



Giulio Di Toro’s rotary shear friction [ab INGV

Not Dieterich-Ruina
rate-state friction

In the Laboratory, m/s
slips of meters always
melt the interface




Frictional Heating (Low friction)

* Dieterich-Ruina friction produces 1 m melt thickness per 1 m of
slip at 10 km depth

* Dieterich-Ruina is way too large, should produce melting (even for
creeping faults)

* Should also produce a heat-flow anomaly that is not observed.



Heaton’s 1990 slip-pulse rupture model ... solitary waves of slip
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strong slip-velocity-weakening
friction produces slip pulses.

Friction depends on slip velocity,
but slip velocity depends on
friction (highly nonlinear positive
feedback system).

This nonlinear rupture freezes in
short scale heterogeneities (large
small-scale stresses)

Slip pulse carries energy as it
propagates

Slip pulses only radiate when
they change

Steady-state slip pulses are
almost invisible.



Mt. St. Helens was a pile of rubble with
0.54 coefficient of friction everywhere ...
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Crack-like rupture with very low
sliding friction
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Sudden transition back to high friction

* 1959 Hebgen Lake earthquake triggered slide

* Slide ran up the other face of the Madison
River Valley

* |t froze into place when it stopped




he volcano-ocean floor interface experiences
both long runout slides and also
slip-pulse earthquakes
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Fig. 11. Section through Hilina slump with no vertical exaggeration modified from Lipman et al. [1985]. Location
of section shown in Figure 10. Dashed pattern forming base of volcano is subaerially erupted clastic rocks including
phreatic explosion ash, littoral cone ash, flow foot breccias, minor pillowed flows, and pillow breccias, landslide debris,
and turbidity flow deposits. Most of this material was probably erupted from Mauna Loa except for the uppermost few
kilometers. Lined pattern forming upper part of volcano is subaerially erupted tholeiitic basalt, predominantly thin
(2-10 m thick) pahoehoe and aa lava flows, but including ash layers. Lava from Mauna Loa predominates over that from
Kilauea in north part of section. Dotted line indicates possible sole of future debris avalanche favored by steep regional

slope.



High-frequency radiated energy per unit rupture
area is a constant (modified Brune model)

* The total radiated energy at frequencies higher than 2 Hz (assuming f-
squared spectra) is about 1 MJ/m?

* Or about % kg of high explosive per square m.

* This is about the energy to open a 3 mm tensile crack at a depth of 10
km (p = 300 Mpa)

* Is this energy the reason for very low dynamic friction?
* Would need a powerful machine to test ... more than 1,300 hp/m?.



Dynamic rupture simulation is desired, but ...

* It’s a computer Kkiller!

* Strong velocity weakening requires large grid and small
time steps ... the problem loses its length scales and
becomes ill posed (Lapusta and Rice)

* Must evolve a prestress that is compatible with friction

* For 3-d dynamic simulations that are compatible with a
friction law, the number of calculations scales as (1/AL)>

* For 50 km domain, grid spacing of 100 m is feasible with
current supercomputers ... grid spacing of 1 m requires a
computer that is 1010 times faster

* SPECULATION ... Strong velocity dependence leads to

fractal slip ... there are no length scales (Aagaard and
Heaton 2008).



Burridge Knopoff spring-block slider with velocity weakening
friction v
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* When coil springs become stiff, then all masses move in
unison, giving mostly large events

 When leaf springs become stiff, then masses move
independently, many tiny events

* No length scale for this friction (Rice and Lapusta)



Rupture is comprised of either crack-like large events that rupture the
entire grid (boring earthquake cycles), or unsteady slip pulses
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There are no stable steady-state solutions

* Slip velocity depends on the amplitude of the slip pulse, friction decreases with
the size of the slip pulse

* For a given constant pre-stress, there is only one uniqgue amplitude slip pulse that
does not grow or diminish as it propagates

* If the pulse is infinitesimally larger, then friction drops and the pulse amplitude
grows exponentially.

e Also applies to continuum (Elbanna, Lapusta, Heaton)

 HOWEVER, if the system is allowed to evolve naturally, then events of all length
scales occur and the system evolves into a critical state that is heterogeneous (not
yet shown for a continuum)

* This is known as self-organization to a strange attractor.

*|t’s complex, but not random
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Stress evolves into a spatially
heterogeneous distribution

This is known as self-organizing to a strange
attractor
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Average stress drops for events
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e Stress drops are
determined by the
dynamics and are

not a local
property of the
friction

* Average stress
drop
independent of
size
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* Ruptures start as expanding cracks
(spatially smooth rupture)

* When the total energy gets large
enough

* They transition into slip pulses
(spatially Heterogeneous)

Meier, Clinton, and Heaton



P-wave peak displacements from stations close to
ypocenter (Meier, Heaton, Clinton,2016)
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* Median behavior in different
magnitude bands

* All size events start similarly

* Time scaling seems to change at
about 100 ms

* Crack-like for M <4

* Pulse-like for M >4



Fractal Shear Stress on a Plane

e When shear stress is measured on a plane, spatial variations
similar to below explain many aspects of focal mechanisms.

e Amplitude of shear stress for a 2D cross-section, approximately 20
km x 20 km.

e “Strength” decreases as L'1/4
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Conclusions

* Earthquakes are chaotic

* Fractal prestress is key component of physics

* | am happily retired

* You have a lot of very hard work in front of you

* Find an expanded description of this talk at Physics of Earthquakes
and Buildings



http://heaton.caltech.edu/Physics of Earthquakes and Buildings.pdf
http://heaton.caltech.edu/Physics of Earthquakes and Buildings.pdf
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