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Earthquake Physics:  The physics of earthquakes is characterized by a large multiplicity of spatial and temporal scales: 1) The microscopic scale (~ 10-6 m to 10-1 m) associated with static and dynamic friction (the primary nonlinearities associated with the earthquake process); 2) The  fault-zone scale (~ 10-1 m to 102 m) containing multiple fractures and crushed rock; 3)  The fault-system scale (102 m to 104 m) has faults with bends, offsetting jogs and sub-parallel strands known to have important mechanical consequences; 4) The regional fault-network scale (104 m to 105 m) in which  seismicity on isolated faults is strongly correlated with seismicity on the entire regional network of faults.  Here concepts such as "correlation length" and "critical state" borrowed from statistical physics have led to new approaches to understanding regional seismicity; and finally 5)  The tectonic plate-boundary scale (105 m to 107 m), at which planetary scale boundaries between plates can be approximated as thin shear zones and the motion is uniform at long time scales.  In our simulations, we build at the regional fault network scale, treating much of the physics at the smaller scales by means of parameterized sub-grid processes.  Many of the important dynamical processes operate on time scales that are too short or too long for direct human observation, or on spatial scales that are too short to illuminate or too large to bring into the laboratory.  It is the general conclusion of the GEM and ACES groups, consisting of some hundreds of leading scientists in many countries, that a Grand Challenge-scale effort is urgently needed to improve the state of the art in numerically simulating the dynamics of earthquake fault systems, if any sort of forecasting, forewarning, or prediction technology is ever to be developed.  

Scale-Dependent Physics and the need for Scale-Dependent Computing...

(not to be confused with “Scalable Computing” --- or ---“Hierarchical Physics and the need for Hierarchical Computing”  ??)

Different problems at different scales.  Each different but interesting.  Computational methods and PSE environment must enable computation at each scale, and across scales.  Recall that we have chosen to focus on the fault network scale for this proposal.

Physics at each scale must encompass processes on lower scale in a suitably coarse-grained fashion, and must be self-consistently embedded in the higher scale.  Thus a hierarchy of embedded scales, which demands a hierarchical approach to the computations.

I explicitly avoid mentioning time scales, since this would necessitate a third axis to the table below, which I am not prepared to construct at the present time.

Conclusion:  The PSE must in principle be capable of  computation on all relevant scales, as well as across scale boundaries.  Thus we may wish to refer to a Scale-Dependent PSE (SDPSE).

	Spatial Scale
	Physics
	Input from Lower Scale
	Output to Upper Scale
	Comp. Methods
	SDPSE & DBMS
	Research

Status

	Atomic:

10-10m -1 (m
	Quantum

Disordered system
	Fundamental atomic constants
	Cohesive potentials
	Quantum DFT, MC
	?
	Computational chemistry, 

Not proposed here

	Grain size

1 (m - 1 cm


	Contact interactions, planar fault

elastic walls


	Cohesive potential across grains
	Effective viscosity, LG effective constants
	MD
	?
	Not proposed,

but we use input from ACES partner

research on this topic

	Fault zone

1 cm - 100m
	Fluidized viscous gouge, elastic walls & interactions, strong correlations
	Effective viscosity, LG effective constants
	Effective friction laws, e.g., rate & state, stick-slip, leaky stress, elastic constants (, (, effective LG constants
	FD, FEM, CA, BEM, Inertial solvers
	?
	Not proposed,

but we use effective parameters ((, (, () from literature, ACES, and our other funded research.

	Fault system

100m - 10 km
	Coarse-grained planar faults, effective friction, strong correlations
	Effective friction laws, e.g., rate & state, stick-slip, leaky stress, effective elastic constants (, (, (, effective LG constants
	Effective elastic moduli (, (, effective coefficients of friction & stress leakage ((S,( K ,(), effective LG constants
	CA, BEM, FEM, Quasistatic solvers
	?
	Basis of our statistical mechanics approach. We use results from literature and our other  separately funded research

	Fault networks

10 km - 1000 km
	Geometic fault complexity, Deep viscoelastic relaxation, Static-kinetic friction, strong  correlations
	Effective elastic moduli (, (, effective coefficients of friction & stress leakage

 ((S,( K ,(), effective LG constants
	Effective viscosity spectrum, Effective viscoelastic modulus spectrum
	CA, BEM, GeoFEM
	?
	Work proposed here is primarily  on this scale.  

	Tectonic Plate Boundary 
	Viscoelastic flow on very long time scales, kinematics of plate motion at fault velocities V
	Effective viscosity spectrum, Effective viscoelastic modulus spectrum
	No larger scale of interest
	GeoFEM
	?
	Models on this scale give us fault loading velocities V


Table Key:  FEM - Finite Element Method;  GeoFEM - Japanese Geo FEM; MC - Monte Carlo; DFT - Density Functional Theory; FD - Finite Difference; MD - Molecular Dynamics; PD - Particle Dynamics; LG - Landau Ginzburg; CA - Cellular Automata; BEM - Boundary Element Method

