Multi-Scale Imaging of Damage Source Kinematics
Steven D. Glaser, University of California, Berkeley 
DUSEL Town Meeting 

November 3-4, 2007,  Washington, D.C. 
Seismic imaging offers perhaps the best pathway for imaging damage dynamics in rock.  DUSEL offers the ability to monitor the signals emanating from in situ damage from a broad scale of sources and travel paths combined with the opportunity to actually know the source and to excavate back to it for ground truth. The seismic methods and the mechanism-based  interpretation models  also allow scaling from the nm to the km scale. While our techniques are here described as isolated experiments, the reader will immediately see that they can be incorporated into all the experiments submitted as white papers to this workshop. 
The instrumentation is built around several types of wide-band high-fidelity sensors.  For the nm to sub-mm source scale, NIST-Glaser type acoustic emission sensors will be used.  These devices are sensitive to displacements of a couple hundred pm, with a flat (within 2 dB) frequency response from 5 kHz to over 1 MHz  Both MEMS-based and piezo-based accelerometers are used for the larger scales.  These instruments, assembled in our lab, have a frequency range of approximately 0.01 Hz to over 1000Hz, with a noise floor of about 5µg.  They are calibrated to military specifications.
At the Homestake-scale we are currently installing the beginnings of the transparent earth seismic observatory.  However, many more instruments will be needed to give full 3-D areal coverage of the mine workings and to allow for geo-tomography studies.

At the multi-drift scale, we would like to “box” in areas of interest using existing exploration and sand line holes.  This method can serve as an even larger scale test after the block tests have been performed.  At a slightly smaller scale, embedded NIST-Glaser sensors can be integrated into a face before excavation, and the source kinematics from the strain-relieved rock imaged through moment-tensor inversion of entire waveforms rather than just first arrivals.
Micro- to macro-scale:  At present true quantification of energy released by non-double couple sources (e.g. increment of crack growth) has not been measured on the micro-seismic scale (if at all).  Developing reliable methods to estimate the elastic energy released from, say, an increment of tensile crack growth will allow quantification of energy release rate.  Developing reliable methods to estimate the elastic energy released from an increment would allow the Gutenberg-Richter (b-value) relation to be filled in for all length scales.  In fact, it would open up a new area of research since to date all quantitative estimate of energy release has assumed a double couple source mechanism in order to make use of the Brune’s method simplification.  Mine-back will allow ground truth for calibrating the estimation methods.  We propose to perform this work on the meter-scale with NIST-Glaser sensors, on the mezzo-scale with MEMS-based seismic embedded systems, and on the macro- scale with our piezo-based accelerometers.
Other methods of imaging crack growth:  An increment of crack growth entails breaking of electrostatic bonds at the crack tip.  In addition to the elastic energy released, there is also some small amount of electromagnetic radiation  released from charge separation.  For the same reasons the physicists like the deep lab – peace and quiet – we will now be able to sense this radiation at DUSEL.  This will lead to improvements in our understanding of the fracture process, the fracture energy balance, and give an absolute time marker for source location by elastic wave theory.
We have demonstrated on the bench-scale that there is a streaming potential precursor to the initiation of hydraulic fracture.  DUSEL will allow us to determine how this valuable information scales up.  Nowhere else can we test SP over such a range of scales.  The SP method is also a powerful tool for imaging fluid flows through fractures.

The mechanisms of friction:  Although ‘friction’ is one of the most useful concepts in engineering, to date there has been meager direct experimental verification of the fundamental interface kinematics involved during the transition from static to dynamic friction.  To date there has been excellent theoretical work on the fundamental meaning of friction (e.g. Berthoud, Baumberger, Caroli; Persson) in condensed-matter physics, but limited fundamental experimentation, especially with rock.  These models explain behaviors from angstrom- scale to kilometers-long earthquake dislocations, and provide a theoretical framework for understanding material creep as well as self-healing slip on the San Andreas fault.
In the limit of size we have atomic interaction.  Atoms do not “touch” in our every day, common-sense understanding of the word - they interact through electrostatic forces.  At the smallest scale, during shear-type loading the bond between the upper and lower junction is loaded in tension.  The bond “breakes” at its attractive limit, and the stored energy is liberated into the system.  The released junction undergoes phononic vibration at about  1013 Hz, the infrared band, which explains frictional heating.  Some of the energy goes into heat, and the rest into elastic displacement waves spreading through the material.  Some of this energy can be recorded as acoustic emission, but most is released into the local system, further stressing surrounding junctions.  Some of these junctions are, or are not, critically stressed – those that are can now break bonds, further releasing energy into the system.  The result might be a few local bonds breaking, or a chain reaction resulting in macroscopic movement on the sliding plane.  For very large sliding bodies, such as earthquake dislocations, the elastic coherence length, , describes when it is necessary to divide the mass into elastically coupled, independently pinned, sub-blocks (see Brune’s foam block experiments, or Schallamach waves) mimicking the behavior at the junction level.   The scaling parameters for this model are indentation hardness, shear stiffness, Poison’s ratio, friction coefficient, normal stress on the joint, the displacement of a sub-block (or junction) needed to break the bond, and a couple of other geometric values.
We have started to acoustically image these kinematics in the lab using our quantitative AE methods.  DUSEL will allow the theory to be tested at scales large enough to surpass .  This would be a tremendous advancement for seismology since “aseismic” zones can now be explained as low potential zones, the fact that in the end all sliding is stick-slip in nature, a physical understanding gained of how an earthquake starts on a very local scale, growing from “controlled” to catastrophic movement,  and the interaction of pinned zones in an unpinned matrix described. 

