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1 Sample twisted to γ≈2.1 in Paterson apparatus [Paterson and Olgaard, 2000] (Fig. 1b)
2 Strain rate vs. stress for olivine at two oxygen fugacities – [Keefner et al., 2011] (Fig. 4)
3 Comparison of flash weakening data with theory [D. L. Goldsby and Tullis, 2011] (Fig. S4b)
4 Jacketed sample sheared in Griggs Rig [Heilbronner and Tullis, 2006] (Fig. 1)
5 Granite gouge sheared to γ≈407 at 25 °C [Beeler et al., 1996] (Fig. 8c)
6 Quartzite sheared to γ≈2.5 at 914 °C [Heilbronner and Tullis, 2006] (Fig. 3c)
7 Pressure vessel and load column for Paterson apparatus [Paterson, 1990] (Fig. 2)
8 Reches/Lockner Rotary shear apparatus [Reches and Lockner, 2010] (Fig. 1_Supp_A)
9 Marone double direct shear apparatus with pressure vessel [Ikari et al., 2009] (Fig. 2A)
10 Tullis high pressure rotary shear apparatus –
http://www.geo.brown.edu/faculty/ttullis/rock_deformation.htm
Back Cover: Loading frame and schematic diagram, positioned appropriately relative to one
another, from Griggs [1936] classic paper that began the field of experimental rock
deformation. Loading frame is currently in a small museum at Texas A&M.
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Abstract
Experimental rock deformation explores the fundamental physics of processes that
determine the mechanical behavior of earth materials. It also provides essential data in
many other areas of geoscience, including structural geology, hydrology, sedimentology,
seismology, earthquake source physics, geodesy, mantle geodynamics, planetary dynamics,
energy resources engineering and waste repository management. Many important
scientific and societally‐relevant research programs require knowledge of physical
processes and data that can only be provided by laboratory experiments. Knowledge and
data acquired from experiments even have important implications for understanding the
rate and extent of sea‐level rise that will occur due to anthropogenic climate change.
In contrast to similar groups in Europe and East Asia, the experimental rock‐deformation
community in the US consists of a relatively small number of scientists primarily housed at
a few universities. To maintain the vitality of this field, expanded opportunities for younger
experimentalists are sorely needed. One difficulty faced by young experimentalists is that
the specialized equipment used in rock deformation studies is typically custom‐built. Early‐
career scientists often cannot obtain commercially the equipment they need to conduct
their research, hindering their professional development. The complexity of building and
maintaining unique, sophisticated equipment and its lack of commercial availability also
means that it can be difficult to operate a productive, efficient experimental lab without
technical support staff. Unfortunately, technical support is unavailable in many labs in the
US.
A workshop for the experimental rock deformation community was held in Boston on
August 16‐19, 2012, following some similar but smaller preliminary meetings. It was
sponsored primarily by the NSF with additional support from the DOE, the SCEC, and in‐
kind support by the USGS. This white paper summarizes the active discussions at the
workshop. Those attending included practitioners of experimental rock deformation, i.e.,
those who conduct laboratory experiments, as well as users of the data provided by
practitioners, namely field geologists, seismologists, geodynamicists, earthquake modelers,
and scientists from the oil and gas industry. A considerable fraction of those attending were
early‐career scientists. The discussion initially focused on identifying the most important
unsolved scientific problems in all of the research areas represented by the users that
experiments would help solve. This initial session was followed by wide‐ranging
discussions of the most critical problems faced by practitioners, particularly by early‐
career scientists. The discussion also focused on the need for designing and building the
next generation of experimental rock deformation equipment required to meet the
identified scientific challenges.
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The workshop participants concluded that creation of an experimental rock deformation
community organization is needed to address many of the scientific, technical, and
demographic problems faced by this community. A decision was made to hold an
organizational meeting of this new organization in San Francisco on December 1‐2, 2012,
just prior to the Fall Meeting of the AGU. The community has decided to name this new
organization “Deformation Experimentalists at the Frontier Of Rock and Mineral research”
or DEFORM. As of May 1, 2013, 64 institutions have asked to be members of DEFORM. Its
Mission Statement:
DEFORM exists to facilitate experimental rock deformation research that furthers our
understanding of fundamental processes and properties. Support and development of
communal experimental facilities that foster innovative science are our core
objectives. We enable research relevant to understanding deformation in the natural
environment and encourage the participation of new users from all scientific
disciplines.
The next steps include submitting one or more proposals to NSF to support the DEFORM
mission. Requests are likely to include proposing ways 1) to create a summer school that
would teach fundamentals of rock mechanics and experimental techniques, 2) to provide a
platform for the initiation of collaborative research projects, 3) to develop community‐
accessible experimental facilities, 4) to provide technical personnel available to the
community at large, and 5) to develop solutions for archiving and sharing data,
experimental and apparatus designs, and other community resources.
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EXECUTIVE SUMMARY
BACKGROUND
Introduction. Experimental rock deformation is a relatively small scientific field in terms of
the number of practitioners, but large in terms of the range of important scientific
applications for which its results are critical. The field involves understanding deformation
processes and related physical properties over a wide range of temperatures, pressures,
and rates. Practitioners apply the principles of materials science to study rocks and
minerals in the Earth and other planets, ranging from ice at the Earth’s surface to rocks
deep in the Earth. Applications range from academic scientific studies of rock properties
relevant to mountain building and mantle convection, to practical issues such as developing
environmentally safe methods of extracting energy resources and estimating seismic
hazards.
The Need for High Pressure and Temperature. The temperatures involved in rock
deformation studies range from well below room temperature, in the study of ice
deformation, for example, to the melting temperature of rocks in the deep interior or on
rapidly slipping faults in the Earth. Relevant pressures range from low values that occur
during deformation of sediments near the Earth’s surface, to very high values that occur in
Earth’s flowing mantle. The relevant Earth time scales range from millions of years for the
flow of mantle and crustal rocks during plate tectonic motions and mountain building, to
microseconds for fault slip after passage of dynamic rupture fronts during earthquakes.
Needless to say, advanced technologies are required to conduct laboratory experiments
over such large ranges of pressure, temperature, and rate. Deformation at elevated
pressures is of comparatively little practical interest to the materials science and
engineering communities; apparatuses capable of achieving elevated pressures are thus
rarely available commercially. Consequently, experimental rock deformation equipment is
nearly always custom‐designed and constructed by practitioners. Scientists in the field
must, therefore, either possess the ability to design such equipment or collaborate with
scientific research engineers who possess those skills. Similarly, maintaining, repairing,
modifying, and pushing the state of the art in such equipment requires knowledgeable,
home‐based technical support personnel. This contrasts sharply with some other areas of
laboratory science wherein such needs can often be satisfied by commercial service
contracts.
NSF Workshop to Assess the Field. This document assesses the value, vitality, and current
and future needs of the experimental rock deformation community. Perhaps due to the
complexity of creating and maintaining an experimental rock deformation laboratory, the
number of such labs at US universities is relatively small, 16, and many faculty who operate
such labs are near retirement age. In contrast, there is a much higher per capita
concentration of PhD rock deformation experimentalists in both Europe and East Asia, a
surprising and somewhat lamentable situation for a field that had its storied origins in the
US. These facts raise concerns about the future of experimental rock deformation in the US,
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and lead to questions such as "What barriers exist to students entering the field?" and
"What might be done to improve the status quo?" To address these issues, a workshop was
convened in August of 2012 that included both those who conduct experimental rock
deformation research (the practitioners) and those who apply the results of such research
to a wide range of geological and geophysical problems (the users). Of the 110 attendees at
the workshop, there were 71 practitioners and 39 users; Twenty‐seven attended from
Europe and East Asia; Fifty‐six were early‐career scientists, including 31 graduate students,
15 post‐doctoral fellows, and 10 assistant professors. The diversity of interests of the
participants resulted in stimulating and productive conversations about many scientific
and practical aspects of the field. The meeting focused on overarching scientific questions
that were critical to be answered and research strategies that could be implemented to
obtain answers. The workshop included important discussions about how to satisfy the
needs of early career scientists, how to increase the number of research engineers who are
essential to the operation of rock deformation labs, what critical experiments could be
conducted with existing equipment, and what new equipment is required in the future.

SCIENTIFIC QUESTIONS
Shallow Crust. Rock deformation in the shallow crust is relevant to many societal issues as
well as a topic of intrinsic scientific interest. At depths less than ~3 km in the crust, there
are many practical problems involving fluid flow in granular and fractured rocks related to
energy production and groundwater aquifer systems. Chemical reactions between fluids
and rocks – and their attendant effects on physical properties ‐ also play a large role in
shallow geological processes. All of these processes can be readily studied in the
laboratory, usually with existing technologies. The application of non‐hydrostatic stresses
to rocks is important due to the influence of stress on the orientation of fractures and
interfaces on which chemical dissolution and precipitation occur. In the public domain,
experimental rock deformation data are lacking for clay‐rich, fine‐grained, low‐
permeability reservoir rocks such as those currently being exploited by hydraulic
fracturing (“fracking”) to produce shale gas. Maximizing gas and oil production, without
adversely affecting the environment, requires advances in understanding mechanical and
transport properties of fractured, unconventional reservoir rocks, and the development of
constitutive equations for these rocks to permit geomechanics‐based modeling of system
behavior. The challenges in geothermal energy production and waste management in
subsurface systems are different than those in hydrocarbon energy production, because
thermal and chemical processes become paramount. Predicting long‐term behavior
requires development and quantification of chemical rate laws and rate‐dependent
constitutive relations, which requires rock deformation experimentation.
The Seismogenic Zone. Rock deformation in the somewhat deeper crust is relevant to many
important scientific and societal issues, the most prominent being the occurrence of
earthquakes at depths to ~15 km. A recent report of the U.S. National Research Council
(NRC) of the National Academy of Sciences highlights the importance both scientifically and
societally of understanding earthquakes. The report emphasizes the critical role played by
experimental rock deformation research in determining the mechanical properties of faults.
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Much progress has been made in the fundamental understanding of friction on faults at low
slip rates, relevant for understanding earthquake nucleation. The fundamental physical
processes underlying the frictional properties of rocks are still vigorously debated;
experimentalists are actively striving to understand the physical basis of empirical rock
friction laws and how well those laws apply to faults in the Earth. In addition, there has
been a mini‐revolution in fault mechanics in the last decade driven by laboratory studies of
the frictional properties of rocks at the high slip rates and over the large displacements
characteristic of earthquakes. These studies reveal various dynamic fault‐weakening
mechanisms that are likely active during earthquakes, including mechanisms that were not
even guessed at before conducting relevant experiments. Though this new frontier is
exciting, important aspects of the scientific problem, like being able to conduct high speed
experiments on rocks with elevated pore fluid pressure and temperatures characteristic of
earthquakes, remain beyond current experimental capabilities. Furthermore, studying
links among strain localization, pore‐fluid pressure and frictional heating processes in
experiments – which are critical for understanding the physics of earthquake rupture ‐
remains a challenge. The behavior of faults at the transition from frictional slip to flow at
higher temperatures is also important for determining the depth to which coseismic slip
can penetrate and thus how large some earthquakes can become. Experiments that span
the pressures and temperatures of this so‐called brittle‐to‐ductile transition are difficult,
but critically important, to conduct.
The Lower Crust / Upper Mantle. Gaining knowledge about deformation processes that
occur at even deeper levels in Earth’s lower crust and upper mantle requires
understanding not just steady‐state flow related to convection and plate motions, but also
the transient rheology involved in the response to sudden loading by overlying
earthquakes or longer term unloading due to melting of ice sheets. In these cases, improved
understanding of the roles played by microstructure and crystallographic preferred
orientation in the flow behavior of rocks is needed, requiring deformation of experimental
samples to large strains. These deformation processes and mechanical responses also
involve interactions with fluids (silicate melt or aqueous fluids). Pressure has a relatively
small effect on the flow strength of rocks over the comparatively modest pressure ranges
available in most deformation experiments, but a large effect over the huge range of
pressures encountered in the deep Earth. Consequently very sensitive determinations of
the role of pressure on the flow strength of rock are needed to extrapolate to the deep
interior.
Although it may not be immediately apparent, understanding the depth dependence of
mantle viscosity and transient creep response are critical for monitoring the evolution of
ice sheet thickness and for modeling future sea level rise as the massive polar ice sheets
melt. For example, calculation of current melting rates of the Greenland and Antarctic ice
sheets based on gravity and geodetic data requires an understanding of the ongoing
response of viscous rebound of the mantle from the last glaciation, which in turn depends
critically on mantle viscosity structure. Estimates for how greenhouse warming from
increases in atmospheric C02 may influence sea level rely on the study of paleo‐shorelines.
Again, the interpretation of these data requires understanding mantle flow to account
correctly for the warping of paleo‐shorelines due to subsequent isostatic adjustments.
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These corrections are not trivial – they affect whether one should expect sea level, when it
attains equilibrium with today’s CO2 concentrations, to rise 10 meters or 25 meters!

EQUIPMENT NEEDS
Introduction. The rock deformation community needs 1) to make existing equipment
available to a larger number of scientists with a wide range of disciplinary backgrounds,
especially early career scientists, as well as 2) to design and build the next generation of
equipment for conducting critical experiments. The first need would be addressed by
creating accessible community facilities, and by standardizing and improving some
widespread types of existing equipment. Addressing the second need requires both
individual and collaborative efforts in machine design. The community discussion in
August included taking an inventory of existing equipment that could be improved by
community collaborative efforts, and identifying technically feasible capabilities of
potential new machines that could tackle unmet scientific needs.
Modifications to Existing Equipment. Several labs in the US and Europe have gas‐pressure‐
medium apparatus designed by Professor Mervyn Paterson, which represent the state‐of‐
the‐art in high‐temperature, moderate‐pressure deformation apparatus. However, the
designs of several key components of the machine have evolved with time, precluding the
effective interchange of knowledge and components between different laboratories.
Unfortunately, the Australian company that sold these machines no longer builds or
services them. Community standardization of the design of many parts of the machines
would help alleviate the problems created by this this lack of support. Similarly, many labs
have solid‐pressure‐medium apparatus, originally designed by Professor David Griggs,
which allow experiments at much higher pressures than current gas apparatus. However,
the stress sensitivity of these machines (an important parameter in developing constitutive
equations for flow, for example) is much lower than that of gas‐medium apparatus. Via
joint community projects, the plan is to improve and standardize sample assemblies for the
Griggs rig, which could improve the ability to measure stress accurately in these machines,
as well as attempt to develop torsional capability (important for large‐strain experiments).
In addition, two large pieces of existing equipment in the US could be used for studies of
faulting and friction, in one case by adapting the apparatus for such purposes and in the
other case by making the apparatus more widely available.
Developing the Next Generation of Equipment. This report lists the next generation of
experimental apparatus, in order of their perceived importance, and briefly discusses the
efforts required to create them. Two primary examples of desirable new equipment
highlighted at the workshop are 1) a much higher pressure high‐temperature gas‐pressure‐
medium apparatus, and 2) the “friction‐dream‐machine.” The first would be employed in
studies of the flow of rocks in the lower crust and upper mantle, with much greater
resolution of stress and displacement; the second would be used to study the resistance to
fault slip during earthquakes. The high‐pressure gas apparatus would be a modification of
the existing Griggs piston‐cylinder apparatus, capable of attaining pressures of at least 2
GPa. The friction dream machine would subject a laboratory sample to the same conditions
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of temperature, confining pressure, pore‐fluid pressure, slip velocity and slip distance as
occur on faults in the Earth during earthquakes, a scenario beyond current experimental
capability.

NEEDS FOR SCIENTIFIC RESEARCH ENGINEERS
The complexity of the design and operation of experimental rock deformation equipment,
the fact that it is not available or serviceable commercially, and the need for operating
these high‐pressure machines safely in environments where students and other
researchers use them, dictate that professional technical support staff, i.e. scientific
research engineers, be present in rock deformation laboratories. Few labs in academic
institutions in the US house such staff members, in contrast with their nearly ubiquitous
presence in academic labs in Europe, and in government and industry labs in the US. These
institutions recognize that scientists are much more productive if they have adequate
support – there is, on average, one technician for each PhD experimentalist in these other
labs. More research engineers need to be hired both permanently by the administrations of
universities housing or contemplating housing such labs, and by the NSF through support
of technicians to work on individual apparatus development projects or at national
facilities housed in universities.

ISSUES FOR EARLY CAREER SCIENTISTS
Faculty. Early career scientists wishing to stay in academia may in some cases be able to
create a new lab with startup funds provided by their institution, may build a lab with
funds from NSF, or may never be able to have their own lab. Those attending the workshop
agreed that having one or more national or regional facilities or centers at which they and
their students could conduct experiments on state‐of‐the‐art experimental rock
deformation equipment would be valuable. An interesting idea emerging from the
workshop would be to have one or more “breeder labs” where early career scientists could
go to collaborate with research engineers to design an experimental apparatus, either a
modified standard design or an innovative one of their own making. This apparatus could
then be transferred to their home institution, paid for either via startup funds or an NSF
equipment grant.
Students. Discussion at the workshop led to the idea of holding an annual summer school at
different institutions around the US. This would allow students, both those who may
become experimentalists and those who plan to utilize results from lab experiments, to
learn more about the field and to gain hands‐on experimental experience. This would be
especially valuable for students from the many institutions that lack experimental rock
deformation research programs, but also for those from institutions that have such
programs, since they would be exposed to different labs and equipment as well as form
new connections with their peers.
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ARCHIVING AND SHARING OF DATA, DESIGNS, RESOURCES
A common issue in the field is that the data produced in experiments, such as mechanical
results and microstructural images, are not easily accessible, either by workers in other
labs who may wish to make interlab‐comparisons, or by the wide cross‐section of scientists
from many other disciplines who wish to use experimental results. In addition, equipment
designs are typically not placed in a permanent archive or made readily available to
experimentalists at other institutions. Consequently many good design ideas are lost or
have to be rediscovered. Finally, there is no community database of sources for obtaining
the specialized components or supplies that are commonly needed by the members of the
community.

PROPOSED SOLUTIONS AND RECOMMENDATIONS
Creation of DEFORM Consortium. At the August 2012 workshop the community decided to
create a consortium to foster the needs of the practitioners and users of experimental rock
deformation. An organizational meeting of this consortium was held on December 1‐2,
2012. The name of this new organization is “Deformation Experimentalists at the Frontier
Of Rock and Mineral research” or DEFORM. The Mission Statement agreed to at the
organizational meeting:
DEFORM exists to facilitate experimental rock deformation research that furthers our
understanding of fundamental processes and properties. Support and development of
communal experimental facilities that foster innovative science are our core
objectives. We enable research relevant to understanding deformation in the natural
environment and encourage the participation of new users from all scientific
disciplines.
As of May 1, 2013, 64 institutions have expressed interest in being members of DEFORM.
The plan moving forward is for an existing draft set of bylaws to be adopted by the member
institutions and for DEFORM to submit proposals to NSF for support of the needs of the
community as described in this document.
For Faculty and Administration in Universities and Colleges. University departments should
more seriously consider hiring faculty in the field of experimental rock deformation. Not
only is the field important from the perspective of the many other disciplines in Earth and
materials science that employ its experimental results, the fact that the field is relatively
small means that it is possible to have a large scientific impact with a relatively small
investment. Furthermore, administrators at colleges and universities that already have, or
are contemplating hiring, faculty members in this field should support such faculty with
technical support personnel in order to make them more efficient in their research and
competitive with their peers, both foreign and domestic. Institutions with faculty who
either conduct experimental rock deformation research or apply its results to other
disciplines should join DEFORM in order to further such research via collaboration.
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For NSF. Support of the new DEFORM consortium would benefit not only the field of
experimental rock deformation, but also the many disciplines employing rock deformation
data. Although prioritization of the various components of DEFORM awaits a community‐
based proposal, the components sure to be part of such a proposal or collection of
proposals include formation of a summer school, grants for equipment development,
creation of national or regional facilities and centers, and initiatives to archive and share
data, designs, and resources. Support of scientific research engineers is an important part
of what NSF can do, whether for limited durations on grants to early career investigators
and grants for development of new instrumentation, or for longer periods as part of
support for National or Regional Facilities and Centers.
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Introduction
What do the following scenarios have in common?
•
•
•
•
•
•
•
•

A field geologist wants to quantify the stress responsible for the deformation of
metamorphic rocks at her field site
A structural seismologist hopes to use seismic waves to determine the pattern of
mantle flow in the vicinity of a subducting lithospheric slab
A geodesist studies postseismic INSAR and GPS displacements and wonders what
subsurface deformation mechanisms are responsible for the observed behavior
A hydrogeologist wants to determine the integrity of an aquitard to pressure
changes associated with pumping waste into deep aquifers or hydrofracturing rocks
containing natural gas.
Source seismologists and earthquake modelers seek to understand why earthquake
ground motions are less intense than inferred from the known strength of rocks
Urban planners want to know how high sea level will rise in the next 100 years
A geodynamicist wishes to compute patterns of mantle convection
A planetary dynamicist wants to understand resurfacing processes on Europa

Obtaining answers to all of these questions requires knowledge provided by experimental
rock deformation studies:
•
•
•
•
•
•

The field geologist measures grain sizes by microscopic study of petrographic thin
sections and uses experimentally‐derived calibrations and insights to determine the
paleo‐stress
The structural seismologist uses shear‐wave splitting to measure seismic anisotropy,
and using experimental data on fabric development in olivine, infers the cause to be
the lattice preferred orientation of deformed olivine
The geodesist uses laboratory‐derived rheological properties of crustal and upper
mantle rocks in a model to invert for subsurface flow fields that are responsible for
the observed deformation
The hydrologist uses poroplastic failure criteria determined from experimental
deformation of rock in multiphysics‐based numerical models of subsurface systems
Source seismologists and earthquake modelers look to the results of laboratory
experiments to parameterize the frictional resistance of rocks at coseismic slip rates
The urban planner’s ability to estimate sea level rise depends on laboratory
experiments on the flow of ice in ice sheets and the flow of rocks in the Earth’s
mantle. Understanding ice flow is critical for determining the stability of the
Antarctic and Greenland ice sheets, while quantification of the viscosity of the
Earth’s mantle is critical for estimating vertical motions of land areas and ocean
floors (glacial isostatic adjustments) that accompany the redistribution of H2O from
ice to water as global temperature rises.
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•
•

The geodynamicist needs realistic flow laws for deformation by dislocation creep,
dislocation‐accommodated grain boundary sliding creep, and diffusion creep in the
appropriate parts of the mantle as input to numerical models of convection
The planetary dynamicist uses laboratory‐derived flow laws for ice creep in models
of convection in Europa’s ice shell

More discussion and documentation on some of these examples are found below in
'Important Outstanding Scientific Questions and Challenges'.
Plate tectonics is the surface manifestation of mantle convection and the transfer of heat
from the interior of the Earth. Understanding the mechanics of plate tectonics requires
knowledge about the mechanical properties of rocks, both in the Earth’s deep interior and
near the surface. The facilitating role that water dissolved in minerals plays in their plastic
deformation appears to determine why plate tectonics operates on Earth and therefore
why the evolution of Earth and the other terrestrial planets has differed. In spite of the
success of plate tectonic theory, no one understands such fundamental questions as, Why
are plate boundaries weak? and, What are the patterns of mantle flow associated with plate
motions?
The behavior of plate boundaries is ultimately controlled by the physical properties of the
rocks that comprise the crust and mantle. Earthquakes occur along shallower portions of
plate boundaries whereas creep occurs at greater depth. Unfortunately, most of the Earth's
interior is inaccessible to direct observation. While one may infer processes and properties
of Earth’s interior by examining exhumed rocks and interpreting remotely sensed
geophysical data, experimental approaches are the most direct method of interrogating
rock physical properties.
Obtaining essential data on the mechanical behavior and transport properties (e.g.
diffusion of chemical species and fluids) of rocks and fundamental knowledge about the
processes by which they deform, whether at high pressures and temperatures as in the
Earth’s mantle, during coseismic fault slip, or at shallow crustal depths, is the purview of
experimental rock deformation. As Nobel laureate Richard Feynman stated in “The
Feynman Lectures on Physics”, “… Nor can we really work out the properties of rocks at high
pressure. We cannot tell how fast the rocks should "give"; that must all be worked out by
experiment". Rock‐deformation research requires laboratories housing specialized
equipment capable of replicating the high pressures, high temperatures, and other
conditions that exist in the Earth.
Understanding the mechanical behavior, deformation microstructures, and other physical
properties of rocks and minerals is an exceedingly interesting subject of deep intrinsic
scientific value. Experimental rock deformation is a critical part of the materials science of
Earth materials. In addition, such data and knowledge, as are obtained by rock deformation
researchers, are important inputs to many other branches of Earth science, including
structural geology, sedimentology, seismology, hydrology, earthquake source physics,
geodesy, mantle geodynamics, planetary dynamics, energy resources engineering and
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waste repository management. Identifying the deformation processes and quantifying their
dependences on time and length scales allows extrapolation from the scale of the
laboratory to that of the earth.
This document assesses the state of the discipline of experimental rock deformation in the
USA. It describes a few of the important scientific problems that require data and
knowledge from this field for their solution, discuss the challenges facing the rock
deformation community, and present potential solutions to these challenges.

BACKGROUND ON WORKSHOP LEADING TO THIS DOCUMENT
This White Paper is the outcome of a 3‐day “Workshop on Advancing Experimental Rock
Deformation Research: Scientific and Technical Needs” held August 16‐19, 2012 at Harvard
University. Smaller workshops leading up to this one were held August 13‐14, 2004 at Mt.
Holyoke College, December 4, 2011 in San Francisco, and February 13‐15, 2012 at Texas
A&M University. The August 2012 workshop was sponsored primarily by the NSF with
additional support from SCEC and the DOE, as well as support from the USGS for their staff.
The number and distribution of the participants at the workshop are shown in Table 1, and
a list of participants is given in the Appendix.
TABLE 1
Category
Graduate Students
Postdocs
Assistant
Professors
Professors
Scientific Staff
Research Engineers
Agency Staff
Total

Total
Number
31
15
10

Non‐USA

Number
of Users

Number of
Practitioners

5
6
3

8
5
6

23
10
4

27
16
6
5
110

7
5
1
0
27

10
5

17
11
6
0
71

5
39

The large number of people from abroad who attended is notable, even though the
workshop was advertised as being focused on the status and needs of the U.S. community.
The rock deformation communities abroad are vital and strong, as emphasized in a later
section. All those who applied to the workshop were able to attend, with the exception of
three foreigners with no funding to defray their costs. Note that 35% of the attendees were
users, an ample expression of the importance the user community places on this field.
One purpose of the workshop was to bring together Users of Experimental Rock
Deformation Data with Practitioners of Experimental Rock Deformation. Users make direct
use of laboratory data and knowledge of rock deformation in models, calculations, and/or
in the interpretation of geological and/or geophysical observations. Practitioners actively
engage in experimental research on mechanical, transport, and other physical properties of
‐3‐

Earth materials; of course, some practitioners are also users. The purpose of the workshop
was to assess the scientific and technical needs of these two groups and to begin a process
of responding to those needs. This paper documents the most pressing scientific needs and
proposes a program to address them.

DESCRIPTION OF THE FIELD OF EXPERIMENTAL ROCK DEFORMATION
As described by Scholz [1992], the intellectual roots of experimental rock deformation “are
closest to materials science, in which the materials of study are rocks and the applications
are to geologic processes. It views geologic processes, in particular deformation processes,
at a general level in terms of the basic nature of the mechanisms by which rock can
deform. . . . . The aim is to understand why these natural phenomena exhibit the
properties they do by experimenting with the same materials in the laboratory and
isolating those aspects of the phenomena that are intrinsic properties of the materials. Any
other aspects of the phenomena must be a consequence of the physical conditions, which
can be evaluated by mathematical modeling.” In the same paper, Scholz [1992] also
underlined the vulnerability of rock mechanics: “In contrast to seismology, rock mechanics
is an obscure field. If known at all, it is most closely associated with mining engineering, a
field in which its most familiar applications lay. The branch that concentrates on geological
applications is tiny and has no professional organization or journal devoted to it.”
While, twenty years after this paper was published, the importance of experimental data in
understanding tectonic processes is widely appreciated, the field of experimental rock
deformation has shown very little growth at universities and research institutions in the US.
This has been highly disadvantageous for graduate students and early‐career scientists in
the field. Because of the highly inter‐disciplinary nature of the field, building a successful
career means students must master not only Earth sciences, but also engineering and
material sciences. Furthermore, experimental rock deformation, compared to many other
academic disciplines, requires more hands‐on experience. Students must often work with
machinists and electronics technicians to help maintain and operate the equipment. The
only or best way to master the craft is through mentor‐apprentice practical training.
Unfortunately, most geology and geophysics departments in US universities have no
experimental rock‐deformation facilities, despite the critical importance of this discipline
in geology and geophysics. While the establishment of new research programs will take
time, the education and training of the next generation of researchers cannot wait – they
must be ready to meet the new grand challenges in the Earth sciences.
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DEMOGRAPHICS OF EXPERIMENTAL ROCK DEFORMATION
The academic experimental rock deformation community in the United States is small and
aging, as shown in Figure 1. As the number of early‐career practitioners attending the
workshop demonstrates (Table 1), there are many available scientists ready to step into
academic positions in this field if they become available through retirement or new hires.
12

10
8
6
4
2
0

The geographic distribution of institutions
in the US with faculty engaged in
experimental rock deformation is shown in
Figure 2, with a notable concentration in
the northeast. This map shows those
practitioners whose focus is on Earth
science‐related problems. As such, it does
not include those whose focus is on mining
engineering
and
civil
engineering
applications, who might refer to rock
mechanics in a more senso stricto way
(hence use of the term ‘rock deformation’ to
distinguish the disciplines). The boundary
between traditional rock mechanics and
rock deformation is of course not sharp;
inclusion in Figure 2 of the Sandia DOE lab,
for example, illustrates the fuzziness of this
boundary.

30-40 40-50 50-60 60-70 70-80

Figure 1. Age distribution of faculty‐level practitioners
of experimental rock deformation in USA. Horizontal
axis shows age brackets and vertical axis shows
number of individuals in each. Practitioners included
are faculty level (tenure‐track or research) at academic
institutions, plus similar level staff at USGS in Menlo
Park. Geographic distribution of these practitioners is
shown in Figure 2.

Minnesota (1)
Wisconsin (1)

Cortland (1)

Yale (1) MIT (2)
Brown (5)
Lamont (2)
Stony Brook (1)
Penn State (2)
Wash. U., St. Louis (1)
Maryland (1)

USGS (2)
UNLV (1)

Sandia

Oklahoma (1)

UCR (2)

Texas A&M (3)
Rice (1)

Figure 2. Distribution of faculty‐level practitioners of experimental rock deformation in laboratories in the
USA. There are 16 university labs with 26 faculty (number of faculty at each university in parentheses).
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Important Outstanding Scientific Questions and Challenges
The scientific motivation for conducting rock‐deformation experiments are briefly
addressed in this section, with a focus on the most important unsolved problems which
involve deformation over a wide range of pressures, temperatures, and time and length
scales.

LOWER CRUST AND UPPER MANTLE
Important Outstanding Scientific Questions
Rock‐deformation experiments at high temperatures and high pressures are essential for
understanding the rheology of Earth’s lower crust and upper mantle. Laboratory results
demonstrate that deformation mechanisms and rheology vary strongly with composition,
temperature, pressure, stress, grain size, crystallographic preferred orientation, and
melt/fluid content. However the range of compositions, thermodynamic conditions, and
driving forces for deformation within the Earth provide a large parameter space that must
be sufficiently well explored to provide robust predictions about the properties of Earth’s
interior.
While significant progress has been made in understanding the nature of deformation in
the lower crust and upper mantle, many fundamental questions remain unresolved. Some
of these are outlined below.
Transient Rheology
Most constitutive relations for flow in rocks and minerals at high pressure and temperature
assume steady‐state flow. Transients in mechanical response due to abrupt or slow
changes in loading, and the associated evolution in microstructural state and other
parameters, remain to be explored in much more detail and should be described by
appropriate constitutive relations. Geodetic studies of deformation associated with the
earthquake cycle suggest an important role of transient rheologies in the post‐seismic
response. Similarly, attenuation of seismic waves is mechanistically related to transient
viscoelasticity. Many more laboratory experiments are needed to better characterize the
evolution of rheology throughout the full time domain. There is huge potential for new
experimentation and analysis in this area. By investigating how deformation mechanisms
at different rates and strain magnitudes are related – namely by combining laboratory and
theoretical analyses ‐ the potential exists for using low‐amplitude, relatively high frequency
measurements of seismic attenuation to predict the response of the same material to large‐
amplitude, slow tectonic deformation.
Influence of Microstructure
Analyses of microstructure can be used to link mechanical behavior inferred from naturally
deformed rocks and minerals to geophysical properties (e.g., seismic velocity). Laboratory
studies can be designed to determine the processes that control the evolution of
microstructures in response to changes in deformation. This determination is key to
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understanding how to apply microstructural studies of natural rock to infer crust and
mantle viscosities. Many microstructures require large strains to achieve steady state.
Further studies are needed to quantify flow parameters for partially molten and polyphase
rocks over a wide range of conditions.
Influence of Fluids
Reactive fluids are common in Earth’s lower crust and upper mantle. Changes in rheology
caused by fluid‐assisted phase transformations are neither well understood nor quantified
in constitutive relations. An enormous amount of work remains to be conducted to
investigate the role of fluid composition and fluid abundance on flow laws for both lower
crustal and upper mantle lithologies. In addition, new studies are required to understand
the feedbacks between fluid flow, metamorphic reactions, pore‐fluid pressure and
deformation processes in both “brittle” and “ductile” fault/shear zones. Such processes are
important for understanding strain localization along plate boundaries, implications for
post‐seismic creep, the depth extent of seismic ruptures, and the deformation mechanisms
responsible for the broad spectrum of fault slip behaviors observed along subduction zone
megathrust faults, as well as portions of the San Andreas Fault.
Influence of Pressure
Under brittle conditions it is well known that rocks become stronger with increasing
confining pressure due to the suppression of cracking and frictional processes. Even under
fully ductile conditions, an increase in pressure generally causes increased flow strength,
although the effect is much smaller and more difficult to measure than in the brittle field.
The influence of pressure on flow strength is most often expressed in standard Arrhenius
relations by a parameter known as the activation volume. Whether or not this is the proper
or a complete formulation of the problem, quantifying the effects of pressure on plastic
flow in Earth is one of the Grand Challenges defined by COMPRES (see
http://eaps.mit.edu/rgcworkshop/ and references to Grand Challenge on the COMPRES
web site, http://www/compres.us). The pressure effect on flow is small over the range of
pressures in the Earth’s crust, but becomes very significant over the enormous pressure
range in the Earth’s mantle. The higher end of this pressure range is being pursued within
COMPRES, and many members of the rock‐deformation community participate in this
research. The lower end of the pressure range, i.e., below ~3 GPa and thus corresponding
to depths shallower than ~100 km, is accessible by several methods. With planned
advances in technology (very high pressure gas apparatus discussed in this document), it
will be possible to obtain much more accurate measurements of activation volume than are
currently available, especially in the pressure range 0.3 to 3 GPa. Cooperatively merging
such measurements and knowledge with those of COMPRES will provide better
understanding of underlying physical processes and the role played by pressure in flow of
Earth materials.
Viscous Anisotropy and CPO
While anisotropic rheology influences many aspects of lithospheric deformation, there
have been relatively few quantitative measurements of rheological anisotropy in crustal or
mantle materials. To rectify this problem, experiments in a variety of deformation
geometries are needed to fully characterize the viscosity tensor for earth materials.
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Anisotropy is integrally connected with the existence and formation of Crystallographic
Preferred Orientations (CPO).
An example of the relationships between experimental rock deformation, modeling, and
observations
An illustration of one geophysical problem involving CPO is shown in Figure 3 from
Castelnau et al. [2009]. This figure shows pole figures of olivine [100] axes calculated using
six different micromechanical models of olivine deformation, for flow at a mid‐oceanic
spreading center. The mantle‐flow
pattern is that of Blackman et al.
[2002] and each streamline follows
the same path as that for the upper‐
left streamline, with each curve
offset downward and to the right to
allow comparison of the patterns.
The magnitudes and directions of the
principal strain‐rate directions vary
along the flow line and the directions
of the [100] axes reflect that
variation. For all the models, [100]
alignment develops close to the long
axis of the finite strain ellipsoid
during approximately simple‐shear
deformation on vertical planes
during upwelling; however, after the
flow passes the corner and the shear
sense and directions change, the
different models predict widely
Figure 3 Calculated Pole figures of olivine [100] axes due to
flow at a spreading ridge. See text and [Castelnau et al., 2009]
varying CPOs.
for more details.

This example illustrates several synergistic interactions between experimental rock
deformation, micromechanical modeling, geodynamic modeling, structural geology and
seismology. The slip systems in olivine used in the micromechanical modeling and their
relative critical shear stresses are based on laboratory experiments. The predicted CPO
depends on the relative strengths of different slip systems, which vary with stress,
temperature, and water content [Jung et al., 2006]. The accuracy of the micromechanical
models can be tested through comparisons with the CPOs produced in experiments and in
nature. Although not tested in these models, the CPOs produced by flow in many cases
result in anisotropic viscosity, which can be readily measured in laboratory experiments,
for example, by deforming a sample in compression after successive intervals of strain in
simple shear [Hansen et al., 2012].
Finally, because seismic anisotropy reflects in part the CPO of deformed rocks of the
asthenosphere, measurements of shear‐wave splitting can be used to determine flow
directions. The inclination of the olivine [100] axes in the flow direction could potentially
be used to answer a fundamental question related to the driving forces of plate tectonics ‐
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Does the plate drag the asthenosphere or does the asthenosphere drag the plate?
Determining the inclination of olivine [100] axes from seismic observations is a difficult
[Chevrot and van der Hilst, 2003], but essential task, for interpreting flow in the mantle
[Skemer et al., 2012]. In addition, careful field studies of exhumed rocks from the
Lithosphere‐Asthenosphere Boundary (LAB) can be used to infer the sense of shear in the
asthenosphere and help resolve this important question.
Understanding the Magnitude of Anthropogenic Sea Level Change
Flow in the Earth’s mantle affects estimates of the magnitude of sea level rise to be
expected from human‐induced increases in the concentration of CO2 levels in the
atmosphere. The present sizes of continental ice sheets are out of equilibrium with the
rapidly changing concentrations of CO2. What are the equilibrium values of ice volume and
sea level for present and projected CO2 concentrations? Will the eustatic rise in sea level be
only ~10 m as expected from melting
most of the West Antarctic and
Greenland ice sheets, or ~25 m due to
additional melting of much of the East
Antarctic Ice Sheet? Natural changes in
the level of CO2 in the past occurred
slowly enough that the continental ice
sheets and sea level stayed in
equilibrium with global temperature.
One can therefore use records of sea
level and CO2 from times in the past
when the CO2 concentration was similar
to today’s, to estimate how much sea
level will change and how much ice will
melt. The mid‐Pliocene, 2.95 Myr ago,
had CO2 concentrations similar to today.
Figure 4 [Raymo et al., 2011] shows
calculated elevations of shorelines at
that time.

Figure 4. Expected elevation (m), relative to modern
sea level, of mid‐Pliocene shorelines for a +14 m
eustatic sea level rise using two different models of
mantle viscosity [Raymo et al., 2011]. For land areas
higher than these elevations, it would be the water
level in a thin channel connected to the ocean. (a)
Model VM2, and (b) model LM. The elastic lithosphere
thickness in VM2 is 90 km and 120 km in LM. Both
models transition from an upper mantle viscosity of
~5x1020 Pa s in the upper mantle to higher values in
the lower mantle. The viscosity near the base of the
lower mantle is 2‐3x1021 Pa s for VM2 and twice that,
namely 5x1021 Pa s, for LM.

‐9‐

The problem with this approach is that
mid‐Pliocene shoreline deposits are
presently observed to sit between 5 and
40 m above present sea level, due to
warping by more recent glacial isostatic
adjustment (GIA). In order to estimate
eustatic sea level rise, corrections
therefore need to be made for GIA. The
two halves of Figure 4 make two
different assumptions about the
viscosity of the mantle and therefore
show different elevations of sea level.
Mantle viscosity critically affects the

magnitude of the GIA correction needed to interpret observed paleoshoreline elevations.
The viscosity of the lower mantle in Model LM is twice that in Model VM2 (see Fig. 4
caption). As Raymo et al. [2011] point out, “Along the coastline south of Chesapeake Bay, for
example, the predicted elevation of a paleoshoreline consistent with a +14m eustatic SL
change ranges from 14‐18 m for the VM2 run and 24‐34 m for the calculation based on model
LM.” The factor‐of‐two difference in lower mantle viscosity in the two models is well within
present uncertainty in lower mantle viscosity. Similar differences would exist if the upper
mantle viscosity were altered [Jerry Mitrovica, personal communication, 2012]. Small
uncertainties in mantle viscosity can yield very significant changes in estimates of sea level
as the ice sheets equilibrate with today’s level of CO2.
Laboratory experiments on the flow of mantle rocks substantially reduce these
uncertainties, but much better measurements are required. Critical needs include
improved resolution of activation volume and a greater understanding of the influences of
lithology, composition, grain size evolution, melt fraction and CPO on viscosity. Measuring
the viscosity of rocks over the wide ranges of pressures needed to resolve this problem is a
challenge. One problem is that the accuracy of measured stresses is low in deformation
apparatus designed for use above a pressure of ~0.5 GPa. A key reason for creating the gas
piston‐cylinder apparatus (see section below on Equipment Needs) is to greatly increase
stress resolution in the pressure range 0.5 to 2 GPa; this apparatus would complement the
improving stress resolution of higher‐pressure apparatus using synchrotron techniques
(for example, the D‐DIA apparatus).
Understanding the Rate of Anthropogenic Sea Level Change
In addition to uncertainties in the magnitude of sea level rise for a given increase in CO2,
there remain large uncertainties in how quickly sea level will rise. Current measurements
of the mass balance of polar ice sheets are made using a variety of satellite‐based methods,
including altimetry, interferometry, and gravimetry [Shepard, et al., 2012]. These
measurements, however, especially gravimetry, require a significant correction for GIA, so
that the relative influences of ice melting and mantle flow on the apparent change is mass
depend on which GIA models are used. Again, knowledge of mantle viscosity from accurate
laboratory experiments is critical for resolving this problem.
A key influence on the rate of sea level rise is enhanced ice flow as glaciers and ice sheets
respond to changing climate. Richard Alley, a foremost authority on ice‐sheet stability in
the face of changing climate, briefly summarizes the problem:
“Ice‐sheet stability remains of central importance in projections of future sea‐level change.
The 2007 IPCC report noted that accurate projections of sea‐level rise were not possible
because of lack of knowledge of future rapid dynamical changes in ice flow. Ice‐flow response
to thinning or loss of ice shelves is of special concern, because the flow of non‐floating ice is
restrained by drag between ice shelves and rock or ice walls or local sub‐sea highs, and even
small oceanic changes can cause large ice‐shelf changes. The ductile‐to‐brittle transition is of
special interest here, as it controls the (in)ability of ponded surface meltwater to break
through ice shelves, influences the general calving of icebergs, and controls the magnitude of
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the viscous drag at the ice‐shelf sides.” [Richard Alley, personal communication, 2012].
(Note the importance of the brittle‐ductile transition for ice sheet flow, a phenomenon
heavily studied by the experimental rock deformation community for decades).
Highlighting the need for greater understanding, the scientific community has been
surprised recently by how rapidly changes are occurring in ice streams draining the
Greenland and West Antarctic ice sheets due to retreating ice shelves and grounding lines,
which act as barriers to flow [Alley et al., 2005; Chen et al., 2006; Rignot et al., 2008].
A number of other aspects of grain‐scale ice rheology, including the influence of CPO on
anisotropic flow, the influence of impurities on flow, the rheological behavior of ice
containing high volume fractions of water, and the transient response of ice to rapid
variations in stress, are still not sufficiently well understood to allow for a reliable
description of glacier flow. Such deficiencies in knowledge are compounded by the
discovery that ice flows not by a single creep mechanism, but by several creep mechanisms
that vie for dominance in low differential stress natural environments [Goldsby and
Kohlstedt, 2001], such that the influence of CPO and impurities on flow, for example, must
be understood for more than one creep mechanism.
Although laboratory experiments on the rheological behavior of ice might not seem
relevant to this section on the Lower Crust and Upper Mantle, similar deformation
mechanisms occur in both ice sheets and in the hotter parts of the Earth due to the close
proximity to the melting point for both ice in cold regions and rock in the lower crust and
upper mantle. Although technological challenges of experimental research on ice and
mantle rocks are not identical, they share many attributes.
Experimental Challenges
Experiments focused on the rheological properties of the lower crust and upper mantle
must be able to control microstructure as well as a wide range of deformation conditions,
including temperature, pressure, stress, strain, strain‐rate, fluid pressure, and composition.
Stress / Pressure / Temperature
Of particular importance is the ability to control pressure and temperature while
maintaining the highest resolution of differential stress. Elevated pressures and
temperatures are required in many cases to suppress brittle behavior so that ductile and
plastic deformation mechanisms can be studied. High pressure is also essential for
studying the influence of water concentration on the rheology of nominally anhydrous
minerals. Gas‐medium apparatuses, such as the Paterson apparatus [Paterson, 1990;
Paterson and Olgaard, 2000], presently are limited to relatively low pressures (~0.5 GPa).
Solid‐medium apparatuses, such as the Griggs apparatus [Griggs, 1967; T. E. Tullis and
Tullis, 1986] or D‐DIA [Wang et al., 2003] apparatus, can attain higher pressures, but at the
expense of stress resolution, the magnitude of maximum strain, and independent pore‐fluid
pressure control. A challenge for the community is to develop an apparatus that can
achieve pressures in excess of 0.5 GPa and allow the accurate measurement of stress. The
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proposed “gas piston‐cylinder” apparatus (see section below on Equipment Needs) is an
example of an apparatus that could meet these criteria and bridge the pressure gap
between the Paterson apparatus and the D‐DIA. It could play an important role in meeting
the Grand Challenge of making accurate determinations of the activation volume for plastic
deformation (see above).
Increased Strain
Large strains are essential for studies of evolving microstructures. Triaxial deformation
experiments can achieve only modest strains (~ 0.5). Larger strains are possible when a
sample is deformed in torsion or in general shear (between angled pistons). At this time,
the only commonly used torsion apparatuses are later versions of the Paterson apparatus
[Paterson and Olgaard, 2000]. However these apparatuses are limited in their ability to test
upper‐mantle materials such as olivine and pyroxene owing to their relatively low
operating pressures. Higher pressure, solid‐medium torsion apparatuses have been built
(e.g., Rotational Drickamer Anvil, or RDA, apparatus [Nishihara et al., 2008; Yamazaki and
Karato, 2001]), but still require considerable more development by the community before
their use becomes widespread. As for other solid medium apparatus, the resolution of
stress in the RDA does not approach that of the Paterson apparatus. The proposed
development of torsional capabilities in the Griggs apparatus (see section below on
Equipment Needs) would help solve this problem.
Microstructures
The ability to engineer idealized microstructures in synthetic rocks is crucial for testing the
interaction between microstructure and rheology. Techniques for sample synthesis have
lagged behind other technical developments. The rock deformation community should
reach out to the materials science community to develop new procedures for creating
idealized rock microstructures.
Sample Size
Due to practical limitations on apparatus size, experiments at high pressure and
temperature are typically conducted on samples from 2‐10 mm in diameter. At this scale, it
is challenging to study scale‐dependent phenomena like the influence of grain‐size on
mechanical behavior. The community should explore whether larger‐volume apparatus
might be useful tools for future scientific inquiry.

SEISMOGENIC ZONE
NRC Report Recognition of the Importance of Experimental Rock Deformation Research
The importance of research focused on understanding earthquakes from the perspectives
of both fundamental science and societal benefit are emphasized in a recent report of a
committee of the U.S. National Research Council (NRC) of the National Academy of Sciences
on New Research Opportunities in the Earth Sciences [Lay et al., 2012b]. Some relevant
quotes from that document provide an illuminating introduction to this subsection of
Important Outstanding Scientific Questions and Challenges:
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“Rapid discoveries are being made regarding the nature of fault slip and associated
deformation processes in active tectonics environments, with a huge spectrum of fault slip
velocities being revealed by concerted geodetic and seismic data collection. Tremendously
damaging recent earthquakes in Haiti (2010), Chile (2010), and Japan (2011) are only
harbingers of the huge societal toll that could be exacted by earthquakes in the upcoming
century, with burgeoning populations in seismically active areas being at risk. The
combination of rapid scientific advancements and great societal relevance motivates
enhanced EAR attention to the processes of faulting and deformation in active tectonic
regions. Understanding the behavior of faulting and earthquake occurrence has also been
deemed a Grand Challenge in the science plans of geodynamics [Olson, 2010], seismology [Lay,
2009], GeoPRISMS [MARGINS_Office, 2010], EarthScope [UNAVCO, 2008; Williams et al.,
2010], and the NRC report Origin and Evolution of Earth. [NRC, 2008]” [Lay et al., 2012b, pg.
75].
“The field of earthquake science is now recognized to involve a complex geosystem with
multiscale processes from the microscale controls on surface friction up to the regional‐scale
processes of sedimentary basin reverberation and excitation of tsunamis by ocean water
displacements. While single‐investigator contributions remain paramount to the discovery
and disciplinary advances underlying the surge of progress in earthquake science, there has
been profound value in developing communities that address the geosystem perspective by
bringing together researchers with expertise spanning laboratory friction experiments,
observational and theoretical seismology, geodesy, structural geology, earthquake
engineering, field geology, volcanology, magnetotellurics, and deep drilling.” [Lay et al.,
2012b, pg. 75].
“Laboratory studies of rock mechanics spanning the full range of fault slip velocities play a
key role in quantifying the observations.” [Lay et al., 2012b, pg. 32]. (This is referring to the
observations shown in Figure 5.)
Important Outstanding Scientific Questions
Introduction
Great progress has been made in understanding and modeling seismogenesis and dynamic
earthquake rupture in the crust and uppermost mantle (to the depths of great subduction
thrust earthquakes), but fundamental questions remain. It is now well recognized that fault
slip modes in nature vary from steady aseismic creep to the rapid seismic slip of classic
earthquakes that release short‐period radiated energy. Intermediate behaviors including
episodic creep and non‐volcanic tremor, slow earthquakes, and tsunami earthquakes are
increasingly being recognized as emphasized by Lay et al. [2012b] and illustrated in Figure
5. To some extent these different behaviors are understood in terms of spatially varying,
often depth dependent, frictional properties of faults (Figure 6). As is shown below, the
modeling community has made rapid progress treating dynamic rupture and in
considering the role of coupled thermal‐hydrologic‐mechanical processes to fault slip
behaviors. State‐of‐the‐art modeling treats aspects of the complete earthquake cycle with
spontaneous earthquake nucleation, seismic wave‐mediated inertial effects, radiated
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Figure 5. Range of rates and sizes of fault‐slip events.
From [Ide et al., 2007], copied from [Lay et al., 2012b].

Figure 6. Schematic view of subduction interface
showing different types of seismic behavior. These
can be interpreted in terms of different types of
frictional properties: seismic patches are velocity
weakening,
aseismic
areas
are
velocity
strengthening, and conditionally stable areas are
marginally velocity weakening and may show
strong dynamic weakening. This is Fig. 15 from
[Lay et al., 2012a].

energy and strong ground motion, off‐fault plasticity, and a host of geometric effects in
earthquake phenomena.
In practice, what is needed for numerical tractability are simple constitutive laws that
adequately treat a variety of processes of deformation on faults over the full seismic cycle,
for both the broader zone of deformed rock along faults as well as the frictional behavior of
localized zones or surfaces where the majority of earthquake slip occurs. The descriptions
must account for variations in the dominant micromechanisms of deformation as a function
of depth (i.e., due to changes in pressure, temperature, composition, and permeability) and
with the large range of strain rates throughout the seismic cycle. They need to represent
the unique and largely unknown processes that operate during coseismic slip where
frictional heating and the deformation rate drive rocks well out of equilibrium conditions.
Fluid‐rock interactions, both mechanical and chemical, are extremely important to fault
strength during interseismic periods and during rapid slip.
In general, state‐variable constitutive relations for rock friction are well developed and
provide a powerful framework for understanding the behavior of faults during interseismic
periods leading up to nucleation of earthquakes and during postseismic after‐slip in the
shallower portions of the crust. However, these relations are not sufficiently well
developed for the longer periods of time associated with interseismic fault healing or for
any portions of the seismic cycle at the middle to lower reaches of the seismogenic zone,
where large moment release occurs and great earthquakes tend to nucleate. In addition,
there is still controversy concerning the micromechanical reasons for state evolution in
these friction laws [Dieterich and Kilgore, 1994; Li et al., 2011], such that their
extrapolation to outside the range of experimental conditions remains uncertain.
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There is little consensus on the processes and mechanical behaviors responsible for
episodic creep and non‐volcanic tremor, although explanations based on laboratory‐
derived rate and state friction and/or fluid pressure variations are attractive [Liu and Rice,
2005; 2007]. Nevertheless, such constitutive descriptions generally do not address the
fundamental issues of slip localization or the unique set of microprocesses activated at
coseismic slip rates. To a large extent, developing constitutive relationships appropriate
for advanced theoretical analysis and numerical modeling requires experimental rock
deformation, as well as coordinated hypothesis testing by observationalists, modelers and
experimentalists ‐ a multidisciplinary approach is required. Important outstanding
questions and likely fruitful avenues of research are identified below.
Localization
Concentration of displacements in fault zones to narrow layers occurs at a range of scales
and in a variety of materials that deform by fundamentally different microprocesses;
localization appears to be a fundamental aspect of strain weakening and associated with
unstable slip. It is not yet clear how best to describe weakening in relation to evolution of
fabrics and other physical properties, both in granular brittle materials at shallow depth
and in semibrittle materials at the base of the seismogenic zone. Localization phenomena
inherently involve a transient mechanical response that is particularly challenging to
describe mathematically using simple constitutive descriptions.
Dilatancy
Inelastic shear dilatancy results when the pore space in shearing gouge varies during shear
deformation due to particle motion or breakage; both positive and negative dilatancy (or
compaction) occurs with shear [Beeler and Tullis, 1997; Marone et al., 1990]. Dilatancy can
substantially affect frictional resistance by modifying pore pressure and hence the effective
compressive stress on a fault. Indeed, this effect has been shown to be crucially important
for earthquake nucleation and the balance of seismic and aseismic slip on fault, including
the origin of episodic slow slip [Rubin, 2008; Segall and Rice, 1995; Segall and Rice, 2006;
Segall et al., 2010]. The presence or absence of dilatancy can completely modify the effect
of co‐seismic thermal expansion of pore fluids, currently considered a potentially dominant
dynamic weakening mechanism during earthquakes [Rice, 2006]. Theoretical expressions
employed in thermal pressurization models, however, are likely vastly oversimplified.
There are few to no experimental data that bear on the role of dilatancy during thermal
pore‐fluid pressurization, due to the difficulty of conducting rapid large‐slip experiments
on confined samples with independently controlled pore pressure.
Brittle / Ductile Transition
Despite direct evidence from studies of exhumed rocks for localized shear in the lowermost
crust and upper mantle the structure of the mid to lower crust beneath active faults is not
known. For example, it remains unknown under what conditions lower‐crustal
deformation below active faults is highly localized, as recent observations beneath the San
Andreas Fault suggest [Shelly and Hardebeck, 2010], is broadly distributed, or is
transitional with depth. Experiments that explore processes involved in strain weakening
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and shear localization, particularly near the brittle‐ductile transition, are needed to address
this question.
The deep roots of seismic faults are characterized by coupled brittle and crystal plastic
deformation, as well as fluid‐assisted diffusion processes that lead to complex, poorly
characterized mechanical behavior. Modeling studies tends to treat the brittle‐ductile
transition as an abrupt change from frictional to steady‐state viscous behavior. Little is
understood about how rate and state friction behavior, which includes an evolution law to
treat transient responses, transitions to a purely viscous constitutive relation containing a
state evolution law. Development of such constitutive relations is necessary to adequately
treat the behavior at the base of the seismogenic zone over the seismic cycle, to understand
the strength of the lower crust, and to properly model and interpret geodetic data and
tectonics.
High‐Speed Friction and Dynamic Weakening Processes
Recent work has demonstrated extraordinary reductions of friction for rock‐on‐rock
sliding and shear of granular gouge materials at slip rates greater than ~0.1 m/s, at least
for low normal stress conditions [Di Toro et al., 2011; Goldsby and Tullis, 2011; Han et al.,
2007; Hirose and Shimamoto, 2005; Reches and Lockner, 2010]. The weakening only occurs
under the combined conditions of localized frictional heating and high shear rates. There
appears to be a host of processes that may contribute to weakening, including thermal
pressurization of pore fluids, phase transformations, dehydration, mineral decomposition,
flash heating and melting [Tullis, 2007]. Thermal pressurization is generally regarded as a
key process governing large earthquake ruptures, and although it is understood
theoretically as a coupled thermal‐hydrologic‐mechanical phenomenon [Lachenbruch,
1980; Mase and Smith, 1987; Rice, 2006; Sibson, 1973], experimental validation and
quantification of the process is lacking. Other weakening processes, particularly those
involving phase transformations, are poorly understood. The particular mechanisms and
behaviors associated with high‐speed shearing at the elevated temperatures, high
pressures, and fluid‐saturated conditions deep within the seismogenic zone are unknown.
Such knowledge is critical to a complete understanding of earthquake genesis at plate
boundaries and in continental interiors.
An example of state‐of‐the‐art full‐cycle earthquake modeling including full elastodynamic
treatment of the earthquake itself, using laboratory‐based strong dynamic weakening as
well as laboratory‐based rate‐and‐state friction laws, is shown in Figure 7. This model
represents a recent attempt at a unifying physical explanation for a number of aspects of
the great 2011 M9 Tohoku‐Oki earthquake [Noda and Lapusta, 2012]. Note that much of
the seismological community’s understanding of the mechanics of such earthquakes comes
from laboratory measurements of rock friction over a wide range of conditions and slip
velocities. The model illustrated in Figure 7 explores interaction of two fault patches with
different frictional properties motivated by physical‐property measurements [Tanikawa
and Shimamoto, 2009] on rocks recovered from drilling through the Chelungpu fault that
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Figure 7. Lab‐based earthquake simulations relevant to understanding the 2011 M9 Tohoku‐Oki event.
(a) The region of M9 earthquake showing slip inversion in color, epicenter as star, and back‐projection
results of high‐frequency radiation as circles, from Simons et al. [2011]. White dashed rectangles
represent two patches treated in the simulation. (b) Schematics of the fault model with a velocity‐
weakening left patch and a right patch that is velocity‐strengthening for low slip velocities, but has
strong dynamic weakening, with properties from lab studies [Tanikawa and Shimamoto, 2009]. (c)
Snapshots of slip velocities from the simulation, with time progressing from A to R. The right patch
cannot nucleate earthquakes and often creeps (panels A, B, K, L, M, N). However, it experiences large
seismic slip due to dynamic weakening when earthquakes penetrate from the left patch (C‐E, P‐Q). This
could explain how the Tohoku‐Oki earthquake was able to accumulate large slip next to the trench
where the sediments are generally thought to be velocity strengthening and hence stable.
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hosted the 1999 Mw 7.6 Chi‐Chi earthquake. Patch I is governed by velocity‐weakening
rate‐and‐state friction, and hence capable of earthquake nucleation and stick‐slip behavior.
Patch II is governed by velocity‐strengthening rate‐and‐state friction at low slip rates, but
can undergo co‐seismic weakening due to shear heating if dynamic rupture penetrates
sufficiently vigorously into that patch.
The resulting complex model behavior qualitatively reproduces a wide range of
observations for both the Chi‐Chi and Tohoku‐Oki faults. Figure 7c illustrates two model‐
spanning events (panels B‐E and N‐R), with two much smaller events in between, that
rupture mostly Patch I (panels H‐I and K‐L; the timing is given in the supplementary movie
to [Noda and Lapusta, 2012]). Interseismic periods are shown in panels A, G, and M, and
postseismic slip is clear in panel F. In the model, Patch I keeps nucleating earthquakes as
expected, and Patch II not only ruptures in some events, but also accumulates the largest
slip in the process. This behavior is consistent with what occurred in the Tohoku‐Oki event,
where the largest slip was accumulated outside of the “asperities” identified from prior
smaller events, and in the Chi‐Chi event, wherein the largest slip was accumulated in the
velocity‐strengthening area. Patch I also produces more high‐frequency radiation despite
its smaller slip, consistent with what occurred in both the Tohoku‐Oki and Chi‐Chi
earthquakes [Ma et al., 2000; Simons et al., 2011] (Figure 7a). In the model, the complexity
of behavior that seems to mimic real events comes from the difference in lab‐measured
friction properties of the two patches and, specifically, from laboratory‐established co‐
seismic weakening.
Experimental Challenges
Experimental work needed to address the fundamental questions of seismogenesis is
particularly challenging. Earthquake phenomena reflect not the first‐order frictional
behavior characterized by a single coefficient of sliding friction as expressed in Byerlee's
law [Byerlee, 1978], but second‐order variations in friction associated with shear rate.
These rate‐dependent variations in friction reflect fundamental, competing processes of
time‐dependent healing and weakening that operate at the scale of microscopic contacts
within localized slip surfaces and shear zones. The fundamental processes at frictional
contacts vary greatly with environmental conditions of pressure, temperature, chemical
environment and shear rate, and they result in complex, transient and non‐linear behaviors
over the enormous range of deformation rates in fault zones during the seismic cycle. Thus,
to advance earthquake science requires experimental approaches that can explore friction
and flow over the variety of environmental conditions and deformation rates in faults
throughout and below the seismogenic zone. What are needed are instruments that can
simulate the confining pressure, elevated temperature, and fluid pressure and chemistry in
fault zones, while simultaneously achieving large displacements (of meters) at carefully
controlled displacement rates ranging from nanometers‐ to meters‐per‐second, i.e., over 10
orders of magnitude in rate. In spite of significant advances in instrument design and
control over the last two decades, no existing apparatus can simultaneously achieve the full
range of slip rates and normal stresses to investigate frictional behavior at any but the
shallowest crustal depths (upper km or so).

‐ 18 ‐

An illustration of the need to develop new apparatus to expand friction measurement to a
combination of high normal stress and high slip speeds is presented in Figure 8. The log‐
velocity axis in Figure 8a emphasizes the point that a wide range of slip velocities is needed
to study earthquakes. However, plot of Figure 8b with a linear velocity axis reminds us that
the power going into a fault zone is linear with velocity. From a technological point of view,
the practicality of changing speed by orders of magnitude is more difficult than is evident
from a log plot. The Friction Dream Machine discussed in later sections would overcome
the technological difficulties.
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Figure 8. Range of normal stress and slip velocity accessible by several friction measurement machines
showing combination of capabilities desired in Friction Dream Machine. (a) Semi‐log plot that shows wide
range of velocities needed by friction apparatus. (b) Linear plot on velocity axis emphasizes that a large
range of velocities presently inaccessible at high normal stress would be accessible by Dream Machine.
The rate of frictional work going into a sample is of course linear with velocity and with normal stress,
other factors being equal; plot (b) shows how much more power is involved with high velocity slip and
high normal stress – the other machines do not even show up on this plot.

Shear Rate
Advances in the development of friction constitutive relations and investigations of
frictional behavior at coseismic slip rates have benefited from the ability to control
displacement rate and explore transient friction behavior. There have been significant
commercial advances in brushless motors and associated power control systems that have
been incorporated in modern high‐speed rotary‐shear testing instruments [Di Toro et al.,
2010; Niemeijer et al., 2011; Reches and Lockner, 2010]. These motors and control systems
hold promise for better realizing the requirements of testing friction behavior at coseismic
rates. Integration of brushless motor control systems into LabVIEW programs, which are
becoming the standard for laboratory data collection and machine control, is one needed
improvement. In spite of the advantages of brushless motor systems, achieving ideal step‐
wise changes in rate at high speeds requires high acceleration rates, which is complicated
by inertial effects, particularly in stiff loading systems with larger samples at high pressure.
Thus, experimentalists will likely need to develop additional loading systems for testing
fault behavior.
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Large Displacement
Seismological observations indicate that the slip‐weakening and rate‐weakening behavior
that leads to unstable modes of slip occur over millimeters to decimeters of slip in the lab.
The coseismic weakening that leads to great earthquakes, may require even greater
breakdown distances on the order of meters. As such, to study these phenomena requires
large slip capability, which is most readily achieved in rotary or large‐sample direct‐shear
instruments.
Confining and Fluid Pressure
Of critical need is the ability to conduct large‐displacement experiments while maintaining
high‐pressure confinement and independently controlled pore pressure. This necessitates
sample‐jacketing systems that retain seal integrity to large displacement. Such systems are
currently available for low‐speed shearing (up to ~10 mm/s), but are not yet developed for
high‐speed shearing. This may be one of the greatest challenges in advancing friction
experiment capabilities and likely will require much trial and error to perfect.
Investigating friction and flow of silicate rocks at conditions appropriate for the base of the
seismogenic zone also requires control of fluid pressure, fluid chemistry and chemical
environment (e.g., oxygen fugacity). No current apparatus combine all these needed
capabilities.
Temperature
Testing at elevated temperature is mandatory; although various furnace technologies are
available, tests at high temperatures preclude the use of many polymers in sealing designs
for samples in rotary shear. Moreover, at coseismic sliding rates samples self‐heat to
extremely high temperatures, easily producing friction melts, which further complicate seal
designs. Sliding seals constructed of metals or other refractory materials may be feasible,
but considerable effort would be required to perfect designs using these materials.
Stiffness
Investigation of frictional behavior at high confining pressure benefits from the use of stiff
loading systems to minimize unwanted instability. This capability is readily achieved in
quasi‐static loading systems, but more difficult to realize in high‐speed loading frames.
Many current high‐speed rotary shear machines suffer from resonant vibrations and other
machine‐sample interactions that mask true sample response. Some aspects of this
problem have been addressed in industrial applications, but such engineering is not
routinely incorporated in rock‐testing machines.
Instrumentation
It is a general rule in high‐pressure materials testing that the more extreme the conditions,
be it pressure, temperature, or high displacement rate, the more difficult it is to instrument
samples and directly measure sample response. Difficulty in instrumentation certainly
challenges experimentation on friction and flow of rocks at the depth conditions of
seismogenic faults and in the deep roots below. At high speed these difficulties are
magnified because of localized deformation, heating and fluid pressurization. Measuring
the local strain, fluid pressure and temperature in an inhomogeneously deforming sample
is extremely difficult if not impossible, especially at high shear rates. In addition, the need
for jacketed assemblies to seal samples at pressure introduces components that may bear
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non‐trivial loads and introduce unwanted apparatus effects that make it more difficult to
extract the true constitutive behavior of the test sample. Accordingly, it is becoming more
common for experimentalists to model sample assemblies and test systems in order to
retrieve the true material behaviors. For high‐speed testing where frictional heating
occurs, fluids are present, and chemical reactions are taking place, analysis of experimental
results likely requires numerical modeling of sample assemblies that take into account
interactions among thermal, hydrologic, and chemical, processes and mechanical behavior.
Sample size
Large sample sizes are often desired, but there are practical limits to sample size in
laboratory experiments, particularly with increases in pressure, temperature and loading
rate. It is likely that significant advances in understanding microscopic friction mechanisms
and attendant transient behaviors can be achieved with current experimental sample sizes,
and via experimentation using single‐contact geometries (e.g., using atomic force
microscopy and nanoindentation) and smaller samples. Nonetheless, important questions
dealing with scale‐dependent phenomena cannot be addressed with size‐restricted
specimens.

SHALLOW CRUST
Important Outstanding Scientific Questions
Although the impact to society of natural, deep‐earth processes can be dramatic, as
illustrated by large earthquakes, tsunamis and volcanic eruptions that cause human
casualty and substantial economic loss, processes operating in shallow subsurface systems
also impact society. A majority of clean water and energy resources are derived from the
subsurface. As populations grow and society is increasingly supported by technological
advances, resources are extracted to a greater degree, from increasing depths, from more
varied systems, and with greater engineering demands. At the same time, waste and other
byproducts of human activity are increasingly being released or stored in the subsurface. It
is becoming common, particularly in sedimentary basins and coastal regions, to develop
concurrently multiple subsurface systems at different depths in order to manage fresh
water, produce energy, and dispose of waste. It is clear that successful management of
subsurface systems requires sound understanding of natural processes in geologic systems
as well as the capability to predict changes induced by human activities.
Natural Systems
Over both geologic and engineering time scales, subsurface systems in the upper
crust involve thermal, chemical, hydrologic and mechanical processes, generally operating
in a coupled fashion. For example, marine sediments at both active (Figure 9) and passive
margins are subjected to gravity‐loading that leads to consolidation, reduction in
permeability, and pressurization of pore fluids. In association with tectonic loading, the
generation of elevated pore fluid pressures can favor localized faulting and fracture, which
can modify fluid flow paths and govern advective transport of heat and reactants. Heat and
mass transport accelerates fluid‐rock chemical processes, lithification and cementation
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state, which in turn changes rock strength, failure mode, and evolution of porosity and
permeability. These cases illustrate that there are many ways in which natural subsurface
systems can respond to perturbations and evolve as a result of coupled processes.
Understanding the state of such systems benefits from direct observations, such as by
scientific drilling, in situ measurements, and collection of samples for laboratory
investigation. Nonetheless, to a large degree, the ability to understand and model
subsurface systems depends also on characterizing the relationships between mechanical
and transport properties, during deformation over a wide range of conditions for the
spectrum of crustal materials, and the sensitivity of these to thermal and chemical
processes. This need for experimental rock deformation is recognized in many scientific
programs, exemplified by the summary “the fundamental understanding of dynamic
processes as diverse as the earthquake cycle, fluid transport through the crust, and
sedimentary basin development hinges upon critical input from laboratory measurements.
Determination
of
the
mechanical and transport
properties of rocks is a
necessary first step in
understanding the tectonic
processes and structures at
all scales in the Earth,”
from “New Departures in
Structural Geology and
Tectonics,” a White Paper
resulting from a workshop
sponsored
by
the
Tectonics Program, Earth
Science
Division,
and
National
Science
Foundation.
Figure 9. (8.19 in Morgan et al., 2007). It is widely appreciated that at
convergent margins, the distributions of deformation, permeability
structure, fluid pressurization, and fluid flow in accretionary wedges are
intimately related. The inelastic behavior and failure modes of porous
sediments at convergent margins reflect varied states of stress and exert
important controls on the tectonics of accretion. Many physical (such as
consolidation due to elevated overburden pressure, or shear‐induced
crack opening) and chemical (such as dissolution and precipitation)
processes can significantly modify pore space and thus change
permeability. Quantitative laboratory constraints on inelastic behavior
and the anisotropic permeability evolution of wedge sedimentary rocks
under poly‐axial and varying load paths are the key ingredients in most
of the current tectonic models of wedges that treat coupled mechanical‐
hydrologic‐thermal processes. Several ongoing scientific deep drilling
projects, such as NanTroSEIZE, SAFOD, Taiwan Chelungpu Drilling
Project, and Alpine Fault Drilling Project, provide opportunities for
experimental studies. Systematic integrated laboratory studies of hydro‐
thermo‐chemo‐mechanical tests on the drillcores are crucial in gaining
better understanding of associated geological and geotechnical
problems.
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Descriptions of mechanical
and transport properties of
sediments determined in
the
geotechnical
civil
engineering field are well
developed and can be used
to treat behaviors of near‐
surface materials in a
variety of natural geologic
systems
including
continental basins and
marine
basins
along
passive
and
active
continental margins. Many
aspects of poro‐plasticity
theory for granular and

clay‐rich porous sediments can be extended to treat deformation of poorly lithified
sediments and sedimentary rocks at higher pressures, i.e., at greater depths than the
traditional near‐surface conditions of geotechnical work. However, some important
differences exist at greater depth and temperatures that require additional experimental
research and constitutive modeling. In particular, lithification generates cohesive strength,
and combined with deformation at higher pressures, involves particle failure in addition to
particle rearrangement. Moreover, time dependent chemical processes, including fluid‐
rock reactions, mass transport and cementation, are important at the higher temperatures
and longer time scales for deeper geologic systems. These processes modify the behaviors
understood for sediments at low pressure over engineering time scales. In addition,
uniaxial and triaxial compressive stress states generally assumed for soils cannot treat the
true triaxial stress conditions typical of tectonic systems. Thus more detailed investigations
of mechanical and transport properties of sediments and sedimentary rocks over a range of
pressure, temperature and rate conditions, different loading paths, and under anisotropic
stress and strain conditions is necessary to understand subsurface systems.
Experimental rock deformation techniques also can address important and timely
problems associated with the interactions between shallow natural deformation systems
and climate change. For example, the response to sea‐level and water‐temperature changes
of large submarine landslides located along the edge of the continental shelves, of
geophysical‐scale sea‐ice dynamics in the Arctic, and of the flow of Antarctic ice streams
and glaciers are active areas of research. For example, the massive Storegga landslide and
associated tsunami is hypothesized to have been triggered by dynamic earthquake loading
or by excess pore pressures from gas‐hydrate dissociation caused by sea level and
temperature changes [Camerlenghi et al., 2007]. Testing this hypothesis involves better
understanding of the mechanical behavior of gas hydrate rich sediments during gas
pressurization and venting and the mechanical response of such sediments to possible
dynamic perturbations from earthquakes. It appears that Arctic sea ice deformation is
characterized by brittle, frictional failure over a range of scales, and the deformation of the
ice cover displays power‐law clustering in space and in time, that has similarity to
seismicity in the crust. Recent work also indicates that friction of sea ice may follow similar
state‐variable friction constitutive laws as determined for rock [Schulson and Duval, 2009;
Schulson and Fortt, 2012] and of course deformation of ice under many natural conditions
is fully plastic. The experimental rock deformation community is involved in research on
these topics, and is well positioned to contribute given the history in study of fracture,
friction and plastic flow of rock‐forming minerals.
Engineered Systems
Understanding brittle deformation, the distribution of pore fluid pressures, and fluid flow
properties are fundamental issues in engineering subsurface systems for production of
hydrocarbons for unconventional reservoir rocks, geothermal energy production, geologic
sequestration of carbon, and disposal or isolation of other waste. The important role of
quantifying the geomechanical properties of rock through experimentation and
incorporation in numerical models of system behaviors is expressed, for example, in the
IPCC Special Report on Carbon Dioxide Capture and Storage (Metz et al., 2005) stating a
"Comprehensive treatment of sequestration requires numerical models treating coupled
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multi‐phase flow, geochemical reactions and (particularly) geomechanics for practical
engineering."
One of the most prevalent activities in recent years is employing hydraulic fracturing on a
massive scale to produce fossil fuels from low permeability sedimentary rocks. Stimulation
of unconventional petroleum and gas reservoirs through hydrofracturing has changed the
face of fossil fuel production in the United States, but to a large extent the success of
hydrofracture to allow production of fuels from source rocks results from development of
engineering strategies that achieve distributed fracture throughout large volumes of rock
to produce a permeable, interconnected network of fractures. Much hydrofracturing is
informed by knowledge of in situ stress, characterization of pre‐existing natural fracture
networks, and the evaluation of mechanical properties of sedimentary strata based on
geophysical attributes. Major challenges to improving production of energy through
hydrofracturing are understanding how induced fractures interact with natural fractures,
the production of distributed mesoscale fracture damage associated with hydrofracturing
that serves to link macrofractures with microporosity, and the long‐term thermal‐
chemical‐mechanical processes in activated reservoirs that can affect recovery over time.
Aside from the challenge to produce energy from unconventional reservoirs, challenges of
engineering systems include maintaining zonal isolation, so as not to contaminate fresh
water supplies, and minimizing induced seismicity. To a large extent experimental rock
deformation data for clay‐rich, fine‐grained, low‐permeability reservoir rocks is lacking,
particularly in the public domain. Solving challenges of production without causing
adverse environmental effects requires advances in understanding mechanical and
transport properties of fractured, unconventional reservoir rocks, and developing
constitutive descriptions for these rocks to permit geomechanics‐based modeling of system
behavior.
In general the challenges in geothermal energy production and waste management in
subsurface systems is opposite that in hydrocarbon energy production, in that thermal and
chemical processes are paramount. In addition, for waste management, the integrity of
natural sealing units and engineered zonal isolation systems must be ensured for
extremely long times. A first‐order difficulty in predicting integrity in natural systems
stems from the heterogeneity in lithology, structure, stress states, and fluid pressures, and
from the possibility for brittle reactivation of natural features induced by pumping fluids
that can lead to enhanced permeability and loss of seal integrity. In many cases a major
problem is predicting fluid movements and chemical reactions that take place over long
times. In geothermal systems an engineering challenge is maintaining permeability and
efficient heat transfer in a hydrothermal environment that promotes rapid dissolution,
transport and reaction. As is the case in natural systems, engineered systems for waste
management operate over time frames much greater than can be simulated directly in
laboratory experiments. Predicting long‐term behaviors requires development and
quantification of chemical rate laws and rate dependent constitutive relations, which to
large extent requires rock deformation experimentation. In general developing rate laws
requires longer term testing and is less amenable to the common practice of trading
temperature for time. Such laws are critical for numerical modeling of subsurface systems
involving interacting thermal, chemical, hydrologic, and geomechanical processes.
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Although the pressure and temperature conditions are less extreme than those needed in
many other experimental rock deformation research areas, the demand for longer times
greatly inhibits progress in these areas. To a large extent, the understanding of many
important chemical‐mechanical processes is generally lacking but critically needed.
Experimental Challenges
Technology required for conducting deformation experiments at upper crustal pressure
and temperature conditions is readily available, and some instruments can be acquired "off
the shelf" from commercial suppliers. However, commercially available soil and rock
deformation instruments can be expensive, and do not always incorporate novel
instrumentation. Many testing devices for soil mechanics are not appropriate or do not
achieve sufficient pressure to investigate behaviors of stronger materials, such as poorly
consolidated sedimentary rock. At the same time, many rock deformation apparatus are
designed for very high pressures and are not appropriate for weaker materials. Also, at this
time, few laboratories in the US are equipped with modern instruments that provide
integrated measurements of ultrasonic velocities, permeability, resistivity, pore‐volume
compressibility, and acoustic emission. Standardized designs for triaxial and other testing
configurations, machine control systems, and designs for instrumentation provided to the
community would likely facilitate development of experimental soil and rock deformation
laboratories at lower initial cost, simplify upkeep and reduce recurring costs. Other areas
for developing and acquiring specialty equipment are outlined below
True triaxial testing of sediment and crustal rock
Soil mechanics testing often incorporates uniaxial strain or triaxial compression/extension
configurations. Systems for testing true‐triaxial loading of both high‐ and low‐porosity
materials are needed, as well as equipment designed to test mechanical, transport and
other physical properties of anisotropic materials under varied loading conditions and
stress paths.
Slow deformation and fluid‐rock reaction
Shale rocks and sediments, which often include considerable amounts of clay, constitute
about 70% of the sedimentary rock in the crust. In general the mechanical and transport
properties of shale rocks have only been studied cursorily. There are many outstanding and
important questions for these and other crustal materials involving chemo‐mechanical
effects of fluids and fluid flow properties, but addressing these questions can be
challenging, depending on porosity structure and low permeability, because long‐term
testing may be necessary. Development of techniques to measure very low permeability is
needed. Furthermore, deformation experiments involving chemically reactive pore fluid
and fluid‐rock reaction also may require long times. Long‐term tests often demand
measurement of small signals and require high stability of temperature and pressure. This
can not only require special steps in design, but is still challenging because the chemical
activity of the pore fluid and elevated temperatures often cause problems for seals and
sensors.
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Other Special Problems and Equipment
Addressing questions relating to slope stability, submarine landslides, triggered seismicity,
and other processes in the upper crust resulting from dynamic loading, such as by seismic
waves from earthquakes, could benefit from instruments that can induce rapid, large
displacement or rapid cyclic loading. Fracture processes, such as occurs during hydraulic
fracturing or dynamic slip instability, are scale‐dependent, so experimentation involving
large samples could be useful. Large displacement conditions also are facilitated by large
sample configurations. Testing mechanical properties of ice, either for investigating flow of
large bodies of ice on earth or deformation of other celestial bodies, can benefit from
experimentation on materials at cryogenic conditions, and from testing large samples and
utilizing dynamic loading capabilities. Although the necessary technology is available, and
instruments that achieve one or more of these special characteristics exist, new
instruments are likely needed as new problems and increased understanding develops in
the field. Establishing a platform in the rock deformation community that could improve
communication across the fields of civil engineering, ocean sciences, planetary sciences,
and geological rock mechanics would help facilitate efficient development and use of
existing equipment for addressing important rock deformation problems.

Equipment Needs
The previous section illustrates the wide range of important scientific questions that
remain to be adequately addressed by experimental deformation of rocks. These important
questions, some longstanding and others newly posed after recent scientific advances, have
not been sufficiently addressed in part because of the paucity of appropriate
instrumentation in experimental laboratories. The primary reason for the lack of
instrumentation is the difficulty in acquiring, commissioning, and maintaining
sophisticated equipment. It is typically not possible to buy commercially produced
equipment to perform the experiments needed by this community. The engineering and
materials science communities, for example, often study the deformation of materials as it
pertains to the reliability of man‐made structures, at room pressure conditions. In some
cases loading frames or pressure vessels can be custom designed by and purchased from
equipment manufacturers, but there is insufficient demand for such equipment for it to be
produced commercially. A specialty machine like the ones most often used must be
assembled from available commercial components integrated with custom‐designed and
fabricated components, under the direction of the experimentalist. Moreover,
incorporation of advanced technologies or novel designs is often inhibited by costs and
funding constraints as well as the limited available time and engineering capability of
experimentalists. Thus state‐of‐the‐art machines are being developed at a reduced rate
and are few in number. These issues affect early career scientists most significantly, adding
to barriers to the development of new research programs and laboratory facilities. This
situation lies in stark contrast to that of analytical laboratories, for example, in which the
workhorse instruments, like electron microprobes, ion microprobes, and mass
spectrometers, are available "off the shelf. "
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On the basis of extensive discussions at the August 2012 workshop, the types of equipment
deemed desirable to have or develop, to address a host of critical scientific problems such
as those outlined above, are provided in Table 2. Following Table 2, a number of these
apparatus are described in further detail and the specific scientific needs or goals each
would address are outlined. The list of apparatus is prioritized and each item is evaluated
in terms of whether new technological advances are required before the equipment could
be realized.
TABLE 2 New Equipment Needs1
Machine/Facility

Shared
Equipment2

Shared
Project3

High Temperature and Pressure
2‐GPa Gas Piston
Cylinder
Paterson Rig
X
Standardization
Griggs Rig
X
Improvements
Torsion in Griggs Rig
X
Lower P Rig on Beam
X
X
Lines
Moderate P, T, Pp
X
Standardized Triaxial
Rig
Large 1 GPa Gas Rig
X
X
True Triaxial rig
X
Simultaneous
X
Multiple‐Sample Rig
Seismogenic Zone
Large Direct Shear
X
USGS Big Block
X
Friction Dream
X
X
Machine
Better Brushless
X
Motor Control
IR During Sliding
(X)
(perhaps on beam
line)
Deep Mine In Situ
X
Larger Sample
X
Rotary Shear
Long Term, Stiff,
X
X
Double Direct Shear,
Pore P
Table 2 Notes:
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Single PI or
Institution4

Priority5

Prerequisites6

X

ASAP (1)

None ‐ Ready

ASAP (1)

None ‐ Ready

X

ASAP (1)

Tests, Design

X
X

ASAP (1)
Soon (2)

Tests, Design
Design

X

Soon (2)

Design

X
X
X

Later (3)
Later (3)
Later (3)

Design
Design
Design

X
X

ASAP (1)
ASAP (1)
ASAP (1)

None ‐ Ready
None ‐ Ready
Tests, Design

X

ASAP (1)

Design

X

Soon (2)

Design

X

Soon (2)
Later (3)

Design
Design

X

Later (3)

Design

1 – Priority assignments are approximate and might be altered by some researchers. Ranking them for
proposal submission would depend in some cases on developing a community consensus and in others on the
actions of individual PIs.
2 – Shared Equipment: This designation is assigned to sufficiently large or technically demanding equipment
that housing it in one or more shared community facilities is more likely than having many apparatus in
individual labs. Tests and designs leading to the development could nevertheless be conducted by single PIs
or institutions and/or as a shared project
3 – Shared Project: This designation indicates that either or both of the design and testing of the machine and
the research conducted with it is likely to involve a community group effort
4 – Single PI or Institution: This means that either the entire project, or some aspects or stages of it, could be
conducted by individual PIs acting alone or as part of a community effort
5 – Priority: ASAP (1), Soon (2), Later (3) – Numbered in order of decreasing priority. Some ASAP (1) items
could be started without prerequisites, whereas some require more work before full implementation can
begin. Because those ASAP (1) items with prerequisite work have the highest priority, the prerequisite work
has ASAP (1) priority.
6 – Prerequisites: None; Tests; Design. None indicates that all the designs exist and preliminary tests have
been completed and the apparatus is ready to be implemented; Tests indicates that some preliminary
experimental testing must be completed, either before or after additional design work is completed; Design
designates that although the feasibility and operation of the apparatus are established, significant design
remains to fully implement the apparatus.

Note that the discussion of experimental deformation apparatuses that immediately
follows is, like Table 2, broken into a section on High Temperature and Pressure and a
section on The Seismogenic Zone. There is in fact overlap between the usefulness and
applicability of many of the machines discussed here. As an example, many machines in
each category would be used to study deformation in the scientifically important area of
rheological properties at the brittle‐ductile transition.
Note that although some justification for each item of experimental equipment described
below is presented, if such design, construction, and/or collaboration were to actually be
undertaken it would require thorough scientific justification concerning its importance.
This would be provided in each case in proposals that would be submitted to implement
each item.
Finally, note that for each of these machines, good computer control and data acquisition
should be standard, although they should also be capable of being controlled manually.
Arranging for software and hardware development to achieve this in each new instrument
is not a trivial task, but one that could be streamlined by community involvement and
sharing of hardware and software designs.

COMMON ELEMENTS OF ALL EQUIPMENT DEVELOPMENT
The sections below describe the specific needs and opportunities associated with
individual items of equipment in Table 2. There are substantial advantages of dealing with
such equipment as a community effort. Development of either new or modified apparatus
designs can benefit the entire community as well as benefit from input by all members of
the community with knowledge of particular machines or needs. To the extent that
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equipment and consumables become standardized, the community would benefit from
sharing experiences about best practices and would enjoy economies of scale in purchasing.
Group collaboration in design and sharing of technical expertise would promote building
and maintaining machines that can be deployed in many laboratories as well as machines
that can only exist in shared facilities.

HIGH TEMPERATURE AND PRESSURE
2 GPa Gas Piston Cylinder. Priority ‐ 1, Prerequisites – None
A breakthrough improvement over the conventional Griggs Rigs (see description of these in
next section and Figure 12) would be to replace the weak solids and molten salts used as
the confining medium in the Griggs Rigs with high‐pressure gas. The great advantage of
this modification would be that it would dramatically improve the precision of the
differential stress measurements by reducing the influence of piston friction on that
measurement. In fact, such a machine has already been built (and since destroyed) and
used successfully ten years ago to subject a sample to a pressure of ~3 GPa for hydrostatic
pressure studies [Burnley and Getting, 2012; Getting, 1998] (Figure 10). It is high time to
breathe life into this existing design and implement it for a deformation apparatus with two
concentric pistons (one for
pressure, one for differential
stress) like the Griggs Rig.
The technology and novel
components of a 3‐GPa gas
pressure vessel and loading
apparatus were the focus of
the discussion at the 2011
AGU workshop featuring
primarily presentations by
Ivan Getting.
The intense
interest in this apparatus at
the
AGU
workshop,
redisplayed at the Harvard
workshop, reflects on the
shared
desire
of
the
community to develop an
improved, gas piston cylinder
apparatus or "high‐pressure
gas Griggs Rig."

Figure 10. Argon gas piston‐
cylinder hydrostatic design
successfully used to 3.0 GPa by
Burnley and Getting [2012] and
Getting [1998]. On left is overall
tooling setup and on right is
sample assembly.

Plans are currently underway to submit a proposal to NSF to create and test a prototype
2‐GPa gas apparatus at Brown University. Because any high‐pressure gas apparatus
represents a potential explosion hazard, a critical component of this pilot project is the
development of experimental procedures for operating the apparatus safely and reliably.
‐ 29 ‐

Once these tasks are accomplished, it may be possible for many research groups in
possession of a conventional Griggs Rig(s) to modify their machines to utilize a gas
pressure medium. This expansion from prototype to multi‐site use would require a careful
progression through several stages of community collaboration.
The principal advantage of a gas piston‐cylinder deformation apparatus would be greatly
improved mechanical data compared to that provided by the conventional Griggs Rig.
These data could be acquired for higher pressures than can currently be attained in the
many gas apparatus, including the Paterson apparatus of Mervyn Paterson’s design, in use
around the world. Unlike the Griggs Rig, which is plagued by non‐hydrostatic stresses due
to the finite strength of the solid confining medium, the state of stress in a gas apparatus
would be hydrostatic until the advancing, small diameter piston hit the sample column. The
“hit point” would be sharp so that the zero‐differential‐stress value of load on the piston
would be precisely known, and the value of the confining pressure would be known
throughout the duration of the experiment. The differential stress (applied load – confining
pressure) would thus be well constrained. Obtaining a truly hydrostatic confining pressure
in the sample chamber would greatly facilitate the development of internal load cells and
pore pressure systems compared to existing Griggs
Rigs.

Figure 11. VascoMax C350 maraging
steel miter ring pressure seal that has
been successfully used to seal argon at
3.0 GPa pressure with low friction
[Burnley and Getting, 2012; Getting,
1998].

The design breakthrough that makes such a high‐
pressure gas piston‐cylinder apparatus possible is
piston seals of very low friction (Figure 11). A simple
unsupported area lubricated metal on lubricated
metal ring can seal argon, both in its solid and
gaseous states, while having a friction force less than
one percent of the force on the piston. This means
that the uncertainty in friction force would be
drastically reduced from what is typical for the
Griggs Rig. To appreciate the significance of this, note
that the uncertainty in confining pressure due to
friction would be similar to the uncertainty due to
lack of precise knowledge of the area of the pressure‐
vessel bore after correcting for elastic dilation of the
bore [Getting, 1998].

Paterson Rig Standardization. Priority ‐ 1, Prerequisites – None
There are about a dozen Paterson apparatus in use in the USA and around the world, each
very similar in function, but differing in specifics of their design due to the evolution in the
design of the apparatus in the ~20 years they have been available. This variation in
configuration includes the internal load and torque cells, internal furnaces, internal
dimensions, and electronics. These variations hamper members of the Paterson apparatus
community in solving various technical problems with the apparatus. In addition to
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creating community‐wide communication tools that would help these researchers share
their problems and solutions, it makes sense to convert problematic components of the
earlier generations of the apparatus to agreed‐upon designs. If this were done collectively
by the community, then the cost of retrofitting the apparatus would be considerably
reduced.
Griggs Rig Improvements. Priority ‐ 1, Prerequisites ‐ Tests, Design
The “Griggs Rig” refers to a deformation piston‐cylinder apparatus (Figure 12) designed by
David Griggs and Jim Blacic at UCLA in the 1960s [Tullis and Tullis, 1986], following a
smaller version of Griggs’ design [Griggs, 1967]. ‘Piston‐cylinder’ indicates that the
pressure vessel has a cylindrical bore and the pressure within it is generated by the
advancement of a piston into the bore. In the original Griggs Rig, two independently
moving concentric pistons enter the bore, a larger annular one to provide the confining
pressure and an inner one to provide an axial stress (larger than the confining pressure) on
a cylindrical sample within the
pressure
vessel.
These
relatively simple machines are
the workhorses of high pressure
(typically 1.5 GPA), high
temperature (600‐1500 °C)
experimental rock deformation.
Many of them exist around the
world, following construction of
10 at UCLA in 1967 via an NSF
grant to Griggs with the intent
to perform many long duration
deformation experiments. After
Griggs’ death and the eventual
dismantling of the UCLA lab, the
original
machines
were
distributed to various labs
around the world. In addition to
Figure 12. “Griggs Rig,” the workhorse for experimental rock and
the original 10 machines, an
mineral deformation at conditions of the lower crust and upper
additional 10‐20 have been
mantle in the pressure range between 0.5 and 2.0 GPa. The photo
constructed, generally following
is from [T. E. Tullis and Tullis, 1986], the drawing is from [Holyoke
the original design, but with a
and Kronenberg, 2010].
variety of modifications.
The high‐temperature sample assembly cell within the Griggs Rig pressure vessels has
undergone a much larger number of modifications since the original design. Some designs
are shown by [Holyoke and Kronenberg, 2010], and reproduced in Figure 13. Nearly all
have an outside diameter (OD) of 1 inch that is a slip fit into the pressure vessel bore.
Originally the cell was primarily made of talc both outside and inside a ~ 0.5 inch diameter
tubular graphite furnace which surrounds a solid cylindrical sample that is typically 0.25
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inches in diameter. The modifications primarily consist of replacing the talc with a variety
of salts selected such that they are either below their melting temperatures, or in many
cases above it within the furnace where the salt comes in contact with a metal jacket that
surrounds the sample.

Figure 13. Three sample assemblies used in Griggs apparatus. (a) is original design with brown–
colored parts between two Cu disks typically talc, not fired pyrophyllite. (b) is solid salt cell often used
today. (c) is one design of a molten salt cell. From [Holyoke and Kronenberg, 2010].

Many individual groups with Griggs Rigs have worked individually on trying to improve the
sample assembly, but there has been no community effort to do this collaboratively. There
apparently is not a consensus on the best design in general, and particular ranges of
temperature and pressure may require different designs. It should be possible for a group
of users collectively working on this problem to achieve a design better than any now in
existence. Furthermore, if this were done with standardized dimensioning, it should be
possible to have assemblies fabricated by one facility, such as is currently done for
multianvil assemblies in the COMPRES community [Leinenweber et al., 2012] (also see
http://multianvil.asu.edu/COMPRES_cell/COMPRES_cell_Main.htm), a development that
would involve greater reliability and tighter tolerances as well as cost savings via
economies of scale.
Other needed improvements in the Griggs Rig go beyond sample assembly design and
materials. Development of an internal pressure cell and internal load cell, for example, are
high on this list. Some promising work on a semi‐internal load cell was done by Jim Blacic
[Blacic and Hagman, 1977], using laser interferometry, but this was not developed further
and is not in use today. With the emergence of improved sample assemblies, it is time to
return to these issues.
A critically important advance in Griggs Rig technology would be the ability to control the
pore pressure independently from the confining pressure. Currently, fluid content and
pressure are inferred based on sealing a known quantity of water inside the sample jacket.
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Development of a pore‐pressure system would remove the large uncertainty associated
with current procedures and open up the possibility that not only pore pressure, but also
the fugacities of various chemical components, could be controlled. Developing such a
system is conceptually straightforward, and would be greatly fostered by the collaborative
efforts of the community.
Another area that would benefit from a collective effort is in the design and assembly of the
compound pressure vessels employed in all Griggs Rigs. Due to the lack of organized
communication, many labs are constructing pressure vessels that are neither optimally
designed nor assembled with the proper lubrication on the tapered interference fit
between the core and binding ring, resulting in many failures. Fortunately, vessel failure
has thus far not resulted in any injuries, but failure is expensive and greatly limits research
efficiency. The knowledge exists for designing and building pressure vessels properly;
community collaboration in this area is essential.
Torsion in the Griggs Rig. Priority ‐ 1, Prerequisites ‐ Tests, Design
Many advances in understanding rock rheology have followed the development of
techniques for deforming samples in torsion, principally in the Paterson apparatus. It
would thus be extremely valuable to deform samples in the Griggs Rig, or in a similar high‐
pressure (2 GPa) gas piston‐cylinder apparatus, in torsion. The high strains possible and
the approximately simple‐shear stress state in torsion reproduce the large strains in simple
shear commonly found in nature, especially in ductile shear zones. Twisting a sample at
high confining pressure requires solving two problems – being able to transmit sufficient
torque across all coupling interfaces in the samples assembly, and having a loading piston
outside of the pressure medium with a sufficiently high tensile strength to withstand the
torque. A plausible approach to solving both of these problems is similar to that used in the
Paterson apparatus.
In the Paterson apparatus, inside the pressure vessel, the torque is simply transmitted via
friction on the coupling interfaces in the presence of the elevated confining pressure. Thus,
torsional deformation can only be achieved in samples with flow strengths lower than the
frictional strength of all the coupling interfaces. Since all internal coupling interfaces are
within the sample jacket and isolated from the confining gas, the effective normal stress on
them is equal to the axial stress. This normal stress is ensured by conducting drained
experiments using pore pressure access ports in pistons at one or both ends of the sample.
In the Griggs Rig the sample could be drained via a port in the lower sample anvil. The
requirement that is not currently met in the Griggs Rig sample assemblies, but could be
with clever redesign, is for the jacket to enclose all the internal coupling interfaces. One
interface that is difficult to enclose in the jacket is the one between the top of the internal
load column and the deformation piston that passes through the confining‐pressure piston.
This interface needs to have a gap after pressuring the sample so that a hit point can be
determined when the piston is advanced at the beginning of a deformation test, and thus
would require a geometrical torque coupling (such as splines or a key) to allow axial but
not rotational motion.
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Since the loading piston external to the pressure vessel is unconfined, any torque puts
planes within the material into tension. Presently the material used for the loading piston is
tungsten carbide (WC) that has a large compressive strength. However, the tensile strength
of WC is comparatively very low. It is possible that if the deforming sample is very weak,
requiring only a small torque, the WC piston might not fracture. At present, it appears that
an alloy tool steel having compressional and tensile strengths somewhat higher than 1.5
GPa is appropriate. Although the compressive strengths of such steels are not high enough
to deform strong samples at a confining pressure of 1.5 GPa, they should be able to deform
many samples of interest.
Other modifications would have to be made in the loading frame of a Griggs Rig, such as the
insertion of a thrust bearing and provision for a rotary drive, but these are comparatively
easy to solve.
Lower Pressure Rig on Beam Lines. Priority ‐ 2, Prerequisites – Design
This apparatus may fall more under the auspices of COMPRES than this subdiscipline, due
to their focus on beam line research. However, there are many kinds of studies in which
imaging a sample using high‐intensity x‐rays or studying it with infrared radiation could be
of great value in understanding deformation processes. An apparatus in which this could be
accomplished, perhaps via windows in a pressure vessel at modest pressure, could be
extremely useful. Pursuing this via collaboration with COMPRES would be the most
efficient way to move forward.
Moderate P, T, Pp Standardized Triaxial Rig. Priority ‐ 2, Prerequisites – Design
Many experiments do not require pushing the cutting edge of apparatus design or
attainable conditions. Here "moderate" might indicate temperatures up to up to 1000 °C,
pressures to 500 MPa, and pore pressures to 200 MPa. The idea is that such a machine
might be found in most rock deformation labs. If a standard design were developed and the
machine were reliable and simple to use, it would mean that experience gained in one lab
would be easily transferable to another, a community of scientists would be able to help
one another solve problems if they arose, and the requirements for technical support
personnel would be relatively low.
Large 1.0 GPa Gas Apparatus. Priority ‐ 3, Prerequisites – Design
This item is a general concept rather than something that has a clear path to becoming
reality. Nevertheless such a machine would meet a large variety of general needs. At some
future time, if such a machine were designed and built, it is possible that it could become a
standardized apparatus that many members of the community would find valuable to have
in their labs. As with the items above, to the extent that standard designs can be developed
and result in reliable machines that are simple to use, everyone benefits because
experience gained in one lab is easily transferable to another.
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Without going into detail as to design, the features that would be desirable to include in
such an apparatus, if possible, include the following: gas confining pressure capability to
1.0 GPa; large sample size, perhaps 100 mm in diameter; high temperature, perhaps to
1600 °C; flow‐through pore pressure system; torsion, including on thin‐walled hollow
samples with jacketing on inside and outside walls; internal load and torque cells; multiple
feed‐throughs; large range of deformation rates.
True Triaxial Rig. Priority ‐ 3, Prerequisites – Design
Most present deformation apparatus used at high temperature and pressure, even though
they are called “triaxial” apparatuses, involve a cylindrical sample in which two of the
principal stresses are equal, supplied by a pressurized fluid surrounding the jacketed
sample, whereas the third principal stress is applied by a piston acting on the ends of the
cylindrical sample. They are triaxial in the sense that none of the principal stresses are zero.
However, deformation in nature typically involves three unequal principal stresses.
Some theoretical failure criteria, e.g. Von Mises, depend on the value of the intermediate
principal stress, whereas others, e.g., the Tresca criterion, do not. Commonly used flow
laws, i.e. relations between strain rates and stress, are typically written as relations
between the second invariant of the deviatoric stress and the second invariant of the strain
rate tensor. This is often used when one generalizes a flow law that was determined with
two of the principal stresses the same, to a situation wherein all three are different.
To test the validity of such failure criteria and flow laws it is necessary to conduct
experiments in which all three principal stresses can be applied independently. Apparatus
in which this can be done have been built in the past [e.g., Carter et al., 1964; Goldinga et al.,
2010; Kern and Karl, 1969; Kwasniewski et al., 2012; Mogi, 1967; Mogi, 1971; Shimada,
1981; Wawersik et al., 1997], but with the exception of apparatus applying torsion, few are
in common use today for non‐ice rocks, even though interesting scientific questions about
the role of the intermediate principal stress remain.
Various approaches to creating such an apparatus exist. The simplest one, and the only one
that allows high strain, is the combination of torsion with axial compression or extension,
such as can be done with some versions of the Paterson apparatus [Paterson and Olgaard,
2000]. This involves a non‐coaxially accumulating strain and so is relevant to shear zones,
but not to all deformation situations in nature.
Coaxially accumulating strain situations can be produced by having rectangular
parallelepiped‐shaped samples with all three faces pressed on by a separately controlled
pair of opposing pistons, or by having pistons impinge on two pairs of faces and a confining
fluid acting on the third pair. In such geometries the strain is limited because the pistons
interfere with one another if they move very far. Another problem is that the boundary
conditions imposed by friction parallel to the faces of the pistons mean that the state of
stress is neither homogeneous nor as simple as desired. An interesting solution to this
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problem has been devised in a true triaxial apparatus designed for the deformation of ice
by Erland Schulson. In this case the pistons bearing on the sample consist of the square
ends of a rectangular array of slender fingers or brush platens [Goldinga et al., 2010]. There
is enough space between the flexible fingers that they can either move closer together or
farther apart and thus the stress within the sample is simple and homogenous, once one
moves about a finger diameter away from the sample faces. It might be possible to design
such an apparatus for the deformation of a jacketed (non‐ice) rock at high temperature in
which a confining pressure fluid was present between the fingers. This would only work for
relatively weak samples since the deviatoric stress that could be applied would have to be
less than the buckling strength of the fingers.
Simultaneous Multiple‐Sample Rig. Priority ‐ 3, Prerequisites – Design
An interesting idea is to design a deformation apparatus in which the pressure vessel is
large enough that several samples can be deformed at the same time. In the most likely
situation, the samples would deform in parallel so they experience the same strain history
although in some situations it might be appropriate for them to be in series so they
experience the same axial stress. Getting stress‐strain data on each sample would require
multiple internal load cells in the parallel case or multiple internal strain measurement
transducers in the series case. Especially for long‐duration experiments, this would allow
studies of reproducibility of results when using identical samples, or experiments in which
sample properties such as grain size or mineralogy were varied. It seems difficult to design
such an apparatus with an internal furnace and so it is likely that such an apparatus would
be best restricted to sufficiently low temperatures that an external furnace could be used,
allowing the entire chamber to be isothermal.

SEISMOGENIC ZONE
Large Direct Shear. Priority ‐ 1, Prerequisites – None
An intriguing apparatus is the full‐scale Caltrans (California Department of Transportation)
testing facility, which allows the real‐time 6‐degree‐of‐freedom dynamic characterization
of a new generation of high capacity Seismic Response Modification Devices (SRMDs) for
long‐span bridges. The Caltrans SRMD test system (Figure 14) consists of a horizontal pre‐
stressed concrete test frame which reacts four diagonal horizontal actuators with a
capacity of 4.5 MN each, and a vertical prestressed concrete frame with removable steel
cross‐head, which can react up to 53 MN. Vertical loads are applied through four 18 MN
hydraulic actuators that apply normal force to the bottom of the moveable, 6‐degree‐of‐
freedom table via low‐friction interfaces. Outrigger arms connected to the platen corners
and hydraulic actuators, which run along and react against loadframe pockets, provide
overturning stability and capacity to the table. The test system provides a vertical stroke of
0.25 m, horizontal displacements of plus or minus 1.2 m and velocities of 1.8 m/s for full 6‐
degree‐of‐freedom digital control testing under any prescribed set of load/deformation
time histories. The primary purpose for the lab is the testing of bridge bearings and seismic
damping devices for other engineered structures. The possibility exists that the facility
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might be used to conduct
friction experiments on large
rock blocks (>1 m in length)
at coseismic slip rates (≥1
m/s).
A pilot study is
currently underway to test
the feasibility of using this
facility for such research
[David Goldsby, personal
communication, 2012].
USGS Big Block. Priority ‐ 1,
Prerequisites – None
At the USGS in Menlo Park,
CA, there is a unique
apparatus that could become
a shared facility for non‐USGS
scientists,
if
sufficient
technical support could be
made available, and pending
official approval from USGS management. This is the “Big Block” device (Figure 15) that
was built by Jim Dieterich in the 1970s [Dieterich, 1981], a biaxial friction machine with
Figure 14 – Caltrans Seismic Response Modification Device for
testing seismic damping devices for engineered structures (e.g.,
bridges and buildings). Note human being standing on side of
apparatus for scale. The possibility that the apparatus is suitable for
high‐speed friction tests on meter‐sized rock specimens is currently
being assessed in a pilot study (David Goldsby, personal
communication, 2012).

a
.

c
.

b
.

Figure 15. USGS Big Block apparatus (a) Overall layout with frame (blue) holding rock blocks and
flatjacks, crane for handling blocks, and electronic racks. (b) One sample being installed, showing
thickness and diagonal fault surface, 2 m in length. (c) Top of block with numerous transducers for
measuring elastic strain (and thus stress), displacement, velocity, and acceleration. Some
transducers are also located on the bottoms of the blocks.
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samples 1.5 m long by 1.5 m wide and 0.4 m thick. The samples are large enough that
unstable slip events can nucleate and then propagate along the 2‐meter‐long diagonal fault
separating the two halves of the sample. Given the stiffness of granite, a fault surface of this
size is necessary to produce both spontaneous nucleation and propagation of simulated
earthquakes. Because of the large fault size, studies of rupture nucleation and propagation
can be studied in the presence of heterogeneous fault properties, stress, slip and pore
pressure. For special initial conditions and loading conditions, the dynamic rupture can be
contained completely within the fault surface, thus allowing earthquake source parameters
and rupture arrest to be studied.
Samples are loaded using flatjacks (pairs of flexible rectangular metal plates welded
together around their edges and pressurized with oil), allowing application of normal
stresses up to 8 MPa. The top and bottom exposed surfaces of the blocks are instrumented
with strain gages, displacement transducers, laser vibrometers, and accelerometers. This
facility allows study of laboratory‐scale earthquakes and has been used in numerous
important studies [Beeler et al., 2012; Dieterich, 1986; Dieterich and Kilgore, 1996; Lockner
and Okubo, 1983; Okubo and Dieterich, 1984]. Due to the logistics of handling samples and
dealing with the multiple transducers, conducting experiments is not a trivial task. Due
primarily to personnel limitations, the machine is currently in operation for a fraction of
the time that it could be. Thus, there is the potential, with the investment of additional staff
and materials, to make machine time available to a larger group of external researchers.

Friction Dream Machine. Priority ‐ 1, Prerequisites ‐ Tests, Design
The friction ‘dream machine’ is a next generation friction machine that was conceptualized
during a workshop at Texas A&M University, February 13‐15, 2012, which brought
together most experimentalists in the world who work on rock friction. The group listed
the following features as desirable in such an apparatus: rotary shear on annular samples;
slip speeds spanning the range from 10‐9 to 10 m/s; accelerations up to 75 m/s2; control of
brushless motor speeds, torque, and displacement via LabVIEW; low vibration; confined
samples in a pressure vessel with confining pressure up to 300 MPa; internal axial force
and torque measurement; internal axial displacement and rotary displacement
measurement with 50‐nm resolution; temperatures up to 500 °C; sample size up to 100
mm in outside diameter; and flow‐through pore pressures up to 200 MPa.
Although it would be a major community effort, the design and construction of such a
machine appears feasible. It should be noted that such a machine is likely to be expensive
to design, build and operate. However, most of the desired features have already been
implemented on various existing machines. In particular, designing high‐pressure jacket
assemblies for use at high slip speeds (high frictionally generated temperatures) is a
challenge. It was concluded at the TAMU workshop that testing of various components
needs to be conducted using existing machines before the dream machine is built. In
particular, jacket and seal testing can be conducted in the rotary‐shear apparatus at Brown
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(Figure 16). With community support and guidance,
feasibility studies of this type would be accelerated
by coordinated parallel investigations by different
groups.

Better Brushless Motor Control System. Priority ‐ 1,
Prerequisites – Tests, Design

Figure 16. Sample assembly with sliding
jackets of Tullis high‐pressure rotary‐
shear gas apparatus. Jackets presently seal
gas from sample via Viton O‐rings. They
are isolated from sample by Teflon rings
so O‐rings are not ripped in half by
slipping sample halves. For high
temperature, either from furnace or shear
heating, Viton and Teflon would have to be
replaced by more refractory materials, the
choice depending on the temperature.
Possibilities for O‐rings include Kalrez O‐
rings or metal C‐rings. Possibilities for
replacing Teflon include Vespel, graphite,
and BN. Tests using this or other
apparatus would need to be done before
the Dream Machine can be designed.

This would be a critical component of the Friction
Dream Machine, but would also be useful for other
rotary‐shear apparatus with lesser capabilities,
including existing ones [Di Toro et al., 2010; Reches
and Lockner, 2010; Tullis and Weeks, 1986]. Control
of brushless motors is presently accomplished with
proprietary software specifically tailored to the
design characteristics of each motor. Programming
the large number of parameters needed to control
motor speed, angular displacement, acceleration,
and torque using proprietary software is difficult
and switching between sets of control parameters
for various conditions is time‐consuming. Other
aspects of machine control, data collection, and
plotting now are done nearly universally with
LabVIEW. Experimentation using brushless motors
would be greatly simplified if the motors could be
controlled through LabVIEW. Indirect control,
whereby LabVIEW defines the parameter set that is
then separately programmed into the motor control
software, has now been accomplished by Reches
[Ze’ev Reches, personal communication, 2012].

IR Measurements During Sliding. Priority ‐ 2, Prerequisites – Design
Understanding the nature of chemical bonding across a frictional interface is critical for
understanding the origins of frictional resistance and rate and state friction [Li et al., 2011;
Marone, 1998; Tullis, 1988]. One promising approach would be to use internal reflection IR
spectroscopy to study this because the method allows integrative sampling of IR
absorption near the interface [Harrck, 1967], to observe changes in absorption spectra as a
function of time for stationary and sliding frictional contacts. Although perhaps feasible
with conventional FTIR techniques, better measurements could be made using the
extremely high intensity of synchrotron radiation.
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Deep Mine In Situ. Priority ‐ 2, Prerequisites – Design
Study of seismicity in deep mines (e.g., in South Africa) allows placement of seismometers
very close to the seismic source [Heesakkers et al., 2011; McGarr and Fletcher, 2007; McGarr
et al., 2009]. Such studies may be the only way to bridge scales from those of laboratory
samples to crustal earthquakes. Typically the stresses associated with mining seismicity
result from mining operations; an underground laboratory could be created in which
loading is achieved by proscribed removal of material. SURF (http://sanfordlab.org), that
replaced the cancelled NSF MREFC Deep Underground Science and Engineering Laboratory
(DUSEL) at the former Homestake gold mine in South Dakota, should still offer
opportunities to study in situ fracture propagation and associated microseismicity, but
generation of significant seismicity is likely incompatible with the high‐energy physics
experiments. The most likely way to pursue such research remains to work in operating
mines.
Rotary Shear on Larger Samples. Priority ‐ 3, Prerequisites – Design
Existing rotary shear samples range in diameter from ~25 to 60 mm. The smaller samples
are usually solid cylinders, while the larger ones are annular samples with faults 5‐10 mm
wide. For solid cylinders, slip velocity ranges from zero at the center to a maximum on the
OD, so that measured torques are an integral of the resistance over a range of velocities.
Ring‐shaped samples lessen this this problem, but suffer from the proximity of all parts of
the sliding surface to the inner or outer boundary conditions.
A solution to this problem would be to use much larger samples, perhaps with up to 0.5 to
1 m OD, as in this proposed machine. One difficulty with larger samples is in simply
obtaining and preparing samples of such a large size, especially for rock, rather than
powdered, samples. A possible solution would be to use several rock samples pieced
together around the circumference of the sliding surface. Another difficulty is that the
required torque for sliding the samples increases in proportion to the cube of the sample
diameter, so the apparatus would have to be massive and powerful, increasing the design
problems and the cost.
Stiff Double Direct Shear Apparatus with Pore P. Priority ‐ 3, Prerequisites – Design
Another useful friction apparatus would be a double‐direct shear apparatus with very slow
to very fast slip rate capabilities, high stiffness, and control of pore fluid pressures. Two
machines with many of these capabilities have recently been built or are in the process of
being built. The first is being tested at the INGV in Rome by Cristiano Collettini and follows
the design of Chris Marone’s machine at Penn State [Ikari et al., 2009]. This apparatus can
subject jacketed samples to double direct shear in a pressure vessel with independent
control of confining pressure (to 70 MPa), pore pressure (to 30 MPa), and slip rates up to
0.01 m/s. The second apparatus is being built at Texas A&M by Fred Chester with similar
pressure capability. One of the innovative features of the TAMU apparatus is that it will
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allow slip rates from 10‐7 to 1 m/s. Before the community decides whether to build a new
double‐direct shear machine, it is important to gain experience with these new apparatus.

Needs for Scientific Research Engineers
One of the most important articulated needs of the experimental rock deformation
community is to have well qualified technical personnel to help design, maintain, and
repair the complex experimental equipment. Without such expertise and support, it is
difficult to run an efficient, ready to use experimental rock deformation laboratory. The
equipment is typically custom‐designed and built in‐house, and therefore it is often not
possible to maintain or repair it by bringing in commercial maintenance or repair
personnel. This situation is different than for, for example, most analytical facilities
wherein maintenance contracts are often purchased. In the absence of a long‐term
commitment for technical support, the expertise necessary for the safe and efficient
operation of the apparatus is jeopardized whenever an experienced student graduates.
The lack of technical personnel represents a serious research inefficiency for the faculty
who run experimental rock deformation labs. Even analytical labs with commercial
equipment of any complexity usually have a technician who runs the facility and does
simple maintenance – many such facilities exist in the US. In contrast, of the 12 university
rock deformation labs in the US shown in Figure 2 there are 26 faculty, but only 4 technical
staff. This lack of support personnel is a problem that needs to be addressed both by the
universities themselves and by NSF, because it results in inefficient use of faculty time. In
those places where technical staff does not exist, faculty and their graduate students and
postdocs fill the maintenance and repair role, and, due to other demands on their time, the
equipment is not always in working condition. At some institutions that have technical staff,
some of their support is often covered in part by funding from projects of less scientific
interest to the faculty member. Both of these situations are a comparatively poor use of
faculty time and energy and result in a less productive research environment for graduate
students and postdocs. Without a technician to keep the machines working reliably, it is
often not possible to schedule visiting scientists to conduct experiments.
It is important to note that part of the education of graduate students and postdocs who
wish to become experimentalists involves gaining experience in machine design,
maintenance, and repair. Since experimentalists who know the ins and outs of
experimental equipment usually germinate innovations, treating a machine as a black box
is not desirable. However, having good technical support for faculty, students and postdocs
to work with is essential for making efficient scientific progress.

Challenges and Solutions for Early‐Career Scientists
All early‐career scientists face formidable challenges. In experimental rock deformation,
there are additional hurdles that may be limiting the growth of the field. Several of the
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issues that affect early‐career scientists in experimental rock deformation are considered
here. [n.b. Here ‘early‐career’ refers to senior PhD students, postdocs, and pre‐tenure faculty.]

INSUFFICIENT PERMANENT POSITIONS FOR TALENTED STUDENTS AND POSTDOCS
Challenges
The shortage of tenure‐track positions is a problem for all disciplines. However, in a field
as small as experimental rock deformation, the scarcity of faculty positions is especially
acute. Without permanent positions, most of the top students and postdocs are leaving
research to pursue more stable and lucrative careers in government or industry. This has a
severe impact on the sustainability of the community and its vital science. It seems likely
that there are two primary reasons why academic departments choose not to conduct
searches in experimental rock deformation:
• There is a general lack of awareness and knowledge of the discipline and how it
would fit synergistically into a department.
• There is a perception that a hire in experimental rock deformation requires
unusually large startup costs.
Solutions
Unlike the situation for larger subdisciplines of geology and geophysics (e.g. geochemistry,
hydrology, or seismology), most academic departments in the United States have never had
faculty in experimental rock deformation. A lack of familiarity may be a barrier to
proposing new hires in this area. Raising the awareness of experimental rock deformation
would help encourage more hires. To enhance the visibility of this field, the community
advocates the development of a prominent consortium, the existence of which would help
publicize the scientific and societal importance of experimental rock deformation. The
perception that hiring in this field requires unduly large startup funds is false. A new
experimental rock deformation lab costs no more, and often much less, to equip than a
standard geochemistry lab. In situations where early‐career scientists inherit existing
equipment, the cost of a new lab may be quite modest. It is imperative this misperception
be aggressively debunked amongst scientific peers.
Providing more opportunities for early‐career faculty to conduct experimental rock
deformation research at other than their home institutions could help reduce barriers for
new hires. One possibility is to establish community‐managed shared facilities, whereby
the user costs are viewed similarly to funding for analytic services, travel and per diem
costs for fieldwork. Shared facilities could be new facilities, or existing labs could be
strengthened, including additional technical support, so they would be able to host visiting
scientists. Community directed and operated facilities would ensure experimental research
opportunities for all scientists of the community and would formalize the support
requirements for scientists to conduct research. The community plans to publicize a list of
existing labs willing to host early‐career scientists, summer visitors, or sabbatical visitors.
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This would allow potential visitors to contact such labs and then submit NSF grants to
support an extended visit. NSF might also provide support for graduate students from
other institutions, and perhaps undergraduates as well through the REU program, to work
in such labs. The publicity generated for such a program would also raise the visibility of
the field.

LACK OF COMMERCIALLY AVAILABLE EQUIPMENT
Challenges
Equipment used for cutting‐edge research in experimental rock deformation is generally
unavailable commercially. Building a new apparatus requires a number of scarce
resources, including:
• Specialized technical support in engineering design and electronics; these resources
are rarely found outside a few established labs.
• Considerable time to design, build, calibrate, and implement a new apparatus. This
time is not available to early‐career scientists who are expected to produce
substantive scholarship before promotion.
• Access to a high quality machine shop. University machine shops may not be readily
available to faculty in geological sciences.
Solutions
In recent years, early‐career scientists with faculty appointments have often been able to
inherit used equipment from established labs. Establishing a database of available
equipment would help transfer equipment to early‐career scientists. This would provide a
means of preserving valuable hardware, while expediting the construction of new labs.
Helping junior faculty design and/or build new apparatus is another community objective.
One idea with considerable support among early‐career scientists attending the August
2012 workshop would be to create one or more “Breeder Labs,” where postdocs could
spend one year (possibly after securing a faculty position) to design and build an apparatus,
with the assistance of in‐house staff, that they would then take with them to their
university position. Development of a Standard Triaxial Rig capable of achieving high
pressure and temperature safely and reliably (see Table 2), and the identification of a
machine shop that could build it, would benefit early‐career scientists. Such an instrument
would be capable of being used to conduct timely research, but would not require new
innovations or advanced expertise in design and construction. Moreover, standardized
design would simplify maintenance and reduce costs.
Pooled technical resources through a broader consortium of labs may provide some of the
assistance needed for an early‐career scientist designing new equipment or modifying and
maintaining existing equipment.
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LACK OF CRITICAL MASS WITHIN SMALLER DEPARTMENTS
Challenges
Research in experimental rock deformation requires specialized technical support and
machine‐shop access. This infrastructure is rarely available in smaller departments or in
departments with only one PI in experimental rock deformation or experimental petrology.
Solutions
Conducting rock deformation experiments is more efficient and successful when economies
of scale are realized. Departments with existing infrastructure in support of experimental
rock deformation should be encouraged to expand their faculty in this area.

Comparison with Situation in Europe and East Asia
The problems with the health of the experimental rock deformation community contrast
markedly with the situations in Europe and East Asia, where significantly more labs exist
and technical support is better. Figures 17 and 18 are maps of the institutions in Europe
and East Asia, respectively, housing experimental rock deformation labs.
There is a higher density of activity in Europe than in the US. As of 2012, the 11 countries
in Figure 17 have a total population of 371 million as compared to the population of the US
of 315. The 41 faculty‐member practitioners in Europe and the 26 in the US work out to 1.1
rock deformation faculty per 10 million people in Europe compared to only 0.83 for the US,
or 1.3 times the number of practitioners in Europe as in the US, per capita. In terms of labs,
the 28 labs in Europe and the 16 labs in the US work out to 0.75 labs per 10 million people
in Europe and 0.51 in the US, or 1.5 times more labs in Europe as in the US when
normalized for population.
Although the rock deformation field originated here, the US is now clearly behind Europe in
experimental rock deformation research. An analysis of the productivity of the two
communities in terms of publications or influence on the field is beyond the scope of this
analysis, but anecdotally and judging from research presented at Fall AGU meetings in San
Francisco, the Europeans are ahead of us, as might be expected from the better technical
support and greater numbers of individuals represented by Figure 17. Labs in Europe, with
the exception of ones only recently created, have 1‐2 technical support staff per lab [Tom
Mitchell, personal communication, 2012], compared to only 0.25 in the US.
As Figure 18 indicates, there is also considerable activity in East Asia, much of it new in the
past decade. The 15 institutions represented have at least 29 deformation apparatus,
including solid, liquid, and gas medium triaxial machines, and biaxial and rotary‐shear
friction machines, many with high‐temperature and fluid‐pressure capabilities; at least 3
new apparatus are currently under construction.
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Figure 17. Distribution of faculty‐level experimental rock deformation practitioners in labs in Europe. In
the 11 countries labeled there are 28 labs and 41 faculty (numbers in parentheses) [Tom Mitchell,
personal communication, 2012].

There are 1.3 faculty‐level practitioners of experimental rock deformation research per 10
million people in Taiwan, 1.2 in Japan, 0.8 in Korea and 0.07 in China, even with China’s
vast difference in the level of industrialization. Thus, normalized for their populations,
Taiwan and Japan have 1.6 and 1.4 times as many practitioners as the US, Korea has about
1.0 times as many and China only has 0.1 times as many. In terms of labs, the 9 in Japan, 2
in Korea, 1 in Taiwan and 3 in China work out to be 0.7 labs per 10 million people in Japan,
0.4 in both Korea and Taiwan, and 0.02 in China compared to the 0.51 in the US. Thus,
normalized by population and compared to the US, Japan has 1.4 times as many labs,
Taiwan and Korea have about 0.8 times as many, and China has only about 0.04 times as
many. Because many of the programs in East Asia are new, it is too soon to evaluate fully
the quality of the research, but much of it is world‐class. In the case of dynamic rock‐
friction experiments, the Japanese have led the field [Hirose and Shimamoto, 2005;
Shimamoto and Tsutsumi, 1994a; Tsutsumi and Shimamoto, 1997].
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Figure 18. Distribution of faculty‐level experimental rock deformation practitioners in labs in East Asia. In
the 4 countries labeled there are 15 labs and 31 faculty (numbers in 49,779,000
parentheses). There are 15
practitioners in Japan, 9 in China, 4 in S. Korea and 3 in Taiwan [Takehiro Hirose, personal communication,
Taiwan:
2012].
23,236,000
Thus, a brief comparison of activities in the field of experimental rock deformation among
the US, Europe, and East Asia shows the US lagging behind in the number of practitioners
and the number of labs. This reflects insufficient investment in this field in the US while
other research‐focused parts of the world have been advancing rapidly. The US needs to
invest more in this area because of its relevance for understanding a host of important and
interesting scientific problems, as well as to solve a variety of practical problems for
society, such as understanding earthquakes and safely developing new energy resources.

Comparison with National and Industrial Labs
Most of the experimental rock deformation research done in the US is done in university
labs (Figure 2). However, there are important research labs supported by the federal
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government, notably the Menlo Park lab of the USGS, and Sandia National Laboratory
supported by the Department of Energy. There are or have been rock mechanics labs in the
oil and gas industry, the best present example being ExxonMobil’s lab in Houston. Such
national and industrial labs conduct important research on several of the topics discussed
earlier in this report, notably on understanding the mechanics of the seismogenic zone and
of energy extraction. They also provide employment opportunities for practitioners of
experimental rock deformation in addition to those available in academia.
It is noteworthy that the problem of insufficient technical support in universities does not
exist in the national and industrial labs. The ratio of technical support personnel to PhD‐
level experimental rock deformation staff has been one‐to‐one or higher [Nick Beeler,
William Durham, Susan Hippler, and Moo Lee, personal communications, 2012]. This is in
strong contrast to the ratio in academic labs, about one‐to‐six. It is clear that the national
labs and industry recognize that it is a good investment to provide adequate technical
support for their research scientists and thereby increase productivity, efficiency, and
research quality.

Archiving and Sharing of Data, Designs, and Resources
A critical need in this community is to develop systems for archiving data and making it
readily available, with sufficient metadata to understand what the data mean and what are
their limitations. Those who should have open access to the data include both practitioners
and users. Having such data available to practitioners would stimulate interlab
comparisons. Easily retrievable data would be utilized more to solve geologic and
geophysical problems. It is not only the results of experiments that need to be archived and
shared, but also equipment designs, allowing others to build copies of, and improve upon,
existing apparatus. In addition, it would be very helpful for members of the community to
share knowledge about where to obtain various materials and consumables.
Ideally, it is not only the mechanical data that needs to be archived and shared, but also the
results of a variety of post‐mortem analyses of samples, including optical microscopy,
scanning electron microscopy, transmission electron microscopy, and atomic force
microscopy. A variety of other analytical techniques are often used including the use of
chemical analysis with instruments such as the electron and ion microprobes. The results
of all these analyses should be archived and shared.
In the case of equipment designs and drawings, possible liabilities might result from
providing designs for high‐pressure equipment with the attendant dangers of equipment
failures. If it could be made legally binding, the most useful solution might be to include
with the drawings and material specifications a disclaimer against liability for
consequences of any failures. Less satisfactory potential solutions would be to not provide
detailed dimensions or material specifications so that it could not be claimed that
equipment based on the information provided was similar to the original.
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Regardless of the issues associated with liability of sharing equipment designs, it would be
useful to the community to share information on best practices to ensure safety of
operation, particularly in laboratories housing shared facilities and associated teaching
activities. As with any equipment, high‐pressure apparatus will eventually fail from wear
and fatigue. Failure of high‐pressure equipment, such as pressure vessels, can be
catastrophic and extremely dangerous; to date, however, the failure of such equipment in
this community is rare. Sharing information on enclosure designs and blast protection, as
well as other safety practices, would be valuable to members of the community.

Proposed Solutions to Community Needs
This section outlines the plans of the community to satisfy the scientific and technical
needs laid out in earlier sections of this document. Financial constraints may delay the
implementation of all of these plans. Even if a gradual ramp up to the desired level of
activity is required due to funding constraints, some relatively inexpensive steps could be
taken to initiate these activities and build on the enthusiasm and momentum the
community is experiencing. For example, in some cases, high‐priority activities require
additional research and development before they can be undertaken.

CREATION OF CONSORTIUM: DEFORM
The community has decided to form a consortium, similar to IRIS and COMPRES, that
would allow the experimental rock deformation community to develop community
activities and resources that would advance the field of experimental rock deformation and
thereby foster progress in the many scientific fields that depend on the data and
understanding of physical processes obtained by experimentation. The community is
smaller than that represented by IRIS and more similar to that represented by COMPRES.
In fact, if users are included, this community is larger than COMPRES. Based on a survey
submitted to the community and followed up by the organizational meeting, the
community voted to name this new organization “Deformation Experimentalists at the
Frontier Of Rock and Mineral research” or DEFORM.
It is worthwhile to create a consortium to compliment COMPRES, given a focus on lower
pressures, the different sets of scientific questions addressed by the two groups, and the
focus of COMPRES on research at synchrotron beam lines. Nevertheless, the relationship
between DEFORM and COMPRES would be one of collaboration and mutual support. Many
institutions and scientists would be involved in both groups and some of the important
scientific questions, such as the determination of activation volume for creep, can be best
approached by studies that span the pressure range encompassed by the two groups.
DEFORM held its first organizational meeting on December 1‐2, 2012, prior to the 2012
AGU Fall Meeting in San Francisco. DEFORM will adopt a set of bylaws, already existing in
draft form using the IRIS and COMPRES bylaws as a template. Like those organizations,
voting members of DEFORM would be institutions in the US with activities or interests in
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experimental rock deformation and would be represented at DEFORM meetings by a
representative chosen by the institution. The executive and officer structure of DEFORM
may or may not be similar to those of IRIS and COMPRES at the outset, given that no budget
would yet exist for DEFORM activities or salaries when DEFORM is initially created.
At the December organizational meeting, those in attendance began to define initial ways to
address some of the problems faced by the experimental rock deformation community.
Potential solutions to many of the problems defined in this paper were discussed; these are
envisioned to mimic the solutions proposed in this document. DEFORM is the entity
through which the proposed solutions to community needs discussed below would be
implemented.
Any individual interested in having their institution become a member of DEFORM, is
encouraged to do so. Those who are users as well as those who are practitioners are
encouraged to have their institutions join DEFORM. In this way, a synergistic group of
practitioners and users would develop, which would focus research efforts on the most
relevant problems. Those of us who are involved in SCEC are very impressed with that
community of diverse collaborators that has grown up around the science of earthquakes.
In the case of DEFORM, similar collaborations would develop, such that the whole would be
greater than the sum of its parts. Some DEFORM activities discussed below would be of
equal direct benefit to users and practitioners, while others would be of most direct benefit
to practitioners, but nevertheless of considerable indirect benefit to users.
Although voting members of DEFORM would be institutions based in the US, non‐voting
foreign institutions may also become members as is the case for COMPRES. As documented
above, the US has fallen behind Europe and East Asia in the field of experimental rock
deformation. Based on current levels of collaboration and knowledge‐sharing with foreign
colleagues, they would be excellent partners in many of the collaborative efforts envisioned
under DEFORM and would bring resources of their own to the collaboration.
As listed in Appendix B, as of May 1, 2013, 64 instiutions have expressed interest in being
members of DEFORM. This includes 41 institutions from the US and 23 from 13 foreign
countries.
The mission Statement of DEFORM, agreed to at the Dec 1‐2, 2012 organizational meeting:
DEFORM exists to facilitate experimental rock deformation research that furthers our
understanding of fundamental processes and properties. Support and development of
communal experimental facilities that foster innovative science are our core
objectives. We enable research relevant to understanding deformation in the natural
environment and encourage the participation of new users from all scientific
disciplines.”
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Place of DEFORM in Assemblage of Existing Organizations
Plans to create DEFORM did not exist at the time of writing the report of the NRC
committee on New Research Opportunities in the Earth Sciences [Lay et al., 2012b]. The
committee recognized the important role played by laboratory studies in understanding
earthquake processes, but the organizations mentioned in that document do not
adequately cover the important subject area of experimental rock deformation research.
The report referred to the importance of the existing organizations for earthquake science:
“Instrument and Facilities Needs for Faulting and Deformation Research Finding 1: EAR is
currently supporting numerous disciplinary facilities that are gathering essential data for
understanding faulting processes and associated deformations. Facilities such as UNAVCO,
IRIS, the National Center for Airborne Laser Mapping (NCALM), SCEC, CIG, and high‐speed
computing are important to advancing understanding of faulting processes.” [Lay et al.,
2012b], pg. 76.
In reference to understanding the faulting process they say: “Much of this work is currently
coordinated by the SCEC, where there is a community effort to develop 3D rupture models
with full 3D implementations, from finite‐element codes to high‐resolution 3D community
crustal models (Olsen et al., 2008). These models are currently being used to predict shaking
in Los Angeles, San Francisco, and other cities from ruptures on the San Andreas Fault or
other regional faults. This has been an interdisciplinary effort bridging rock physics,
seismology, soil mechanics, structural geology, and earthquake engineering . . .” [Lay et al.,
2012b], pg. 33.
It is clear that a committee of distinguished scientists recognizes the importance of
research focused on understanding all aspects of understanding earthquakes. Members of
the experimental rock deformation community have played very active roles in SCEC and
founded FARM, one of the highly regarded focus groups within SCEC, which was initially
created in SCEC2 as the Fault and Rock Mechanics focus group and then in SCEC3 and
SCEC4 was merged with the Rupture Dynamics focus group to become the Fault and
Rupture Dynamics focus group. SCEC provides the environment within which many of
those working in experimental rock deformation relevant to the seismogenic zone interact
closely with theoreticians and with field observationalists, including seismologists,
geologists, and geodesists. However, SCEC has recognized that its resources are not able to
support experimental rock deformation programs adequately, even though it greatly values
such research and provides minor funding in this area. One of the motivations for the
experimental rock deformation community organizing itself and considering the creation
of new facilities and interactions is the recognition that only in this way can the community
effectively respond to the scientific and societal needs that are recognized by SCEC and the
NRC committee. Note that the community is somewhat analogous to that of IRIS, which
plays a major role in supporting the seismological research upon which SCEC is able to
draw. Although the scope of the endeavor that the rock deformation community seeks to
create would not approach that of IRIS, the need is similar for this smaller community. As
this document has described, this community’s contributions to earthquake science are
important, but they impact many other earth science disciplines as well.
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CREATION OF SUMMER SCHOOL
In order to provide opportunities to learn the fundamentals of experimental rock
deformation and gain experience in generating experimental data, opportunities that do
not exist at most universities and colleges, the community proposes to establish a summer
school for graduate students and early‐career scientists. The summer school would be
hosted in one of the universities with existing rock deformation facilities and organized by
DEFORM. This 6‐week‐long program would include both coursework and hands‐on
laboratory projects. The participants would be introduced to fundamentals as well as to
outstanding questions in the field of rock physics. Students would be encouraged to bring
their own ideas for projects and learn how to design and conduct experiments to test their
ideas. The summer school would not only provide an excellent training platform for
graduate students specializing in rock deformation, but would allow students from other
disciplines, such as structural geology, seismology, and theoretical geophysics, to gain a
better understanding of laboratory research. The user community at the August 2012
workshop thought that providing such an opportunity for users would be a key element of
such a summer school. Such integrative and collaborative efforts would germinate many
creative ideas in the community, as well as greatly expand interactions across different
disciplines.
Connected with this summer school would be the opportunity for technical support
personnel from all experimental rock deformation programs to attend the summer school
to share experiences, knowledge and best practices, as well as to help facilitate the hands‐
on part of the courses. This would help build an integrated technical support community in
the field.

PROPOSED COLLABORATIVE RESEARCH PROJECTS
The equipment needs listed in Table 2 lay out many planned collaborative activities as well
as the facilities the community would like to create. Some of these involve joint efforts to
define best practices and designs for existing equipment; the implementation of these
would be in the laboratories having such equipment. These would be components of a
DEFORM grant, with the project approved by the process defined in the DEFORM bylaws,
and the funds being allocated through DEFORM to the collaborators in each project. Some
examples of such projects, following the highest priority entries in Table 2, are these:
High Temperature and Pressure
Paterson Rig Standardization
This project would seek to upgrade components of existing Paterson gas apparatus with
standardized components that have been deemed the best designs. This collaborative
effort would involve obtaining or creating drawings for new replacement parts, contracting
to have the new components fabricated, and providing assistance in retrofit installations.
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Griggs Rig Improvements
Practitioners who use Griggs Rigs would collaboratively discuss and list what
improvements could be made in the Griggs Rig loading frame and sample assembly. Tests
of proposed improvements would be made by various participants in their own labs,
followed by group discussion of the results, and iteration of test experiments until a
consensus is reached on the best designs. At this stage, a fabricator would be identified who
would make the resulting sample assemblies. Practitioners would then purchase the
standardized assemblies from this vendor. This process would result in uniformly high
quality parts that are parts fabricated in machine shops of individual institutions. This
practice would follow the very successful approach taken by the COMPRES community in
the standardized design and fabrication of multianvil cell assemblies led by Kurt
Leinenweber at ASU [Leinenweber et al., 2012] (also see
http://multianvil.asu.edu/COMPRES_cell/COMPRES_cell_Main.htm).
Torsion in Griggs Rig
Redesigning the Griggs Rig to accommodate torsion experiments would require a relatively
large number of design changes. Interested practitioners with Griggs Rigs would
participate in a group discussion of the design challenges. One or more groups would then
make trial modifications to their apparatus. Once a successful design is developed,
modifications would be made on other apparatus in other labs. The process may lead to
standard designs that could be fabricated by one vendor, with all the benefits of economy
that accompany that approach (see preceding item).
Seismogenic Zone
Friction Dream Machine
The dream machine would eventually become a community facility, but significant
background research and development is needed before it is appropriate to propose to
build it. Research and development work on the machine would be conducted by
individual labs acting collaboratively. Because an essential ingredient of the Friction
Dream Machine is the ability to combine high pressure and high slip rate capabilities in a
rotary shear geometry, testing of sliding jacket and seal systems is likely the most critical
component of this background work. Labs that could readily conduct such testing are the
friction lab at Brown, which houses a rotary‐shear, high‐pressure friction apparatus [Beeler
et al., 1996; Tullis, 1997; Tullis and Weeks, 1986] and several other labs (most of them
outside of the US) that can conduct high‐speed rotary‐shear experiments [De Paola et al.,
2011; Di Toro et al., 2010; Reches and Lockner, 2010; Shimamoto and Tsutsumi, 1994b;
Tadai et al., 2009].
Better Brushless Motor Control System
This collaborative project serves two functions. First, developing the ability to control the
complex electronics in a brushless motor system via a standard, well supported platform
(e.g., LabVIEW) is a desirable component of the Friction Dream Machine. Second,
developing this ability would also be very useful for those labs already using such motors
to drive high‐speed rotary‐shear friction machines (e.g., the apparatus in Ze’ev Reches’ lab
at the University of Oklahoma [Reches and Lockner, 2010]) and those using them for testing
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high‐speed sliding jacket assemblies. Work currently being conducted on this problem by
Reches is encouraging [Ze’ev Reches, personal communication, 2012].

PROPOSED COMMUNITY FACILITIES
The community plans to develop some labs that combine aspects of a facility and a center,
as those terms are understood at the NSF. Some community facilities could be set up
immediately, while some would need to be created as required. The motivations for
developing shared facilities are to address problems and opportunities discussed earlier,
including the need to house instruments listed in the “Shared Equipment” column of Table
2 and the need to have community facility/center sites where visitors can go to conduct
research. Those visitors might include early career practitioners (untenured faculty,
postdocs, graduate students, undergraduate students), scientists from the user community
with ideas for experiments to support their research, or practitioners at all career stages
who need access to equipment not available in their own labs.
The location, number, and particular purposes of these labs would be worked out by
DEFORM, and proposals from DEFORM would in many cases form the basis for their
creation. These labs would likely be located at existing labs at institutions that have
committed to supporting experimental rock deformation. Geographic distribution of such
labs might also be an important consideration, as well as their ability to serve as “breeder
labs” (see above section on Challenges and Solutions for Early Career Scientists). Visitor
Facilities and examples of other possible host labs taken from the list of “Shared Equipment”
in Table 2 are discussed below. These are not yet prioritized, since developing a prioritized
list would depend on decisions not yet made by DEFORM. For illustrative purposes only
items in the Priority 1 category of Table 2 are discussed.
Visitor Facilities
One or more labs, in addition to those housing the shared equipment listed in Table 2,
would combine aspects of a facility and a center. The facility designation means that such
labs would obtain DEFORM funds through the Instrumentation and Facilities Program of
the NSF to support personnel and/or equipment that would be used by visitors to the labs.
The center designation indicates that scientists running these labs would be conducting
research through science grants or other funds obtained independently from DEFORM, but
would clearly benefit from having DEFORM‐supported activities occurring on site. One or
more such facilities might serve as “Breeder Labs” (see above section on Challenges and
Solutions for Early Career Scientists). One possibility for Breeder Labs is that NSF money to
DEFORM might supply funds up front for the construction of equipment built for a visiting
early‐career scientist and then that scientist’s home institution would purchase the
equipment from the Breeder Lab. If this financial model could be implemented, funds
initially supplied by NSF to start the process could be recycled to build other machines for
subsequent early‐career scientists. Another possibility is that the Breeder Lab would help
in the conceptual design of a novel instrument, even progressing as far as specifying
instrument requirements and capability and assisting in the production of technical
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drawings. The provided information could be used by the early‐career scientist’s home
institution in production of the instrument.
Specialized Equipment Facilities
None of the High Temperature and High Pressure Shared Equipment items in Table 2 falls
into the Priority 1 category, so only Priority 1 facilities focused on the seismogenic zone are
discussed. In the future, DEFORM would determine when the time is right to propose the
creation of facilities currently ranked as priority 2 or 3.
Large Direct Shear
As discussed earlier, a large frame capable of producing rapid direct shear on a large
sample already exists for earthquake engineering (Figure 14). The apparatus was
developed
by
Caltrans
and
the
University
of
California‐San
Diego
(http://structures.ucsd.edu/node/62) and experiments are underway to use this for rock‐
friction experiments under an existing NSF grant [David Goldsby, personal communication,
2012]. Assuming the facility is able to provide useful data, it might be used by DEFORM
members for rock friction experiments.
USGS Big Block
The USGS Big Block in Menlo Park (Figure 15) could become a shared facility as soon as
official approval from USGS management is obtained and funds to support its functioning in
this mode becomes available via DEFORM.
Friction Dream Machine
As described earlier, building the Friction Dream Machine first requires significant
groundwork to solve several design problems. Once these are solved, and the machine is
ready to be built, much community thought would have to be given to deciding on the best
place to locate it. The community would make that decision via DEFORM.

TECHNICAL SUPPORT SOLUTIONS
Several solutions for the present lack of sufficient technical support personnel have to be
pursued. At the workshop, the community decided that the best solution would be for
universities with faculty practitioners in experimental rock deformation, especially those
with more than one, to recognize that technical support personnel allow their faculty to be
productive and competitive and that it is in the best interests of the university to fund such
personnel. The unanimous opinion of practitioners in the US scientific community is that
the lack of such personnel seriously hampers research productivity and competitiveness
with US researchers in other disciplines, as well as with foreign colleagues in experimental
rock deformation. In addition, opportunities to provide educational experiences in
experimental rock deformation to a broader and more diverse body of students at all levels
is hampered by a lack of support for technical, maintenance, and safety needs of larger
laboratories. Greater recognition by university administrations of this universal opinion
might lead to some corrective action on the part of universities.
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Other components of a solution to this problem have to come from the funding agencies,
notably NSF. There are several routes for obtaining technical support from NSF. Notable
and lamentable is the cancellation of a program at NSF that was termed their “Technician
Support” opportunity. This supported technical personnel in 5‐year grants, during which
the university was required to gradually assume an increasing proportion of the support,
culminating with the university agreeing to continue support the personnel. The program
was cancelled in part because an NSF Committee of Visitors recommended that support for
personnel would be better focused on grants to early‐career PIs and in part because NSF
instituted a rule that forbids “voluntary committed cost sharing.” Thus a requirement for
the institution to gradually assume the technical support salary is now apparently
forbidden. This decision within NSF is lamentable, because the program offered
universities an incentive to “do the right thing” and phase in support for technical staff
while having a lower immediate impact on their budget.
In the absence of this cancelled program, there are three routes for NSF to provide support
for technical personnel. These include 1) “Support for Early Career Investigators,” with a
maximum of 3 years of technical support, 2) grants for Development of New
Instrumentation, and 3) within National or Regional Multi‐User Facilities and Centers. All
three of these represent opportunities for supporting technical personnel that DEFORM
might utilize. The program for early‐career investigators is responsive to some of the issues
faced by practitioners in the community. Obtaining such a grant would probably not be
possible unless an early‐career faculty member already had a lab or had established a route
for creating one. Thus such a grant could usefully augment the Breeder Lab concept; once a
new faculty member had obtained equipment via this program, presumably paid for by
university startup funds, then funds for three years of technical support from NSF would
allow them to be productive in the critical years leading up to the tenure decision. Although
NSF rules now forbid universities from promising NSF continued support of technical
personnel in the early‐career grant application, universities might nevertheless be
persuaded to make that promise to the faculty member. In this way, the intended long‐term
benefit of the cancelled program might still be realized.
The second route to obtaining support for technical personnel, including them in IF
proposals for the Development of New Instrumentation, is also valuable for the DEFORM
community. For example, in Table 2, the Priority 1 equipment that would require technical
personnel to design and build, include the Gas Piston Cylinder, Torsion in the Griggs Rig,
and the Friction Dream Machine. Nearly all the Priority 2 and 3 equipment items would
also require technical support personnel.
The final route to support of technical personnel, employing them within National or
Regional Multi‐User Facilities and Centers, also fits well with DEFORM. The Visitor
Facilities discussed above could not function without support personnel to insure that the
equipment is functioning properly, safely, and efficiently. If one or more Breeder Labs are
created, it would be necessary to have one or more design engineers available to help
early‐career scientists turn ideas into a practical functioning instruments. Because the
creation of Breeder Labs or other shared Facilities/Centers would generally require a
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commitment from the host institution for investment and longer‐term support, this could
be a way to motivate the corrective action by universities described previously.
In addition to the local role played by technical personnel in Visitor Facilities and Breeder
Labs, it is important to have personnel who could work for anyone in the country in need of
their expertise, either in person or (usually) remotely. This might not work for personnel
whose primary role is to maintain and repair equipment, because they clearly need to be
locally available. However, it could work well for design engineers, whether their expertise
is in machine design, electronic control systems, LabVIEW, or ideally all three! As an
example, they could provide the design expertise needed for a Breeder Lab to work and
also could work on the many design projects listed in the right column of Table 2. The
anticipated needs of the community are sufficient to usefully employ one or two people full
time for the foreseeable future, and as time passes and the community develops additional
projects the demand for such personnel would grow.
During discussions at the workshop with the few existing technical support personnel
about their small numbers, concern about adequate guaranteed salary, and career
opportunities, one of the issues that became apparent is the title used in the community to
describe them. Typically such personnel are referred to as ‘technicians’, regardless of their
formal titles at their institutions, a name that does not carry the level of prestige and
importance that such personnel play in research. A title with more caché might make
institutions more likely to hire such people and support them adequately, and more people
might be drawn to this career path. Possibilities include “scientific research engineer,”
“research scientist” or “research support scientist.” Having three levels of whatever title is
used, so it is preceded by “assistant” at the lowest level and by “senior” at the highest level,
would allow for advancement and associated pay raises.

ARCHIVING AND SHARING OF DATA, DESIGNS, AND RESOURCES
Many of the community needs for archiving and sharing data fit well with the goals of the
NSF EarthCube initiative. The community is proposing to hold an EarthCube End‐User
Domain Workshop in 2013, and COMPRES has agreed to join us, to begin the process of
mapping out possible solutions to all of the archiving and sharing needs. Following that
workshop, DEFORM would take actions following recommendations of the workshop.
These actions would presumably include submitting proposals to the EarthCube initiative
to implement solutions to the needs, once the path for submitting EarthCube proposals
becomes clear.

SINGLE LAB OR INVESTIGATOR PROJECTS
A shared sentiment of the experimental rock deformation community expressed at the
August 2012 workshop and elsewhere is that although creation of a community consortium
and shared facilities is critical to the long‐term success of the field in the US, this by no
means implies that the need for individual laboratories at individual research institutions
should be diminished in the future. Quite the contrary, the nature of experimental rock
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deformation research, and the education of the future STEM workforce, demands the
existence of laboratories and individualized instruments at home institutions. Some lines of
research, such as long‐term experiments investigating time‐dependent processes and
coupled behaviors of fluid flow and deformation, or chemical reaction and deformation,
cannot be carried out at a shared facility over a short period of time during a visit.
Moreover, education and hands‐on experience in experimentation at a home institution is
needed to properly design and conduct experimental research to be carried out at a shared
facility.
The creation of DEFORM is in no way intended to prevent individual scientists from
submitting their own research proposals, and in fact DEFORM is intended to create
infrastructure that would make it easier for individual PIs to conduct their own research
and maintain their own individual laboratories. Of course individuals or collaborators
would continue to submit proposals to the research programs at NSF such as EarthScope
and GEOPRISMS and the Geophysics, Tectonics, and Instrumentation and Facilities
programs.

Summary
This is both an exciting time and a critical time in the field of experimental rock
deformation. The range of important scientific problems that cry out for the physical
understanding and data this community provides is impressive, as conveyed in the earlier
sections of this report. The number of aging scientists, as well as the high quality and
number of early‐career scientists, means that the time is ripe for growth and renewal and
for increasing the impact of this work across the Earth Sciences. Practitioners of
experimental rock deformation envision developing many new instruments that would
allow us to understand the mechanical and transport properties of rocks and the processes
by which they deform in ways only dreamed of at present. Practitioners in the US are both
envious of their colleagues in Europe and East Asia, where considerable resources are
being spent in this area, and eager to collaborate as well as compete with them. This is a
perfect time to capitalize on the enthusiasm within the community and on opportunities for
growth, via DEFORM (Deformation Experimentalists at the Frontier Of Rock and Mineral
research). DEFORM would bring together the community and make the case for increased
resources. These resources would build infrastructure to support collaborations, foster
efforts to educate a greater number of students from a broader range of disciplines and
more diverse perspectives, build the next generation of experimental apparatus, and
provide opportunities for early‐career scientists and users of experimental rock
deformation data to visit state‐of‐the‐art labs and conduct experiments to solve important
scientific problems.
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Appendix B – Institutions Signed up to Join DEFORM as of May 1, 2013
USA and FOREGIN INSTITUTIONS (64 Total)
USA INSTITUTIONS (41 Total)
Not for Profit (37 Total)

Arizona State University
Brown University
California Institute of Technology
Case Western Reserve University
Dartmouth
GSECARS, University of Chicago
Harvard University
Lamont‐Doherty Earth Observatory
Massachusetts Institute of Technology
Michigan State University
Michigan Technological University
Oklahoma State University
Pomona College
Purdue University
Rice University
San Diego State University
San Jose State University
SETI Institute
South Dakota School of Mines & Technology
Stanford University
Texas A&M University
University of California, Berkeley
University of California, Davis
University of California, Los Angeles
University of Maryland
University of Minnesota
University of Nevada, Las Vegas
University of New Hampshire
University of Oklahoma
University of Southern California
University of Texas Arlington
University of Texas Austin
University of Wisconsin‐Madison
Utah State University
Washington University in Saint Louis
Woods Hole Oceanographic Institution
Yale University
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Government or For‐Profit (4 Total)
Baker Hughes
Jet Propulsion Laboratory
Sandia National Laboratories
US Geological Survey
FOREIGN INSTITUTIONS (23 Total, 13 Countries)
Institution Name

Country

Macquarie University
McGill University
China University of Geosciences (Wuhan)
Institute of Geology, China Earthquake Administration
Zhejiang University
Universidad de Los Andes (Bogotá)
Université de Toulouse
University Joseph Fourier ‐ Grenoble I
Ruhr‐Universitaet Bochum
Dipartimento di Geoscienze, Università degli Studi di Padova
INGV
Geological Survey of Japan, AIST
Hiroshima University
Japan Agency for Marine‐Earth Science and Technology (JAMSTEC)
University of Canterbury
University of Otago
Geological Survey of Norway
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Delft University of Technology
Utrecht University ‐ Faculty of Geosciences ‐ HPT Laboratory
University College London
University of Portsmouth
Reservoir Dynamics Ltd
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China
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France
France
Germany
Italy
Italy
Japan
Japan
Japan
New Zealand
New Zealand
Norway
Republic of Korea
The Netherlands
The Netherlands
United Kingdom
United Kingdom
United Kingdom
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