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ABSTRACT: Rocks and rock masses pose very complex problems that must be
addressed by the engineering and scientific communities if the challenges of the 21st
century are to be met. New societal demands for improved infrastructure, clean water,
sustainable energy, and climate change, all call for an improved understanding of the
multi-physics phenomena involving rock and all require a multi-disciplinary
approach. The challenge resides with the profession to develop the knowledge and the
tools that are needed to provide efficient and safe solutions to increasingly more
difficult and larger problems; but also with academia, to take a wider, more inclusive
approach to the education of geotechnical engineers. After all, the division of the
discipline into soil and rock mechanics is artificial and, arguably, counterproductive.
INTRODUCTION

Rocks are very difficult materials, highly heterogeneous, with complex behavior
that it is not only stress and time dependent, but also, and this is most important, scale
dependent. It can be argued that the behavior at different scales is due to the “defects”
that exist in the rock. These defects can be found at the atomic scale, where atom
lattices may have irregularities; at the grain scale, where cracks are pervasive at the
grain contacts, and up to the regional or continental scale because of different
geological formations or due to discontinuities or joints that can range from
millimeter size to hundreds of kilometers, e.g. the North Anatolian fault or the San
Andreas fault.

(a) Micron scale

(b) Meter scale

(c) Km. scale (fault in Turkey)

FIG. 1. Rock discontinuities at different scales
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The complexities that the rock mechanics/geomechanics profession faces are many.
To structure the discussion, they are arbitrarily classified as: intrinsic; extrinsic; and
educational.
Intrinsic complexities are viewed as those that stem from the material itself. Rocks
are formed from a number of different minerals, each with different chemomechanical properties, and defects (joints) that make the materials highly
heterogeneous, anisotropic, stress, time and scale dependent.
Extrinsic complexities arise from external agents. For example, the minerals in the
rock may weather with time under different environments, joints may propagate due
to subcritical crack growth, which all change the behavior of the rock mass. Rocks, at
great depth, are subject to large temperature and stress gradients and to different
fluids that range from formation to oil and gas. The stresses in the rock as well as the
fluid environment may be engineered, e.g. for oil and gas extraction, for geothermal
energy or for energy or waste storage including carbon sequestration.
Educational challenges stem from the artificial division that the engineering
community established long time ago and that nowadays is widely accepted, in that
geotechnical engineering is separated into two non-overlapping specialties: soil
mechanics and rock mechanics. While it seems necessary that certain level of
specialization is needed in the profession, such artificial division has biased education
towards soil mechanics, creating a large knowledge gap for the most common
material on earth: rock. It can be argued that there is no fundamental distinction
between the two specialties. After all, mechanics applies to both ends of the spectrum,
and so more inclusive, rather than exclusive, training of students at the university
seems logical.
It is not possible to discuss in a single paper the state of knowledge in rock
mechanics, nor the specific research needs for the entire subject. What is done in this
paper is focus on one particular aspect that, in the author’s opinion, limits further
developments in the field. That is, detection and characterization of fracture processes
inside rock.
ROCK FRACTURING
The mechanical and hydraulic properties of rocks are often controlled by the
discontinuities or joints present in the rock mass. The strength, shape, number, and
size of the contacts between the joint surfaces control the mechanical behavior of the
joint surfaces, and the aperture influences the hydraulic properties of rock joints
(Dershowitz et al., 1990; Kulatilake et al., 1995; Petrovitch et al., 2014).
A large body of experimental work is available on crack initiation and propagation
from pre-cracked rock materials. Most of the work has been performed with open
fractures subjected to uniaxial compression in either mode I or mixed-mode loading III (mode I, opening or tensile, and II, in-plane shear); see e.g. Li et al. (2005) and
Wong and Einstein (2006). Comparatively less effort has been dedicated to the
investigation of fracture propagation and fracture coalescence in closed fractures, and
yet pre-existing discontinuities in a rock mass are seldom subjected to tensile loading,
but rather are subjected to compressive loading, shear loading, or both. The bulk of
the research has been done on rock-model materials (Wong et al., 2001; Sagong and
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Bobet, 2002; Park and Bobet, 2010). There is strong evidence that shows that the
fracture patterns and mechanisms observed in rocks and rock-model materials with
open fractures also occur with closed fractures (Park and Bobet, 2009). The main
difference between the two types of fractures is that initiation stresses and
coalescence are higher for closed fractures than for open fractures. This is explained
by the friction along the closed fractures, which needs to be overcome before a new
crack or fracture can initiate, and also by the capability of closed fractures to transmit
normal stresses. Thus the differences do not seem to be fundamental. There is also
consistent evidence that shows that fracture initiation, propagation and coalescence
observed in rock-model materials is similar to that observed in natural rocks in the
laboratory (e.g. Bobet, 2000; Wong and Einstein, 2009) and in the field (e.g. Pollard
et al., 1990). Even though various authors refer to the cracks observed in their
experiments using different terms, it is possible to find similarities and propose some
common terminology (Park and Bobet, 2007). In essence, two types of cracks are
observed in compression: tensile or wing cracks and shear or secondary cracks
(Figure 2). Wing cracks are tensile cracks that appear at or near the tips of the flaws
(the term flaw will be used to describe a pre-existing fracture). They always initiate at
an angle with the flaw and propagate in a stable manner towards the direction of
maximum compression. Secondary cracks are shear cracks and always initiate from
the tips of the flaws. They are initially stable, but they may become unstable during
the loading process near crack coalescence or near specimen failure. Two possible
directions of secondary crack initiation have been reported: one coplanar or quasicoplanar and the other one oblique, with initiation opposite to that of the wing crack.
This conceptual pattern has been observed, after some interpretation based on
published reports, on a very diverse number of materials, including Plaster of Paris,
Indiana limestone, sandstones, marble, gypsum and artificial sandstone (Bobet, 2000).
Crack coalescence is produced by the linkage of two flaws through a number of
combinations of tensile and shear cracks (Figure 3). The flaw geometry can be
correlated with the coalescence pattern, and even with the types of cracks produced
(Sagong and Bobet, 2002; Park and Bobet, 2007). Any combination of crack linkage
is possible. This expands the observations made in the past, which identified
coalescence through wing cracks as the only type of coalescence (Horri and NematNasser, 1986) and is shown as coalescence Type IV in Figure 3. Laboratory
experiments show however that coalescence produced through the linkage of shear
cracks occurs at higher stress than coalescence produced by a combination of shear
and wing cracks. Coalescence through wing cracks occurs at the smallest stresses
(Figure 3). This supports experimental observations that indicate that damage in
brittle materials is more likely to occur through processes involving tensile cracks. It
is important to note however, that when tensile cracks are suppressed or their
propagation inhibited, e.g. with confinement, the only possible mechanism of damage
is through shear cracks. This mechanism however requires higher stresses.
There is also very little experimental information on fracturing processes in
anisotropic rock under complex loading paths. Research has concentrated on
laboratory experiments on mode I and mixed-mode I-II loading on anisotropic rock
specimens with open cracks, mostly to determine fracture toughness and to
investigate propagation in tension (Chen et al., 2008). Initiation, propagation and
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coalescence of fractures under biaxial compression and cyclic compressioncompression loading (i.e. no tension applied during cyclic loading) have been largely
left unexplored. Clearly, more work is needed. Temperature, rock-fluid interaction
and time effects are poorly understood.

FIG. 2. Crack pattern in
compression

FIG. 3. Coalescence stress
(s= spacing, a= ½ flaw length)

FRACTURE DETECTION
One of the problems that limits advancements in the field of rock mechanics is the
inability to scrutinize the interior of the material for the presence of cracks and to
infer engineering properties of the cracks. Traditionally, two techniques have been
used, with limited success: acoustic emission (AE) and wave propagation.
Acoustic Emission is based on the idea that fracturing and crack propagation
produce elastic wave pulses that are somewhat characteristic of the deformation
process (Steaky 1975). AE has been successfully used in laboratory experiments to
provide insights into deformation processes occurring in intact rocks (Makhnenko et
al., 2012; Goodfellow et al., 2014) and along existing discontinuities (Johnson et al.,
2013; Selvadurai and Glaser, 2014) or associated with hydraulic fracturing (Stanchits
et al. 2014; Bunger et al., 2014; Hampton et al., 2014) and mining (Westman et al.,
2012); however, it is unclear whether AE events are precursors to slip or the results of
slip (Goebel et al., 2013). In addition, it is not clear that AE can provide information
about the engineering properties or nature of the cracks, as both tensile and shear
cracks produce AE (Carvalho and Labuz, 2002; Young and Thompson, 2007). Also,
in experimental studies performed on granite samples undergoing frictional sliding,
the rate of emission events was nearly constant and did not increase before slip. In
other words, AE events may not be precursors to slip, but rather the results of slip. An
alternate, or at least complementary to the passive AE technique, is active seismic
monitoring. Active seismic monitoring, in particular compressional and shear wave
propagation, has been used as a successful technique to locate discontinuities, assess
the state of the stress along discontinuities and provide information about the
engineering properties of discontinuities such as stiffness (Kame et al, 2014; Choi et
al., 2014). The seismic monitoring method includes an array of piezoelectric
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transducers that transmit elastic waves in the form of ultrasonic pulses through the
rock to an array of receivers. Seismically, the fracture behaves as a low pass filter and
attenuates the high frequency components of the signal (Pyrak-Nolte et al., 1990).
The seismic monitoring method provides a continuous and non-destructive way to
probe the internal structure of the rock and the discontinuity, and has been proven to
be successful in detecting pre-existing discontinuities (Hedayat et al., 2014a), new
cracks (Modiriasari et al., 2015), and impending shear failure of frictional joints
(Hedayat et al., 2014b). Seismic imaging has shown promise in the laboratory, but
much more work needs to be done to upscale the technique to the field.
DISCUSSION
The National Academy of Engineering has identified fourteen Grand Challenges for
the 21st Century. Of those, four directly involve rock mechanics and rock engineering
(Restore and Improve Urban Infrastructure, Provide Access to Clean Water, Develop
Carbon Sequestration Methods, Engineer the Tools for Scientific Discovery).
Advances in disciplines such as nanotechnology, sensing and remote sensing,
computation, new materials, etc. provide opportunities to probe into engineering
problems and obtain new insights, as well as open new venues for research and
education. This cross-disciplinary partnership is required to address the challenges of
this century. New approaches and new solutions will be demanded by the public,
which will require close collaboration among disciplines. One such challenge will
stem out of society’s continuous demand for improved levels of comfort and access to
sustainable, safe and renewable resources. Sustainability calls for safe and economic
technologies for waste disposal, CO2 sequestration and new sources of clean energy.
The science required to face these problems is inherently interdisciplinary, but not yet
available. Finding solutions for these questions is a great challenge but also a great
opportunity. If geotechnical/geomechanical engineering wants to participate, it has to
do so by outgrowing its traditional niche and embracing other disciplines.
The current approach that most geotechnical engineering programs in the US take,
that of dividing natural materials into soil and rock is unfortunate. Students graduate
with a narrow and exclusive view of nature and are ill prepared to efficiently and
successfully address real problems or outgrow their education.
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Abstract. Commitments to reducing the carbon intensity of energy production through the adoption of
reduced-carbon or zero-carbon cycles or fuels present significant challenges. Potential pathways
include the adoption of zero-carbon methods of energy production including nuclear fission and deep
geothermal energy and reduced-carbon methods incorporating CO2 sequestration and/or fuel switching
to natural gas – in particular utilizing the large global resources of shale gas. For all of these
sustainable energy pathways, the ability to create and control the evolution and structure of
permeability, at will, is a key need. This includes the creation of reservoirs to recover heat or
hydrocarbon or to sequester CO2, and conversely in retaining the integrity of caprocks and multiple
barriers for the disposal of undesired energy wastes. In the following we explore important
mechanisms in understanding permeability evolution in fractured rocks (gas shales, geothermal
reservoirs and reservoir caprocks) driven by geophysical and geochemical stressors and
transformations and in particular hazards and opportunities in understanding the linkage between
seismicity and permeability.
1. Introduction.
Worldwide and US baseload capacity is of the order of 10-15TW and currently relies on large scale
industrial processes (~90% thermal combustion of fossil fuels and fission) rather than on distributed
generation by truly renewable means (<10% wind, solar, hydropower). Despite a desired transition to
true renewables, the imbalance between energy production by traditional fossil means versus that by
renewables is formidable and transitional fuels and bridging energy sources are needed. Feasible
transition to a low carbon economy includes the switching from high-carbon coal and oil to lowercarbon natural gas and in potentially augmenting fossil combustion with CO2 sequestration and in
ultimately replacing these methods with deep geothermal energy and nuclear fission. All of these
transformations require the ability to characterize and control the evolution of the subsurface, in
particular the evolution of transport properties that allows the recovery of such fuels and energy and
the entombment of undesirable products. This must be completed with minimal environmental impact,
including fugitive fluids and induced or triggered seismicity. In the following we explore the linkage
between seismicity and permeability – first where seismicity exists as a hazard and then where it may
be applied as a useful tool in characterizing the subsurface.
2. Induced Seismicity as a Hazard
Human-induced versus naturally-triggered seismicity differ principally in the magnitude and related
duration of the events – human-induced events have historically been smaller but are nonetheless
problematic and are not necessarily limited to small events where faults of sufficient size are present
[Gan and Elsworth, 2013]. Modern observations in earthquake seismology have identified a rich
spectrum of events spanning six decades of duration [e.g. Peng and Gomberg, 2010] for large
“earthquakes” that may evolve either seismically (duration ~101 s) or aseismically (duration ~107 s)
for similar seismic moments (seismic moments of ~1020 Nm) (Figure 1). The energy release in these
two prototypical classes of events is identical but the related hazard and prospective damage is much
less for the longer duration events because the energy release is dissipated over a period one million
times longer.
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Slow slip events are also observed in laboratory scale experiments [Johnson et al., 2012; Kaproth and
Marone, 2013] where the length of the fault is necessarily limited to the dimension of the sample (but
the stress drop commensurate with that a plate boundary scale) and also in underground research
laboratories at the scale of meters [Guglielmi et al., 2015]. Correspondingly, this richness in the
deformation-duration spectrum is inferred at all length scales including those likely for slip in
reservoirs. Thus we seek to understand how this behavior is manifest at the scale of intermediate
length fractures and faults in the range of meters to kilometers, rather than tens to hundreds of
kilometers, as in the case of earthquake seismology - and infer that laboratory experimentation
coupled with mechanistic upscaling provides a viable method to explore this behavior.
Seismic events in reservoirs result where slip occurs typically on pre-existing fractures that are
reactivated by a changing stress regime. Depending on the environmental factors, changes in effective
stress are induced by fluid pressures, thermal stresses or chemical (dissolution or desorption [Izadi and
Elsworth, 2013, Gan and Elsworth, 2013; Wang et al., 2015]) stresses in the reservoir. These effects
have been observed in existing reservoirs, most notably for the evolution of seismicity at the ill-fated
EGS project in Basel, Switzerland [Shapiro et al., 2009; Geotze-Allaman, et al., 2011] and for those at
other EGS projects around the world [Shapiro et al., 2009]. For this particular reservoir at Basel the
evolution of seismicity follows the propagation of the diffusional pressure wave (Figure 2) as it
propagates through the reservoir. This is apparent in the radius-versus-time plot of seismicity (Figure
2) where the evolving seismicity is confined within the envelope of this propagating pulse (Figure 2
(bottom left)) where this envelope is defined by the instantaneous location of a pressure threshold at
the outermost extent of the envelope (Figure 2 (top left)) defines the outermost limit of the propagating
seismicity.

Figure 1. Classification of slip events with respect to duration and released seismic moment [Peng and Gomberg,
2010]

Key Questions: What is the size of the maximum credible seismic event? What are the controls on
this transition in behaviour from aseismic to seismic? How do mineralogy, global system stiffness,
roles of fluid pressurization and dilatancy affect this transition? How are these individual mechanisms
characterized? What are the prospects for control if these features are understood?
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Figure 2. Variation in seismicity with time
for the Basel EGS project [Goertze-Allman et
al., 2011]. Left hand plots show evolution of
seismicity with time (horizontal axis) and
with radial distance from the well (vertical
axis). Color coding (top left) shows stress
drop of the individual seismic events within
the reservoir for the 20 day stimulation and
circle size is related to the event magnitude.
The pressure rise within the pumping well is
shown (middle left) together with the
evolution of seismicity with the propagation
of the fluid front (bottom left) to define the
role of fluid pressure in triggering seismicity.
Different envelopes are for increasing
magnitudes of the fluid pressure.

3. Induced Seismicity as a Tool
Evaluating both initial and evolving hydraulic properties of fractured reservoirs is vital for the
development of both deep geothermal and shale gas reservoirs and in defining the integrity of
caprocks. In this the presence of passive seismicity as micro-earthquakes (MEQs) may be used to
image the subsurface for the evolution of permeability that is crucial to the recovery of the resource.
During stimulation the virgin hydraulic diffusivity can be estimated from the spatio-temporal growth
rate of abundant in-situ microearthquakes (MEQs) (Figure 4). This method is able to estimate the
permeability at reservoir scale. However it has limitations in constraining the subsequent evolution of
fracture permeability at relatively smaller length scales that are important in defining reservoir
response during stimulation and then production. To constrain regional initial and evolving
permeability at relatively smaller length scales it is possible to provide a linkage between moment
magnitudes of observed MEQs and the measured evolution of fracture-network permeability [Fang et
al., 2015]. Thus the location and moment magnitude of MEQs (Figure 3) may be used to estimate
fracture apertures of individual events that are a function of in-situ stresses, fluid pressure, shear
displacement and fracture size. Assuming the veracity of the cubic law, results show that the
equivalent virgin permeability at reservoir scale may be enhanced by about one order of magnitude
while some local fracture permeability can be enhanced by ~2 to ~3 orders of magnitude. This method
is of importance as it allows abundant observations of MEQs to constrain the structure and distribution
of in-situ permeability evolution. Since in-situ geomechanical conditions (e.g., fracture stiffness,
dilation and friction) also play a crucial role in affecting the accuracy of the permeability estimation,
in-situ fracture characterization is an important component in constraining these observations.
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Key Questions: What are key mechanisms of permeability evolution in fractured reservoirs? What is
the interplay between mechanisms that result in either the creation and destruction porosity? What are
their respective characteristic timescales? How are changes in porosity scaled to the evolution of
permeability? How does the seismic energy budget relate to permeability evolution? What are key
mechanisms heralding the transition between seismic and aseismic permeability evolution? What is
the feasible minimum resolution of detection?

Radial Distance from Well (m)

Figure 4. Spatio-temporal distribution of fluid-injection-induced seismicity during the 2014 Newberry EGS
stimulation. Diffusion-length versus time curve labeled for equivalent permeabilities at reservoir scale.
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7. Conclusions
Societal needs in the transition to a reduced-carbon intensity economy will utilize the deep subsurface
fro for the recovery of reduced carbon fuels, deep geothermal energy and for the entombment of
energy wastes. In this, an understanding and control of the complexities of the evolution of porosity
and related permeability is a key enabling requirement.
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The underground construction industry has consistently risen to the occasion of providing the nation
with the needed infrastructure, meeting schedule, cost and scope goals. Population growth will
continue, and so will the growth of our cities – but not always in predictable ways. In the past, we have
lived through urban migration and growth, followed by suburbanization, and now perhaps the concept
of the compact city describes how our cities will change in the future. The compact city concept is
intimately wedded to increasing and intensive planned use of underground space, but engineers and
planners have challenges in preparing our old and new infrastructure for the future.
It is generally appreciated that the nation must invest in the rehabilitation of existing infrastructure, but
there continues to be a lack of political and public will to do so. The value of our underground
infrastructure needs to be better communicated to the US population. If our systems become
increasingly unreliable, then it is likely that more of the world’s leading industries will relocate to
countries with more reliable infrastructure. For example, the value of the nation’s infrastructure may be
estimated in several ways, but totals on the order of $70 to $100 trillion can be suggested for the U.S. If
this number is divided by the population of the US, the per capita investment in infrastructure is on the
order of $300,000, the price of a house in many areas. This $300K can be interpreted as a birthright for
each person born in the U.S., a pre-investment upon which every citizen can build his or her career.
Even as reinvestment by a family in a house to retain value, so must the nation reinvest in its
infrastructure.
As we create and use more underground space, particularly in urban environments, we may find
ourselves working in ground conditions not experienced before. This means that much of our
conventional and current wisdom based on experience in a city may not be applicable. For example, we
anticipate increased use of deeper underground space for many purposes. Higher ground stresses and
water pressures will likely be encountered, and soil and rock behavior may become more problematic.
As new needs for underground space are identified, owners and the public will request larger and more
complex 3-D complex geometry for underground space applications. This may require advanced design
concepts for long-term performance and stability. And as our coastal cities grow, more of the new
infrastructure must be placed into more challenging ground for which risks and costs may be higher.
This may require new approaches to ground improvement and displacement control.
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The infrastructure can no longer be considered as isolated systems. Our infrastructure networks are
developing emergent interdependencies that affect system performance, reliability and expected life.
More of our systems are becoming diversified with gridded, distributed and local components not
necessarily working together seamlessly, and this threatens to lead to a loss in robustness and resilience
of service delivery at a time when the population is growing increasingly risk averse. We must make our
systems smarter and able to self-detect problems. We must also commit to developing an IIM
(Infrastructure Information Model) for all major cities, analogous to a Building Information Model (BIM)
increasingly used for high-rise building design and construction management. The functions of a city
must be preserved, and advanced sensing and spatial and temporal registration and tracking of all
facilities and functions will elevate our infrastructure to the reliable systems our society needs.
Significant impacts from extreme events, including climate change, earthquakes, tsunamis, floods,
storms – are arguably becoming more frequent and costly. And in many cases, the design loads used by
engineers at the time of construction of our older infrastructure, may not be the loads we would use
now. Our design and professional codes have always incorporated factors of safety against failure by
such events, but the impacts of recent events have been more severe and complex with interdependent
responses. Engineering professionals, construction contractors, and urban planners and managers must
work together to identify new ways to retrofit and bolster our infrastructure against extreme event
impacts, and the underground is an important resource to enhance urban resilience, as is summarized in
the table below.
Type of Event

Advantages or mitigations

Disadvantages or limitations

Ground motions reduce rapidly below
surface

Fault displacements must be
accommodated

Well-built structures move with the
geologic material

Instability in weak materials or poor
construction

Hurricane, tornado

Wind loadings have minimal impact on
fully buried structures

Damage to shallow utilities from
toppling of surface structures such as
trees and power lines

Flood, tsunami

Ground provides protection from surge
and debris flow

Extensive restoration time and cost if
entrances are flooded

Fire, blast

Ground provides effective protection,
limit damage by compartmentalization

Entrances and exposed surfaces are
weaknesses, confined space risk

Ground provides additional protection

Appropriate ventilation system
protections required

Limited exposure with
compartmentalization

Confined space may increase
personnel risk

Earthquake

Radiation,
chemical/biological
exposure/releases

The costs of underground space have been rapidly escalating over the past decades. Continued
research is needed to develop new methods and technologies that will be able to provide expanded and
deeper underground space without cost escalation, even as the construction risks are increasing.
The engineering profession and the underground construction industry have to develop the knowledge,
materials and experience to successfully deliver the projects needed by the nation. The nation needs
coherent and integrated urban planning – which means an expanded role for engineers, urban planners,
and a new specialized profession of underground architecture which comprehends rock mass behavior
and spatial variability.
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Design in the underground is best accomplished by anticipating materials, behavior and properties that
is needed for intelligent design and construction in the underground. The greatest risk for most
underground project success is derived from lack of geologic knowledge, including uncertainty about
groundwater, and about spatial material and property distributions. The greatest risk for long-term
performance is uncertainty about as-built construction, and uncertainty concerning time-dependent
behavior. What is warranted is a “Grand Campaign” to provide the knowledge base to address these
risks.
Grand Campaign: Building a Geologic Framework Model of Rock Mass Spatial Variability for Stochastic
Management of Geologic Risk and Uncertainty
Too many engineers have too little training in geology (especially in the field), and the geotechnical
engineering profession needs to address geologic uncertainty by enhancing knowledge and application
of the fundamentals of geologic knowledge and interpretation. Many geologic issues continue like a
thorn in our side, such as shallow cover and weathered rock, progressive deterioration, piping, and
caving. Ground loss consequences include construction settlement, subsidence, impact on structures,
consolidation with water table changes, and differential settlement associated with a varying depth to
top of rock. The number one problem in underground construction is water, and there is a growing
overreliance on (and misuse of) rock mass ratings - RQD on steroids.
We need to systematically access surface and underground exposures of geologic materials, and acquire
3D information about the spatial distribution of material characteristics in different geologic regimes of
formation and stress history. This includes field work at exposures such as road cuts and natural
exposures, underground excavations, and mined openings. This work also includes recording and
assessment of encountered and managed risk on real projects involving surface and underground
excavations. The outcome from such an effort will be development of a rational and guided
geologically-informed framework for engineers, designers and contractors to characterize geologic
variability and uncertainty in a form that can be applied to project management and execution, and
management of risks.
Other Issues for Risk Reduction


Rethink materials and methods. We need to think about our materials usage, and developing
new and renewable materials for the underground. For example, consider concrete: for surface
placement, much of concrete mix and structural design is driven by freeze/thaw, wet/dry, and
tensile stress. In a fundamentally compressive stress regime without thermal, moisture and
stress changes, what new concrete designs could be developed to perform and be cheaper for
use in underground?



Reconsider drill/blast methods. Codes in most cities in the United States severely constrain the
use of blasting, primarily because of fly rock and blast vibrations. Little research is being done
on blasting, but it is incredibly important for development of our megacities of the future.



Advance technology for subsurface characterization. Exploration methods change slowly, and
few new techniques have been developed. Before drilling holes, the owner and engineer should
already have an understanding of the subsurface – so site work becomes confirmatory not
exploratory. New approaches, including more use of geophysical methods, are needed that will
interrogate the ground more effectively. Geotechnical engineers need to want to get their
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hands dirty - referencing a book on geologic uncertainty and site characterization will not build
the geologic judgment important for faculty and practicing engineers.


Rethink and extend applications for existing and new ground improvement methods. Too rarely
do we act to improve the ground before a project is started, and if we do, it is usually project by
project. Cities of the future may well act to broadly improve the subsurface as a responsible
long-term investment on behalf of the public. For example, in Singapore planners are
considering installing cut-off walls to compartmentalize large areas of the city, allowing these
compartments to be dewatered so that future projects can be in the dry, reducing risk,
uncertainty and cost.



Acquire the data and knowledge from construction and operation to support rational and longterm design for sustainable and reliable operation of urban systems, providing a basis for
evaluating bids and design approaches with respect to life cycle engineering. This involves
comprehensive forensic assessment of underground structures.
o How do soil/rock/water conditions affect long-term performance?
o What is the comparative (qualitative and quantitative) performance of different design
concepts and materials use in the underground.
o How do different methods of construction impact on long-term performance?



Establish a market value of underground space. Increasing desire for sustainability and lifecycle
engineering means real data on long-term costs and performance is needed, including the
requirement to identify a market that can establish the value of underground space (similar to
the cost of acreage at the surface or air rights) in different geologic materials.



Improve understanding of the measurement and redistribution of in situ stress. Current
judgment about structures in cities is often calibrated on relatively shallow and small-scale
operations. Deeper and more expansive, wider infrastructure means that architecture and
geometry, stress and stress redistributions may well drive new concepts for underground
support and design.



Rethink computational modeling. This is the era of sensing and information, and we must do
more work on validating our predictions. Our computational capabilities have outrun our ability
to know what parameters to put in. We must make opportunities to validate design
assumptions and performance and we also have to address the continuing problem of time
dependency, of scale dependency, on groundwater, in the context of our modeling approaches.



Improve understanding of 3-D fracture initiation and propagation, including micro-, meso-, and
geologic scale processes in realistic rock masses, and including temporal and spatial effects and
impacts.



Advance knowledge about how underground placements can minimize impacts of extreme
events. Extreme events are stressors on urban systems, and we do not understand how such
events affect long-term resilience and costs, and how to design our underground systems to
provide a robust environment for cities of the future.



Develop new understanding of urban underground design for the public. Diversification of, and
increase in, underground space usage for the public will require us to complete research leading
to code development, including areas of public safety and evacuation, ADA access, and
psychological and social perspectives on underground space.
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ABSTRACT: This white paper summarizes some of the relevant challenges in rock
mechanics for evaluation of rock performance in deep geothermal reservoirs. Deep
geothermal reservoirs serve for electrical energy production using steam produced by
circulation of water through hot fractured rock mass. Although classical geothermal
reservoirs are used on commercial scale in locations with sufficient natural resources
of steam and hot water coming to the ground surface, the enhanced geothermal
reservoirs are still predominately in development. Enhancing and maintaining the
permeability of hot rock mass under high in situ stresses remains a challenge for
geotechnical, geological, geophysical and petroleum engineers. The main problems
are related to assessment of rock properties and rock performance, which serve as an
input in predictive algorithms for hydraulic fracturing processes, long-term reservoir
behavior prediction and assessment of geothermal reservoir production and life-span.
INTRODUCTION
Geothermal energy extraction from the deep rock geo-reservoirs with substantial
rock mass temperature occurs at depths 2 – 5 km (100 – 400 °C), with a perspective
of reaching out to deeper formations and higher temperatures in the future (Tester et
al., 2006). Geothermal reservoirs serve for renewable and sustainable energy
production, where the hot rock mass turn cold water into steam. Water re-circulation
through the fractures of hot rock formation enables running electrical production
power plant turbine or is combined with housing heating back on the ground surface.
In enhanced geothermal reservoirs (EGS), the basement or sediment reservoir rocks
permeability enhancement will eventually enable sustainable and long-term stable
heat extraction, but the process involves deep well drilling and hydraulic fracturing of
highly stressed and hot rock mass, which are still performed with a limited success.
Most of the experimental EGS sites reside in basement rocks below the sedimentary
section, defined as areas of metamorphic or igneous rocks (Tester et al., 2006). In the
western USA, Tester (2006) identified several potential EGS areas with high
temperatures (>200 °C) at relatively shallow depths (3-5 km). The Great Basin in
USA has extensional stress regime, and highly variable rocks with depths of 4 – 10
km, where rock is mostly sedimentary with some granite or other basement rock
types. At Snake River Plain details of the geology and stress regime at depths 3 – 10
km are unknown, but probably volcanic and sediments overlay low permeability
granitic basement at 3 – 5 km deep. In Oregon Cascade Range dominate volcanic and
intrusive rocks. In Southern Rocky Mountains geothermal areas, which include the
northern Rio Grande Rift and the Valles Caldera, big crustal radioactivity and high
mantle heat flow were detected. Salton Sea is a young sedimentary basin with very
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high heat flow, characterized by young metamorphosed sedimentary rock types. Clear
Lake Volcanic Field contains low-permeability Franciscan sediments and granite at
deeper depths. There are possibilities at the Chena Hot Springs near Fairbanks in
Alaska for further development of the existing conventional geothermal power plant.
Hawaii is characterized with high temperatures in the basaltic rift, and also, they use
conventional hydrothermal resources, while there is little subsurface information
available outside the existing east rift of Kilauea volcano power plant.
Similar favorable conditions for potential development of EGS can be found in
other continents, for example Cooper Basin and Paralana in Australia. In Europe,
Soultz-sous-Forets in the Upper Rhine Valley area is represented with extensional
stress regime (Baria, Baumgärtner, Gérard, Jung, & Garnish, 1999; Dezayes, Genter,
Thinon, Courrioux, & Tourlière, 2008; Genter, Evans, Cuenot, Fritsch, & Sanjuan,
2010) at the granitic highly fractured and faulted basement under 1.4 km thick
sediment. Several pilot sites exist in Germany, for example granite Falkenberg test
site is in northern Bavaria which proved that that hydro-fractures can be propagated
over significant distances in fracture crystalline rock, Bad Urach and Horstberg in
northern Germany near Hannover. The Horstberg geothermal site contains lowpermeability sediments which are experimented for geothermal energy extraction. In
Basel, Switzerland, a pilot geothermal reservoir is placed in hot granitic basement at
depth of 5 km, where the reservoir temperature is 200 ºC. The Fjällbacka site in west
coast of Sweden is developed as a research facility for studying hydro-mechanical
aspects of hot dry rock reservoir development and for addressing geological and
hydrogeological questions of Bohus granite. Other pilot geothermal sites in Europe
are Le Mayet de Montagne site in France where granite extends to the surface,
Rosemanowes in Cornwall, UK is characterized with continuous granite batholith of
early Permian age of more than 200 km in length, where the base of the granite
extends bellow 9 km depth. The Hijiori site in Japan is placed on the edge of the
caldera of the Pleistocene Gassan volcano with a very complex stress regime, and the
reservoir contains several faults and many existing fractures. Ogachi site in Japan has
very hot (>230 ºC) Grano-diorite rock.
Despite numerous efforts put into EGS research through pilot sites, only few
locations reached a commercial scale level for electricity production by the date.
Numerical, theoretical and experimental work has been conducted along with the field
work for obtaining a better understanding of various issues of geothermal reservoirs.
In spite of the fact that the EGS sites target hot granite rock mass sedimentary
reservoirs or interface between sediment cover and basement, the pilot sites yielded
different problematic features ranging from in-situ stress field to the pre-existing
faults and fracture networks (Blackwell, Negraru, & Richards, 2006). Poorly
understood geology is one of the biggest obstacles in development of efficient EGS
(Huang & Liu, 2010). The competing tensile or shear failure mechanisms often occur
simultaneously in geologically complex reservoir conditions. Non-linearity of key
thermal and mechanical rock properties is related to stress state change, pore pressure
change and temperature change, which are accompanied by rock across-scale matrix
alterations from micro to macro fracturing and fault shearing mechanisms.
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MULTI-PHISICS PROCESSES IN FRACTURED SUBSURFACE ROCK
Coupled hydro-thermo-bio-chemo-mechanical (HTBCM) mechanisms in fractured
rock mass are related to a short- and long-term reservoir behavior and energy
extraction with respect to fracturing, permeability enhancement, biological
microorganism growth and mineral precipitation-dissolution processes at fracture
walls in geothermal reservoirs. Although there has been a significant effort to
evaluate HTCM processes (Bower & Zyvoloski, 1997; Gelet, Loret, & Khalili, 2012;
Ahmad Ghassemi, Nygren, & Cheng, 2008; A Ghassemi, Tarasovs, & Cheng, 2005;
Hicks et al., 1996; Kohl, Evans, Hopkirk, & Rybach, 1996; I Tomac & Gutierrez,
2014; Ingrid Tomac & Gutierrez, 2015), the long-term HTCM effects have not yet
been completely understood in the context of deep fractured geo-reservoirs. First, it
was shown that evolution of fluid chemistry is linked to the rock permeability
changes under different stress states (Ojala, Ngwenya, & Main, 2004). Second,
thermo-mechanical stress changes cause irreversible strain and micro-cracking in
granite as a consequence of complex mechanisms (Heuze, 1983; Kranz, 1983).
Thermal crack patterns in brittle materials are driven by inhomogeneous shrinkage
stress fields, which can be described by fracture mechanics bifurcation analysis (Bahr
et al., 2010). The crack propagation under thermal loading was studied to understand
the instability from a straight to a wavy crack propagation (Corson, Adda-Bedia,
Henry, & Katzav, 2009). As a result, it is still not clear to which extend the linear
elastic fracture mechanics can be applied to quasi-brittle rocks in georeservoirs, and
the rock features (micro-structure, grains, and existing fractures) effects on fracture
propagation have not yet been completely quantified.
The hydraulic, mechanical, thermal and chemical mass transport and response will
propagate throughout the systems at rates which are several orders of magnitude
different from each other (Kim & Hosseini, 2015). Fluid flow, energy and mass
transport in fractured-porous subsurface formations are characterized by complex
interactions between fluid and solid phases, mainly controlled by thermal, hydraulic,
mechanical and chemical (THMC) processes. The investigations of complex flow
process relationships requires both the identification of the relevant fundamental
processes and the quantification of process parameters in the laboratory and the field,
as well as, development and application of prognostic numerical tools. In particular,
linear and non-linear relationships and feedback mechanisms between the processes,
the relative importance of processes and process parameters, as well as the influence
of the large spectrum of spatial and temporal scales on the long-term performance of a
reservoir are a challenge in the investigation and systems quantification.
In spite of the research efforts conducted in geothermal reservoirs, fundamental
multi-physics in fractured subsurface rock under simulated in reservoir situconditions have not yet been completely understood. Laboratory investigation is
usually conducted in high stress and high temperature triaxial tests, but on relatively
small rock samples. Larger sample sizes collected form the reservoir wellbores need
to be considered, taking into account existing and new fractures and geological
variations within samples. Specifically, further research is needed on: 1) stress-strain
behavior in the light of cross-scales rock anisotropy parameters under high stress and
increased temperature contrast between rock matrix and fluid in fractures and pores;
2) impact of the in-situ stress magnitude, contrast and principal stresses rotation on
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rock fracture system and fluid flow in fractures; 3) fluid flow field through
realistically rough, stressed and deformable fracture systems; 4) hydro-thermomechanical effects on fracture propagation and induced seismicity in various
geological conditions.
STRUCTURAL HETEROGENEITIES
Structural heterogeneities of basement rocks are widely present in geo-reservoirs.
For example, at the Desert Peak geothermal field in Nevada, USA, the basement
stratigraphy was found to be complicated by thrust faults and other Mesozoic-aged
faults (Lutz et al., 2010). Decreasing the size of the observed geological rock in
geothermal reservoirs from the reservoir scale towards the laboratory scale, numerous
petrologic effects on mechanical parameters have been previously identified which
cannot be studied on a small lab sample. Some examples include matrix composition,
matrix fabric, pre-existing foliation planes, crystal and clast content, ductile grains
and clays, vein mineralogy and fracture intensity and primary and secondary porosity
(Lutz et al., 2010). Failure criteria of heterogeneous rocks are complicated due to rock
composition. While testing on homogeneous rocks usually results in either elasticplastic or elastic-brittle stress-strain behavior, highly heterogeneous rocks with a
mixture of weak and strong components yield a strain hardening behavior (Bro,
1997). Fracture propagation upper bound depends on the sample size because of the
adjacent crack closure, which occurs before the fracture propagates (Diederichs,
Kaiser, & Eberhardt, 2004).
In order to describe both strain hardening and anisotropic rock parameters, cyclic
triaxial testing is required. During the cyclic testing, hysteresis loops are observed in
stress-strain curves, which correspond to loading-unloading cycles and are associated
with fractures and micro-crack development (Fang & Harrison, 2002). Particularly,
microscopic processes demonstrate initiation, propagation and coalescence of micro
cracks or damage, which eventually forms macroscopic features of a brittle failure.
The character of the obtained non-linear stress-strain curves depends on the
magnitude of the confining pressure in triaxial tests (Fang and Harrison, 2002). After
initiation by the initial flow, the fracture can arrest instead of propagating further into
heterogeneous rock, which questions the applicability of the linear elastic fracture
mechanics principles for reservoir rocks. Particularly, it was observed how cracks
may extend readily through a crystal grain, but cannot continue across the grain
boundary without a significant increase in driving stress or a reduction in confinement
beyond the grain scale (Cho, Ogata, & Kaneko, 2003). Rotation of principal stresses
in rock influences crack propagation, interaction and ultimately coalescence and
failure in numerical models (Diederichs et al., 2004). Four patterns of stress changes
were identified in rock in the vicinity of fractures; the stress orientation rotates
abruptly in the vicinity of fractures; the orientation rotates gradually, breakouts are
suppressed at fractures or lithological boundaries; the orientation does not change
across fractures (Lin, Yeh, Hung, Haimson, & Hirono, 2010). Regions around the
wellbore in georeservoirs fail in a manner which is strongly controlled by the
magnitude and orientation of the in situ stress field, and they can be also used to
identify the in-situ stress field (Zoback, Moos, Mastin, & Anderson, 1985).
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CONCLUSIONS
This white paper highlights several pressing challenges in rock mechanics research
for evaluation of rock performance in deep geothermal reservoirs. Deep geothermal
reservoirs are renewable and sustainable resource for electrical energy production.
However, bringing the overall geo-reservoir permeability to sufficient level for water
re-circulation and electrical energy production from steam is a challenging task.
Besides conventional geothermal reservoirs with sufficient hot water and steam
production, there exist vast unused geothermal potential on Earth which awaits for the
science to provide improved, reliable and feasible rock mass permeability
enhancement techniques. Enhancing and maintaining the permeability of hot rock
mass under high in situ stresses remains a challenge for geotechnical, geological,
geophysical and petroleum engineers. There are many unsolved problems in assessing
rock performance during hydraulic fracturing and long term use, and this white paper
highlights some of the most relevant ones, focusing on multi-physics processes and
structural heterogeneities of rock mass.
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Microstructure-enriched damage and healing rock mechanics
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ABSTRACT: This paper examines models that couple rock microstructure
descriptors (e.g. pore and crack sizes) and macroscopic thermodynamic variables (e.g.
deformation and damage) in order to understand and predict the evolution of rock
microstructural and poromechanical behavior upon chemo-mechanical damage and
healing. A state-of-the-art of continuum damage and healing mechanics is presented,
followed by a review of homogenization schemes commonly used in rock mechanics.
Microstructure enrichment is discussed last.

INTRODUCTION
Rocks are naturally heterogeneous and anisotropic, and present a highly non-linear
behavior under natural or forced tectonic processes. Understanding rock
microstructure evolution and subsequent changes of mechanical and physical
properties is of foremost importance in many geophysical and geotechnical
applications, e.g. modeling and prediction of fault rupture dynamics, optimization of
the geological storage of energy, assessment of the environmental impact of hydraulic
fracturing. Plasticity models and failure envelopes have been used in Earth Sciences
and Rock Engineering for decades, with little emphasis on the scales and orientations
of discontinuities that affect rock macroscopic properties. Thermodynamic equations
of crack propagation and rebonding are formulated at the crystal scale.
Homogenization schemes are based on strong assumptions on microstructure
topology. This paper examines models that couple rock microstructure descriptors
(e.g. pore and crack sizes) and macroscopic thermodynamic variables (e.g.
deformation and damage) in order to understand and predict the evolution of rock
microstructural and poromechanical behavior upon chemo-mechanical damage and
healing.

CONTINUUM DAMAGE AND HEALING MECHANICS
Crack opening. Continuum Damage Mechanics (CDM) provides an efficient
framework to predict deformation and stiffness changes (including anisotropy) from
purely energetic considerations (Krajcinovic 1996; Lemaitre and Desmorat, 2005).
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However, most damage models proposed for porous rocks were designed for
saturated geomaterials and restricted the damage criterion to mechanical tensile loads.
Very few studies include an anisotropic damaged permeability model (Shao et al.,
2005; Maleki and Pouya, 2010). Almost all models proposed for unsaturated porous
media resort to Bishop's effective stress concept (e.g., Bourgeois et al., 2002), which
partially uncouples damage evolution and poromechanical phenomena. Alternatively,
Arson and Gatmiri (2012) formulated an orthotropic thermo-hydro-mechanical
damage model, using independent strain state variables. Rate-independent CDM
models are based on a minimum of two postulates (Collins and Houlsby, 1997;
Coussy, 2010): the expression of the free energy, a damage criterion, plus a
dissipation potential if dissipative flow rules are non-associate (Table 1).
Table 1. Main postulates needed to formulate a rate-independent CDM model.

Crack Closure. The rotation of the principal base of damage induced by crack
closure makes classical CDM frameworks inconsistent (Chaboche, 1992). Most
models proposed for mechanical crack closure are either isotropic, or restricted to
mode I failure (e.g., Ortiz, 1985). Halm and Dragon (1998) formulated a model for
cohesive materials, accounting for the recovery of the shear modulus due to friction.
Bargellini et al. (2006) projected crack displacements on a set of basic tensors of
various orders (discrete formulation).
Crack rebonding. At the scale of a Representative Elementary Volume (REV),
measurements of porosity and permeability can be used to assess clogging due to
precipitation, but only loading and unloading cycles can provide a measure of
potential stiffness recovery by crack rebonding (Gliko, 2005; Fuenkajorn and
Phueakphum, 2011). Recent developments in polymer sciences resort to the crawl
theory to explain molecular interactions involved in complex chemical chains (Wool,
2008). The concept of healing by Diffusive Mass Transfer (DMT) was initially
introduced to model atomic interactions in cracked glass (Wiederhorn and Townsend,
1970), and refers to crack rebonding by the migration of ions in the lattice forming the
solid mass. Numerous studies were conducted at the microscopic scale on halite,
because this natural geomaterial has the ability to heal even in the absence of
impurities (Rutter, 1976; de Boer, 1977; Raj, 1982; Spiers et al., 1990; Senseny et al.,
1992). Phenomenological healing models proposed for salt rock assume that both
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crack opening and closure are time-dependent, which makes it possible to represent
cracking and healing effects by a viscoplastic dilatant deformation (Hunsche and
Hampel, 1999; Chan et al., 2001; Hou, 2003; Lux and Eberth, 2007). Some authors
combined rate- dependent or rate-independent damage and healing variables (Miao et
al., 1995; Barbero et al., 2005; Voyiadjis et al., 2012a,b; Darabi et al., 2012; Ju et al.,
2012). Most damage and healing models are formulated with a “net damage” variable
defined as the difference between the CDM damage variable and a healing variable.
This modeling strategy is ad hoc to model stiffness changes induced by crack opening
and healing, but does not permit the prediction of unilateral effects due to crack
closure (without rebonding). Moreover, the suitability of net damage to predict
damage-induced deformation still needs to be proven: complementary evolution laws
for non-elastic deformation may have to be introduced (Arson et al., 2012).
HOMOGENIZATION SCHEMES
Homogenization and upscaling. Homogenization schemes were proposed to
upscale microscopic gliding mechanisms in granular (Balendran and Nemat-Nasser,
1993) and polycrystalline (Mirkhani and Joshi, 2014) media. For instance, in salt
polycrystals, plastic and viscous deformation result from several fundamental
mechanisms, e.g., dislocation glide, dislocation climb, polygonalization, intergranular slip, dissolution-precipitation. Under stress and temperature typical of
storage conditions, dislocation glide is the predominant mechanism that contributes to
macroscopic salt rock deformation (Munson, 1979; Senseny et al., 1992). Pouya et al.
(2015) used the Hill's incremental interaction model to upscale viscous gliding
mechanisms formulated at the crystal scale and model the viscous behavior of
polycrystalline salt. A review of incremental, secant, tangent, affine and variational
formulations may be found in (Masson and Zaoui, 1999; Masson et al., 2000; Bornert
et al., 2001; Mirkhani and Joshi, 2014). Homogenization schemes allow computing
poro-mechanical properties of rock subject to Thermo-Hydro-Chemo-Mechanical
(THCM) processes (Dormieux et al., 2006; Vandamme et al., 2010; Suvorov and
Selvadurai, 2011). However, increasing the number of physical processes (e.g., porethroat suction, DMT) multiplies the number of scales of observation needed.
Moreover crack connectivity poses the problem of separation of scale, due to
statistical homogeneity requirements. Thus in fracture network theories,
microstructure is often assumed to be periodic for practical reasons (e.g., Pruess et al.,
1990).
Micro-mechanics and fabric tensors. Micromechanics-based damage models
(Deudé et al., 2002; Kondo and Dormieux, 2004; Zhu et al., 2007; Levasseur et al.,
2011) assume that the REV is populated with a distribution of cracks characterized by
a specific shape (e.g., penny-shaped), with a tractable density. These geometric
hypotheses lead to an explicit expression of the strain concentration tensor and of the
free energy of the rock solid skeleton. For pure mode I cracking, the only damage
variable needed to express the energy dissipation associated to the degradation of
elastic moduli is the second-order crack density tensor (Kachanov, 1992), which is a
particular form of Oda's fabric tensor, commonly used in structural geology (Oda,
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1984). Mixed crack propagation modes (inducing a non-zero tangential displacement
at crack faces) require higher-order damage tensors - of at least order four (e.g.,
Cauvin and Testa, 1999). Increasing the order of the damage tensor improves the
compliance of the model to symmetry properties required for the elasticity tensor
(Lubarda and Krajcinovic, 1993). A direct relationship can be established between
fabric tensors and rock stiffness tensor (Cowin, 1985). The key is to choose relevant
microstructure descriptors and probability density functions (pdfs).

MICROSTRUCTURE ENRICHMENT
Microstructure-based permeability models. Several relationships were
established between the permeability and microstructure, including: Models based on
Kozeny-Carman formulas, initially derived to model fluid flow in a bundle of parallel
pipes and modified to account for tortuosity (e.g., Brace et al., 1968; Berryman and
Blair, 1986; Mavko and Nur, 1997; Saar and Manga, 1999); Statistical flow networks
models (Dienes, 1982; Guéguen and Dienes, 1989; Torquato, 1990) which involve the
pdfs of the dimensions, aspect ratios and orientations of geometric elements of the
network (e.g., tubular capillaries, penny-shaped cracks, ellipsoidal pores); Fractal
network models (Tyler and Wheatcraft, 1990; Neuman, 1995; Pape et al., 1999); and
Mechanical homogenization schemes adapted to fluid flow (Kondo and Dormieux,
2004; Chen et al., 2013). Although non-uniform pore arrangement produces
hysteresis in retention curves (Romero et al., 1999; Wheeler et al., 2003; Nuth and
Laloui, 2008), most models that relate capillary pressure to pore size (Van Genuchten,
1980) assume that the pore network is a bundle of pipes of constant cross section,
which are entirely filled with either wetting or non-wetting fluid. Several models were
proposed to predict emergent porosity modes and consequent permeability changes
upon damage propagation (Schubnel et al., 2006; Fortin et al., 2011; Arson and
Pereira, 2013) and to model fracture propagation in a thermo-poro-elastic rock
(Detournay and Garagsh, 2003). However, in continuum mechanics, crack
coalescence can only be accounted for if a sufficient number of groups of connected
cracks are contained in the RVE. In the percolation theory (Stauffer and Aharony,
1994), the characteristic flow path length is postulated, and transitions in flow
regimes can only be predicted if the probability of fluid saturation is known for each
pore or crack.
Non-local damage models. Internal lengths are used to scale the influence of a
variable defined at x on a point located at x+dx In differential formulations, local field
variables are developed in Taylor series (de Borst et al., 1999; Askes and Sluys,
2002). In integral formulations (Bazant and Ozbolt, 1990; de Vree et al., 1995), space
averages are weighted by attenuation functions. Enriched continuum models have
additional degrees of freedom for microscopic translations and rotations (Mindlin,
1964; Germain1973a,b). Microstructure- and gradient-enriched formulations involve
non-physical variables (e.g., third-order tensors), which raises issues for numerical
implementation (Frémond and Nedjar, 1996; Matsushima et al., 2000; Chambon et
al., 2004; Zhao et al., 2005). Non-local models are used to regularize localization
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problems often encountered in damage and plasticity models with softening (Lasry
and Belytschko, 1988; Bazant and Jirasek, 2002). Alternatively, diffusion equations
can be used for deformation and dissipation evolution laws: the diffusion coefficient
is inversely proportional to the square of an internal length parameter (e.g.,
percolation distance for DMT). However, the use of a diffusive creep law for brittleelastic solids can lead to thermodynamic inconsistencies (Turcotte and Scherbako;
2006).

CONCLUSION
The brief literature review above highlights important knowledge gaps. The impact
of the space heterogeneity on damage and healing is not fully understood. Damage
and healing kinetic laws are based on limiting microstructure models. Determining
both the nature and minimum number of independent dissipation potentials is still an
open issue in continuum damage and healing mechanics. The theory of damage and
healing poromechanics is in its infancy; coupled effects of crack opening, closure and
rebonding on stiffness and permeability have not been investigated. Rock
permeability models do not account for anisotropic healing processes. Predicting the
critical sequences of events that lead to pore connectivity is a challenge.
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