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FOREWORD

The critical role of rock mechanics in meeting the U.S. energy demands was
well established long before the Ad Hoc Panel on Rock Mechanics Problems That
Limit Energy Resource Recovery and Development was convened and before the
individual energy-resource areas were reviewed by the Subpanels. All our
fossil energy —oil, gas, and coal —comes from the ground, as does our geo-
thermal energy. Our nuclear-energy resource requires extensive uranium ex-
ploration and mining efforts, and to provide environmentally safe facilities,
substantial efforts to site nuclear plants in suitable rocks and soils must
be made. The safe disposal of the radioactive waste material is also being
limited to some extent by rock-mechanics problems. Our hydroelectric energy
resources require analysis of both rocks and soils for dams and foundations.
National strategic crude-oil storage and storage of other fuels or energy
sources are being paced by our engineering ability to construct economically
and environmentally acceptable underground rock facilities.

In addition to the demands to meet energy needs is the need for environ-
mentally acceptable methods. Rock mechanics plays a key role in achieving
the compromises that will be made —for example, strip mining of coal as
opposed to underground mining or geothermal-energy extraction with acceptable
subsidence rather than unacceptable subsidence.

The experts who composed the Panel on Rock Mechanics Problems That Limit
Energy Resource Recovery and Development have concluded that rock-mechanics
problems critically limit energy-resource recovery and development. In some
areas breakthroughs are required. In some situations the rock mechanics prob-
lems pose technical restraints that cannot be overcome at any cost, and in
others they pose only serious financial constraints. Little research that
would lead to these breakthroughs was found to be under way.

Within industry, rock mechanics is sometimes regarded as the micro-
mechanics of rock deformation or possibly somewhat more broadly as the mechan-
ics of rock behavior. The fact remains that rock mechanics, even in its ap-
plication, is a means to the end not the end product. For this reason, this
step in the solution of problems will not receive the direct attention that
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would be given to the end product. Rock-mechanics research to advance the
state of the art is difficult for industry to justify because the time re-
quired to recover research investments is so long. The efforts that are being
made by industry are spotty and are most likely to be site- and problem-spe-
cific. Rock-mechanics programs are expanded and contracted with current,
specific problems for the company involved.

For U.S. Government-funded programs, mission agencies view rock mechanics
in a manner similar to that of industry. The immediacy of specific problem
solution would generally tend to preclude a deliberate attempt to advance the
state of the art. Federally supported rock-mechanics programs would probably
be site-specific, just as they are for industry. The National Science Founda-
tion engineering and excavation programs, and very limited budgets within some
mission agencies, are devoted primarily to rock mechanics research; even these
programs tend to fluctuate with the requirements of more immediate national
needs.

Because rock mechanics is not an end product but a means of moving toward
the final solution of a problem, applying the necessary resources to achieve
breakthroughs requires a concentrated effort by both industry and government.
Many members of the Panel considered that the lack of a coordinated and con-
stant effort in the field of rock-mechanics research could seriously hamper
future energy-resource recovery in the United States. The Panel suggests that
this research be given high priority by industry and government.

Sidney J. Green, Chairman
Panel on Rock Mechanics Problems That
Limit Energy Resource Recovery and Development
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PREFACE

The Ad Hoc Panel on Rock Mechanics Problems That Limit Energy Resource Recov-
ery and Development was created within the U.S. National Committee for Rock
Mechanics of the National Research Council. Its purpose was to define limita-
tions imposed by rock-mechanics problems on energy-resource recovery and de-
velopment and to recommend promising research that will help to remove those
limitations. The Committee, in formulating the Panel's role, arranged for
communication with supporting government agencies and developed a plan for
selected Subpanels.

A briefing was given in June 1976, primarily to government agencies, to
present the planned activities of the Panel. A Steering Group was formed,
which selected nominees for the Subpanels. These nominations were submitted
to the National Research Council for appointment of members. Six Subpanels
were established to deal with specific energy resource and development areas:

Geothermal Energy Exploration and Production

Mining and In Situ Recovery

Nuclear-Waste Disposal

0il and Gas Recovery

Underground Storage —Fuel 0il, Gas, Water, or Compressed Air
Under-Ocean Tunneling for Petroleum Recovery

The first five Subpanels deal with energy resources that are of current,
immediate interest and application. The sixth Subpanel represents a response
to advance a high-potential energy-recovery method. Because no other forum
has openly addressed this recovery method, the opportunity and need existed
for this Subpanel to study this method broadly.

The Panel Chairman presented the Subpanel Chairmen and members with the
following guidelines:

e Take a broad view of the subject.
® Address the near-term—five years and less —problems in detail and the
intermediate and long-range problems to the extent possible.
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e View rock mechanics as geotechnical or geomechanics, not in any sense
a limited micromechanics interest.

o Characterize each energy resource from exploration to utilization.

e Define the limitations.

e Detail the nature and extent of the limitation.

® Recommend broad research, development, demonstration, test, or evalu-
ations to help remove the limitations.

The members selected represented experts in a wide range of disciplines,
ranging from rock micromechanics to management and program planning. The
diverse talent and interests offered an excellent opportunity for exchange of
information among the participants, who represented industry, universities,
and government; hence the exchange of information covered an unusually broad
area of interest.

Each of the Subpanels established an overview of its particular energy
resource, defined the rock-mechanics-related limitations, and made practical
recommendations to help to remove these limitations. This information is in-
cluded in the individual Subpanel reports.

The complete Panel met in Washington, D.C., on January 13-15, 1977. The
individual Subpanels subsequently submitted their reports, and a Summary and
Conclusions were later developed to complete the report.

It should be noted that neither nuclear-power-plant siting nor seismic
risks in general were included in the Panel effort because another National
Research Council committee has been formed to address these areas. This Panel
report will, however, provide backup information on specific rock-mechanics
problems to this committee,
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SUMMARY AND CONCLUSIONS

SIGNIFICANCE OF ROCK-MECHANICS PROBLEM LIMITATIONS

Many rock-mechanics problems are of great importance in the nation's striving
for energy independence and critically limit energy-resource recovery and de-
velopment. These problems cause limitations that adversely affect our capa-
bilities to locate, evaluate, recover, and store energy resources, For
example, our inability to predict porosity and permeability of rock masses, in
8itu in their natural states or modified by processes such as hydrofracturing,
has adverse effects on many energy recovery and storage activities. Investi-
gators have estimated! that brown shales of the Eastern Devonian-Mississippian
basins, tight sands of the Uninta, Green River, San Juan, and other Western
basins, geopressured tight sands of the Gulf Coast, and Eastern and Western
coals contain an amount of methane gas 200 or more times the amount of natural
gas produced in the United States during 1975. Efforts are urgently needed to
develop effective means for producing gas from these sources, which are at
present underdeveloped.

Similarly, our inability to predict porosity and permeability of rock
masses and to map fracture patterns and faults hampers the evaluation of geo-
thermal reservoirs and the design of systems for recovering and utilizing geo-
thermal energy. Current estimates of the nation's total geothermal resource
base? in natural steam, hot water, hot dry rock, and geopressured and normal-
gradient reservoirs indicate a potentially accessible source of energy several
times greater than our total oil and gas resources. The rock-mechanics tech-
nological problems in evaluating the geothermal reservoirs and in improving
their permeability require urgent attention.

1Board on Mineral Resources, NRC Commission on Natural Resources, 1976. Nat-
ural Gas from Unconventional Geologic Sources. National Academy of Sciences,
Washington, D.C.

2D,E. White and D.L. Williams (Editors), 1975. Assessment of.Geothermal Re-
gources of the United States —1975. U.S. Geological Survey Circular 726,
Washington, D.C.
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Prediction of porosity and permeability and mapping fractures of rock
masses in gitu are also key factors in nuclear-fuel utilization and in energy
storage underground. Finding suitable depositories for very-long-term con-
tainment of radioactive wastes is dependent on accurate evaluation of migra-
tion of fluids through rock and development of methods to monitor fluid flows
in environments in which the effects of high temperatures, stress states,
fracture patterns, and chemical changes are unknown.

In situ recovery of energy from coal and oil shale is dependent on estab-
lishing relatively homogeneous porosity and permeability in producing zones.
Without this technical development in rock mechanics, in situ energy recovery
from coal and oil shale will not be possible, either technically or economi-
cally.

Also, much more must be understood about techniques for fragmenting rock
in both drilling and excavating systems. Substantial savings of time, energy,
and overall drilling and excavation costs probably can be achieved through a
more complete understanding of rock-fragmentation processes. More information
is needed concerning the influence of in situ stresses, pore-fluid pressure,
jointing and joint orientation, and physical properties (including thermophys-
ical and thermomechanical) of the rock materials on the effectiveness of the
drilling or excavation system.

The method of recovering oil and gas offshore (particularly in the Arctic)
by tunnels and chambers will not be utilized until the uncertainties of tun-
neling advance rates, of underground opening stability, and of underground
oil-well drilling and production safety are significantly reduced. These are
only some samples of existing rock-mechanics problems that were examined and
that the Subpanel reports discuss in detail.

SUBPANEL CONCLUSIONS

The six Subpanels (Geothermal Energy Exploration and Production, Mining and In
Situ Recovery, Nuclear-Waste Disposal, 0il and Gas Recovery, Underground Stor-
age, and Under-Ocean Tunneling) deliberated independently and made overall
assessments of limitations related to rock mechanics in each of the resource
areas. The Subpanels concluded that rock-mechanics problems critically limit
energy-resource recovery and development in many areas. The most serious of
these limitations cited by the Subpanels are as follows:

Geothermal Energy Exploration and Production

® Problems in identifying, characterizing, and evaluating potential geo-
thermal energy sites —barriers to economic development of these resources.
Needed are further developments of down-hole active and passive logging tech-
niques, further development of surface geophysical techniques, determination
of temperature effects on physical properties of reservoir rocks, and develop-
ment of both equipment and interpretation techniques for site evaluations.

e Understanding of the mechanics of artificial fracturing. Improved
techniques are needed for determining the reservoir-site in situ stress field,
predicting results of thermal fracturing, and mapping fracture zones.

e Understanding compaction and thermal mechanics. More development is
needed on theories of rock behavior at elevated temperatures, at high stresses,
and at high pore-fluid pressures, of fluid flow in fractured rock systems, and
of models for fractured rock response.,
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e Characterization of recharge capacity in wet geothermal areas. Tech-
niques are needed for identifying recharge areas and for investigation of re-
charge mechanisms,

e FEvaluation of envirommental impacts. Much more understanding is
needed of the effects of in gsitu stresses, fluid pressures, and temperatures
on seismic activation and subsidence mechanisms.

Mining and In Situ Recovery

® Problems of permeability control and roof control for in situ energy
recovery from coal, oil shale, and tar sands. Needed are techniques to evalu-
ate effects of elevated temperatures on sedimentary rock, effects of high
loading rates in the explosive range, effects of stress and temperatures on
permeability, and behavior of the residue.

® Remote sensing and modeling capabilities. Further development of
radar, seismic, and other geophysical remote-sensing techniques and improved
modeling techniques are needed to increase the efficiency and profitability of
commercial-scale operations.

e Drilling and remote-control equipment. Significant improvements in
equipment can be expected in the next 5 to 10 years if rock mechanics is ap-
plied toward improving the effectiveness of such equipment.

Nuclear-Waste Disposal

e Prediction over long time periods of the movement of fluids in rock.
More understanding is needed for the thermomechanical, time-dependent proper-
ties of rock masses.

o Identification and description of fracture zones, fracture networks,
and anomalous inclusions. Fracture mapping techniques are needed.

® Characterization of waste-disposal sites. More development is needed
of methods and equipment for measuring rock-mass properties, in situ stress
states, thermal loads, and groundwater regimes.

e Validation of design analyses and procedures. Problems of scale, in-
terpretation of laboratory test results, constitutive-relation model develop-
ment, and thermomechanical analysis urgently need attention.

e Site monitoring capabilities. Strategies and instrumentation must be
developed for monitoring in situ changes over long periods of time in adverse
environments.,

0i1 and Gas Recovery

® Reservoir storage and delivery characterization. Basic studies are
needed on porosity, permeability, and ductility variation with depth. Rugged
high-temperature, high-pressure logging devices are required for down-hole
measurements, Also, less expensive coring techniques and core analysis meth-
ods need to be developed.

e Improved drilling capability. Better tools, more thorough understand-
ing of the fracture mechanics of fluid-filled rocks, and means of alleviating
high hydrostatic pressures at the bottom of the drill hole are needed.

® More effective reservoir recovery. Improved techniques for in situ
stress determination well away from a borehole would significantly advance
reservoir exploitation by hydraulic fracturing.

® Safe Arctic drilling. More needs to be known of the mechanical prop-
erties of ice and permafrost.
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Underground Storage —Fuel 0il1, Gas, Water, or Compressed Air

® Site characterization. Improved down-the-hole tools are required for
better evaluation of iZn situ stress at depth and of characteristics at a dis-
tance from the exploration borehole.

e Containment evaluation and assurance. Predictive tools are needed to
assess hydrogeology as are improved grouting materials applicable in a wide
range of temperature conditions and better analytical understanding of water-
injection curtains for containment.

® Seismic response. Analytical and test data should be developed to
assure integrity of underground storage facilities under earthquake conditions.

e Stability of solution-mined chambers in salt., Studies are needed of
salt properties and variation of these properties with temperature.

Under-Ocean Tunneling for Petroleum Recovery

® Behavior of permafrost. Experiments are needed to define cutting
rates, creep, subsidence, heave, and similar effects when tunneling in perma-
frost and through its interface with unfrozen rock,

® Heat control. Studies are necessary to determine how heat can be
managed during both tunneling and long-~term facility operations in permafrost
and ice,

® Muck removal. Potential problems associated with refreezing of perma-
frost cuttings and rubble must be solved.

e Safety., Existing hardware must be modified and systems adapted for
safe operations for both personnel and equipment. Alternative escape systems
also need to be developed.

PRIORITY RESEARCH NEEDS

In determining the limitations imposed by rock-mechanics problems in each of
the energy-resource areas, the independent Subpanel deliberations produced
common rock-mechanics research needs. It is particularly significant to note
that the research needs for the individual areas overlap considerably. The
methodology, the techniques, even the researchers needed to advance the state
of the art are common to the various energy-resource areas. The breadth of
the research necessary, however, is great. Physics, mechanics, engineering,
geology, and geophysics must all be combined to remove the limitations imposed
by rock-mechanics problems on energy-resource recovery and development.

Broad overall research needs are summarized here, with emphasis on common
research of primary importance in the different energy-resource areas:

» Research to determine and predict porosity, permeability, and fluid
flow in situ

» Research to develop better methods for determining and obtaining shal-
low and deep in situ stresses

» Research to improve the ability to map fracture patterns, particularly
major fractures and faults, at depth

» Research to improve the understanding of rock-fragmentation processes
for increasing the effectiveness of drilling and excavation systems

» Research to increase understanding of the relation of laboratory-
measured quantities to in situ conditions

> Research to provide the thermophysical and thermomechanical properties
of rock, including fractured rock
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In terms of total U.S. research and development expenditures, relatively
little is being spent on rock-mechanics research in the United States. Be-
cause rock mechanics is not an end product, and the time required to recover
research investments is so long, industry, with its limited resources, will
concentrate on more immediate problem solving. Government mission agencies
are under many of the same problem-solving constraints as industry. A con-
centrated effort is needed to provide and maintain research support eventually
to achieve the needed improvements in energy-resource recovery and development,

The Panel emphasizes that it was organized and directed to define rock-
mechanics related limitations in energy-resource recovery and development and
to recommend broad research to overcome these limitations. The Panel took
only the initial steps that are required to develop the detailed research pro-
grams to conduct the high-priority research outlined above. A more detailed
analysis of research under way and future opportunities in each of the above
research areas, providing cost estimates, time schedules, milestones, labora-
tory and field programs, demonstrations, and verification efforts would con-
siderably assist program managers and researchers. Another effort by a panel
of somewhat different composition would be desirable to develop this informa-
tion, '
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1
GEOTHERMAL ENERGY EXPLORATION AND PRODUCTION

T. William Thompson
Subpanel Chairman

INTRODUCTION

The exploitation of geothermal energy involves tapping the heat energy stored
in the earth's crust. Hot rocks can always be found at some depth, but drill-
ing and production costs and complexity limit the economic development of this
energy source to areas where high temperatures are found near the surface.
Localized upward displacement of isotherms can occur in areas of high-conduc-
tivity rocks, where near-surface rocks form an insulating blanket or where
upward migration of molten rock, or hot waters, heats the upper strata. Many
classical geothermal areas occur in areas of known volcanic or tectonic activ-
ity, where surface manifestations have led to the discovery of geothermal
reservoirs.,

In any geothermal area the mode of exploitation is dictated by the
nature of the resource but always involves the removal of heat to the sur-
face, where it may be used directly or converted to other forms of energy.
Two major types of geothermal resocurce can be identified: resources where
the rocks contain hot fluids in sufficient quantities to act as the heat-
transfer medium (Figure 1.1), and those where the hot rock is essentially
dry (Figure 1.2). The first type includes hot water (hydrothermal) and
steam reservoirs. There is a gradation between these two kinds of reser-
voir and the type may change during fluid production, as pressure and tem-
perature changes lead to phase changes of the reservoir fluid. By contrast
the second type includes those resources where fluid is either absent or
present in quantities too small to allow direct extraction of heat energy.
This is the class of resource, commonly referred to as 'hot dry'" rock, from
which heat must be extracted by injecting fluids. A third type of resource,
allied closely to the first, is geopressured geothermal reservoirs in which
the high-temperature fluid is at elevated pressure. These are less common,
but are found in the sediments around the Gulf of Mexico, where they form a
potentially important source of energy.

From the standpoint of rock mechanics, geothermal reservoirs may be di-
vided into nonporous, which will always be hot-dry reservoirs, and porous,
the latter class being further divided into reservoirs where the porosity is
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FIGURE 1.1 Schematic illustration of a steam-dominated

hydrothermal geothermal system.
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FIGURE 1.2 Schematic illustration of the hot-
dry-rock geothermal energy-recovery method.

primarily due to fractures and those where the porosity is mainly intergran-
ular. This report concentrates mainly on the fractured porous and the non-
porous hot-dry-rock resources, because the problems associated with nonfrac-
tured porous resources are largely extensions of those associated with the
exploitation of hydrocarbon reservoirs, which fall into the subject area of
another subpanel. Nevertheless, many of the problems outlined in this sec-
tion do apply to this class of resource.

Until recently, rock mechanics, in its restricted sense, has not been
widely recognized as a major contributor to geothermal energy exploitation.
However, continuing development has focused a need for better understanding
of the mechanical behavior of producing fractured and nonfractured reservoirs.
Specific knowledge is needed of the interaction of pore-pressure changes and
compaction and of the potential effects of compacting reservoirs on subsur-
face subsidence. An understanding of fracture mechanics is integral to the
development of non-porous, hot-dry-rock resources. In a broader sense, a
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detailed knowledge of the physical and mechanical properties of rock masses,
and their dependence on environment, is critical to the search for and eval-
uation and development of geothermal resources. Our present understanding
of these areas is limited, particularly in the temperature and stress re-
gimes applying in geothermal reservoirs.

In considering the recovery and development of geothermal resources
the Subpanel concluded that the major overriding limitation caused by rock-
mechanics problems was the basic lack of understanding of their geology,
geophysics, and mechanics. All phases of recovery of these resources, from
exploration and evaluation to production and environmental impact, require
a suitable conceptual and theoretical model for the reservoir. Part of the
problem in identifying and refining these models lies in the complexity of
natural rock systems and the gross heterogeneity of fractured rocks; part
is the inability to gather more than highly localized data in a system
buried under thousands of feet of rock. Other limitations are due to the
technological problems of manufacturing sensing and production equipment to
operate under the hostile environment of a geothermal reservoir. Although
not strictly rock mechanics, this area is related to rock mechanics and is
of sufficient importance to warrant inclusion in this discussion. These
limitations will be considered in greater detail later.

Although many of the basic limitations are currently subjects of re-
search, this research is sporadic, deals with small areas, and is generally
insufficient to produce the necessary large-scale resource development.

The basic recommendation, therefore, is that a coordinated and expanded re-
search effort should be initiated in this area. Although the major limita-
tions on the development of known and proven resources lie in the areas of
production and development technology, the lack of full understanding of
the geology and mechanics of these systems will severely limit the timely
identification and development of new geothermal resources in the future
and the development of known sites to full potential. The complexity of
these characteristics will dictate intermediate to long-term research pro-
grams, and it is recommended that these should be initiated as soon as
practical.

Given the imperfect basic understanding of many aspects of the geology
and mechanics of geothermal reservoirs, detailed projection into the inter-
mediate and long term is a hazardous, but necessary, exercise. It is
strongly recommended, therefore, that many of the major research and devel-
opment areas should be the subject of preliminary feasibility studies.
These feasibility studies could be of one- or two-year duration, and could
be fairly low-budget items aimed at assembling all relevant current knowl-
edge and pointing the way to the research necessary to remove the limita-
tions.

Finally, the Subpanel strongly urges the continuation of interest and
research effort into geothermal energy exploitation and development. Given
sufficient effort to overcome the various problems, whether caused by geol-
ogy, rock mechanics, or limitation in surface technology, geothermal re-
sources form a potentially massive energy base whose exploitation would be
environmentally acceptable.
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ROCK MECHANICS LIMITATIONS IN GEOTHERMAL ENERGY EXPLORATION AND PRODUCTION

In view of the broad and diverse nature of the subject and the limited time
available, it was thought to be neither possible, nor advisable, to detail
completely the areas in which research is required. Thus the area of com-
paction mechanics, for example, has been identified as causing major limi-
tations without detailing many of the problems and limitations that make

up that area. To avoid inadvertent omissions the subject has been divided
into six sections, each covering one phase of geothermal recovery, and each
treated roughly in the same order as would be followed in resource develop-
ment and exploitation: exploration, evaluation, drilling, stimulation,
production, and environmental impact. These divisions are somewhat arbi-
trary and overlap in some areas, but they clarify the situation for the
reader.

Exploration
Problems affecting exploration include the following:

e Imperfect characterization of geothermal resources in terms of
exploration parameters

e Limited experience in applying deeper-sounding geophysical
techniques such as deep-sounding magnetic and magnetotellurics to the
identification of geothermal resources

e Lack of detailed knowledge of the effect of temperature on the
physical, particularly electrical, properties of rocks

e Poor interpretive ability for detailed deep-sounding geophys-
ical surveys

The search for commercial geothermal reservoirs depends mainly on the
ability to recognize localities where high temperatures occur near the sur-
face over an area sufficient for economical exploitation. Techniques exist,
and are being perfected, that could be useful in obtaining this data on a
regional basis. There is a growing understanding of the geological setting
for potential geothermal sites, and existing geophysical techniques could
be used for regional exploration. There remains, however, a need for better
geological characterization of geothermal sites while potentially useful
geophysical techniques are still in their infancy, particularly from the
standpoint of interpretation.

For the regional identification of gross high spots, the use of deep
magnetic techniques shows promise in identifying the depth of the Curie
peint, and hence in determining regional trends of this isotherm. In a more
localized setting, magnetic, electrical, and particularly magnetotelluric
techniques have a potentially significant role in exploration. These tech-
niques suffer from imperfect knowledge of the dependence of rock properties
on temperature and from poor characterization of geothermal sites. These
shortcomings lead to limitations in interpreting data.

These techniques should be subjected to further research, and others
should be sought and developed. This search should concentrate on techniques
with a capability for deep surveying. Techniques that identify only surface
abnormalities, or that identify only the first hot zone, are considered to
be of limited application.
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Evaluation

Barriers to successful evaluation of geothermal resources include the
following:

e Inadequate down-hole techniques for characterizing the rock away
from the boreholes

o Inadequate characterization of fractured formations

¢ Imperfect understanding of the mechanics of recharge and poorly
developed techniques for identifying and tracing recharge in wet reservoirs

e Lack of down-hole instrumentation for heat-flux and conductivity
measurements

e Absence of electronic components capable of sustaining high temper-
atures for reasonable periods

e Lack of high-temperature resistant synthetic materials for use in
down-hole tools

The first stage in the evaluation of a geothermal resource would be
intimately connected with the later stages of exploration, and many of the
same techniques and limitations would apply. Improved early evaluation is
a natural fallout from research into exploration techniques, particularly
that research aimed at understanding the temperature dependence of rock
physical properties and the measurement and interpretation of these proper-
ties at the surface.

In down-hole measurements, adequate techniques are not available for
identifying and characterizing fractured rock systems or any rock systems
away from the immediate vicinity of a borehole. Several techniques might
help. These include passive seismic monitoring, precise down-hole gravi-
metric surveys, and hole-to-hole sonic and electrical methods. A study of
the relation of surface or regional structures and the down-hole determina-
tion of the primitive-stress-field orientation could help significantly.
Advances in these techniques would help to evaluate and manage sites now
under development.

From the standpoint of down-hole technology, the main limitations are-
the poor high-temperature stability of electronic components and of synthet-
ic materials used in down-hole tools. Many of the electronic problems can
be and are being solved in the short term by the development of protected
packages; eventually these problems will be overcome by the development of
high-temperature stable components. Similarly the problems caused by syn-
thetic material breakdown at high temperatures should be overcome with the
continuing advance of this technology.

Further limitations were identified in the characterization of recharge
for hydrothermal or steam reservoirs. Knowledge of recharge potential and
areas will be essential in evaluating the availability of hot fluids and in
the rational use of reinjection. Techniques currently under investigation
to help in this characterization are based mainly on conventional hydrology
and on the sophisticated analysis of water chemistry. These techniques, how-
ever, are not yet well understood, nor is their application to geothermal
resources. This situation constitutes a major limitation to successful eval-
uation and management of existing reservoirs.
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Drilling
The problems of successful drilling are as follows:

e Temperature limitations on drilling equipment

e Scarcity of high-temperature lubricant-mud additives for low-
pressure high-loss zones

e Underdeveloped technology for temporary sealing of high-loss
fracture zones

Drilling technology, in itself a wide field that continues to receive
much attention, has been the subject of similar workshops. Many of the
limitations identified in drilling geothermal reservoirs are not specific
to geothermal energy, and most would be solved by an evolutionary rather
than a revolutionary process; in any case, they are dealt with more compe-
tently in other forums. For these reasons, no limitations have been
specifically identified other than those peculiar to geothermal energy.

Stimulation
Hydraulic Fracturing
Rock-mechanics limitations to hydraulic fracturing are as follows:

e Imperfect understanding of the detailed mechanisms and controls
for hydraulic fracture propagation

e Lack of effective techniques for mapping fractures

e Lack of suitable high-temperature proppant-carrying fluid

Hydraulic fracturing is a critical component in the development of un-
fractured hot-dry-rock resources. In this development, fractures are used
to establish a connection between two or more boreholes, which requires an
ability to predict fracture orientation and geometry, and to determine these
parameters after fracturing. It is known that fracture propagation will be
controlled by the stress field and by lithology, but little is known of the
interrelation of these controls, and propagation in complex natural lithol-
ogies cannot be predicted. Even if these factors were understood, the
limits imposed by reservoir characterization and in situ stress measurement
would hamper their application. So far, despite considerable research, no
successful techniques are available for mapping these fractures after their
production.

These factors form a major limitation on the economic development of
impermeable geothermal resources. Several different approaches to the
problem are needed, including a basic theoretical and experimental study of
fracture mechanics in natural geological materials under various states of
stress, a study of the relation between major structural trends, the in situ
stress and artificially induced fracture geometry, and a continuation of the
studies of various geophysical techniques for fracture mapping.

The whole area of defining fracture propagation and of mapping fractures
is difficult and complex, and it is imperative that a considerable, long-
lasting research effort be made to remove the major limitations imposed by
the current state of the art.
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Other less extensive problems are the lack of suitable high-tempera-
ture tools, such as impression packers and borehole televiewers, for
mapping fractures at the borehole, and the absence of suitable high-
temperature carrying fluids for proppants. These problems are being ad-
dressed, and the work will probably continue under the impetus of current
site requirements.

Exotice Fracturing
Progress is affected in particular by the following:
e Poor understanding of thermal cracking in geological materials

A technique such as thermal cracking will be essential for full de-
velopment of a hot-dry-rock resource, because it will increase the volume
of rock contacted by the heat transfer fluid. A general lack of informa-
tion and understanding of the detailed development of these fractures exists.

Other exotic fracturing techniques that may be applicable to geother-
mal development are the electrical and explosive methods. Electrical
methods may be useful in the development of controlled-fracture initiation.
Although these methods could be of use in geothermal developments and should
be monitored, they must take low priority as far as research support in this
area is concerned. Explosive fracturing has possible application in the
development of extensive-volume fracturing and in connecting blind holes
to natural fracture systems, but this technique is limited by the problems
of developing explosives for use at the high geothermal temperatures and
characterizing the fracturing produced. The desired results could probably
be achieved in most cases by combinations of hydraulic and thermal fractur-
ing, and for this reason explosive fracturing was assigned a low priority.

Chemical Stimulation

Although certain problems are identified in chemical stimulation, these are
considered to be highly site-specific and to have limited overall impact.
The limitations identified, therefore, are not considered to be applicable
to the overall geothermal program, nor are they thought to be severe.

Production
The following are limitations to production of geothermal energy:

e Imperfect understanding of compaction mechanics of porous rocks
and techniques to predict the behavior of these rocks when subject to
varying pore pressures and temperatures

o Imperfect understanding of flow behavior in fractured reservoirs
and the dependence of this on compaction and temperature

e Lack of monitoring instruments

The gross behavior of porous unfractured strata under varying pore
pressures and temperatures is not completely understood. In fractured sys-
tems, even less is known, and flow characteristics are not well understood.
The understanding available tends to be based on oversimple assumptions and
to be restricted to isothermal and normal temperature conditions. The
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solution of these problems is essential to the controlled operation of a
geothermal reservoir and requires a major, long-term research effort in
the theoretical area, in the laboratory, and in the field.

Durable instruments, capable of monitoring production, need to be
developed. Some of these instruments will be used to monitor pressure,
flow rate, and temperature. Current techniques and instruments need up-
grading to withstand the hostile down-hole environment. Others should be
developed for monitoring conditions within the reservoir, particularly
changes in water/steam horizons and recharge areas. In this latter group,
considerable research is needed in developing techniques to be applied to
both down-hole and surface instruments.

Environmental Impact

Knowledge of the environmental impact of geothermal development is re-
stricted by the following:

e Very limited understanding of subsurface- and surface-subsidence
mechanisms

o Inadequate understanding of seismic-hazard potential resulting
from production and reinjection

e Lack of understanding of the impact of reinjection on the envi-
ronment and on production in terms of physical, chemical, and mechanical
changes

The boundary condition for subsidence will be reservoir volume changes
induced by production, reinjection, and temperature changes. An adequate
understanding of the compaction mechanics of the reservoir rocks is there-
fore an essential prerequisite for subsidence evaluation. Even with this
knowledge, little is known about the behavior of the rocks overlying a com-
pacting reservoir, particularly in areas where fault activation may lead to
discontinuous subsidence. These gaps in present knowledge constitute a
serious environmental limitation to geothermal production.

In view of the tectonically active localities of many potential geo-
thermal developments, the imperfect understanding of the relations of fluid
pressures to earthquake activation creates a major limitation, particularly
where reinjection is contemplated.

Summary

The limitations identified in the preceding subsections fall into two dis-
tinct groups: the strictly rock-mechanics or geoscience-based limitations
and those that are esentially technological with a strong bearing on rock
mechanics in the broad sense. The limiting areas, and their relevance to
different types of geothermal reservoirs, are summarized in Figure 1.3.

RESEARCH PROGRAM
General Recommendations
Although many of the most urgent problems in geothermal development are not

concerned with rock mechanics, timely and extensive future development will
require a much better understanding of the mass behavior and properties of
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FIGURE 1.3 Relation of the various limitations to different classes of geothermal reservoirs.
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geothermal reservoirs and the overlying rocks. The current level of knowl-
edge in this area and the complexity of the problems involved demand a major
research effort.

Assessing priorities for the various programs is difficult. Geothermal
energy covers a wide range of rock types and production problems. Some pro-
grams are clearly most urgently needed in certain areas. In considering the
limitations to the overall geothermal program, all rock mechanics research
areas demand equal priority, whereas the various peripheral technological
areas are of limited priority in the current study. They are undoubtedly
important to the total geothermal effort but embrace research and develop-
ment programs limited in nature, outside the area of the geosciences, and
likely to be solved outside the geothermal program. These technological
problems should, nevertheless, be kept in mind and their solution encouraged.

The Subpanel makes the following general recommendations:

® A comprehensive research program should be initiated immediately,
for the purpose of removing the rock mechanics limitations to future geo-
thermal development. This program should be initiated and continued with
medium effort over a long period rather than with great effort for a short
time. '

e The program should be carried on in diverse research localities and
by researchers with diverse backgrounds but with careful coordination by
some central body.

e Adequate dissemination and interplay of the various research areas
should be carried into other overlapping subject areas.

e Development in the various peripheral technological areas should be
encouraged to improve down-hole techniques and equipment as soon as possible.

Specific Recommendations for Research

With these general purposes in mind the following specific research programs
are recommended; the programs are divided into five major areas each con-
taining several related programs. No priority is implied in the order of
these programs. In certain programs an initial feasibility study is recom-
mended. This study is envisaged as a one- or two-man-year, low-cost study,
to define the state of the art in one particular area and to identify and
evaluate the most promising lines of research.

Characterization, Identification, and Evaluation of Potential Geothermal Sites

o The characterization of the geological setting of commercial geo-
thermal sites and the isolation of geological indicators that may help to
identify future sites.

® An investigation of the influence of temperature on the physical
properties of rocks from geothermal areas, particularly those properties that
may apply to geophysical prospecting techniques.

e The development of geophysical techniques capable of identifying and
characterizing geothermal sites, including development of both equipment and
interpretation techniques. This program should be preceded by a feasibility
study and should be closely related to the previous program.

e The application of existing and new geophysical techniques to geo-
thermal sites, directed initially toward gaining experience in the use of
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present techniques and later toward evaluating techniques developed in the
preceding program,

e The identification and development of down-hole passive and active
logging techniques for the characterization of formations away from the
immediate vicinity of the borehole, particularly in fractured reservoirs.

Characterization of Recharge in Wet Geothermal Reservoirs

e The investigation of recharge mechanisms by hydrological and geo-
logical interpretation methods and by flow studies.

e The development of techniques for identifying recharge areas and
geothermal fluid provenance. This development should be preceded by a
feasibility study.

The Mechanics and Characterization of Artifictal Fracturing

® An investigation of the influence of stress and lithology on fracture
propagation and orientation and the development of mathematical techniques
for predicting this influence.

® An investigation of known geological structures as possible indica-
tors of preferred orientations or induced fractures.

e The development of techniques for determining the down-hole triaxial
stress field.

e The development of techniques to be used for mapping fractures. This
development should be preceded by a feasibility study.

® An investigation of thermal fracturing in stressed rocks and the de-
velopment of mathematical techniques for predicting this.

Compaction, Thermal Mechanics, and Flow Studies

o The evaluation of existing theories for the behavior of porous rocks
under elevated and varying pore pressures and temperatures, upgrading and
extension of these theories, and development of new models where necessary.

o The development of theories and models for the behavior of naturally
fractured rocks under elevated and varying pore pressures and temperatures.

® An investigation of fluid flow in natural fracture systems under-
going compaction and the development of theory and models to predict this
flow.

Environmental Impact Studies

® The development of models for the behavior of rock masses above com-
pacting reservoirs, including those where fault activation is possible. The
models are to be based on data for rock properties and are to be evaluated
against known areas of subsidence.

® An investigation of the effect of fluid pressures and of temperature
on seismic activation in geothermal areas, with particular reference to
reinjection. '

CONCLUSIONS

Limitations imposed by rock mechanics on geothermal development have been
identified in the areas of exploration, evaluation, drilling, stimulation,
production, and environmental impact. These limitations arise from major
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gaps in the present understanding of the nature and mechanics of geothermal
reservoirs, together with some peripheral problems in technology caused by
the hostile environment in a geothermal reservoir.

These limitations do not form absolute barriers to the current develop-
ment of geothermal resources, but they will severely curtail future develop-
ment. They form absolute limitations to the rapid, economic, and efficient
development of a major, environmentally acceptable source of energy to its
full potential.

The Subpanel recommends that a medium-level, long-term research pro-
gram be initiated immediately to start to determine many of the unknowns in
geothermal-resource exploration and production. Although this program
should draw on diverse research talents, it should operate as an integrated
unit by central coordination. The program should include concurrent efforts
in the areas of site characterization and identification, recharge charac-
terization, fracture propagation and orientation, compaction and thermal
mechanics, fluid flow in fractured media, and subsidence and seismic hazards
evaluation. Development of down-hole equipment and techniques capable of
withstanding the harsh geothermal environment should also be encouraged.

In summary, geothermal energy forms a potentially massive resource for
this nation, but the nature and mechanics of the reservoirs are poorly
understood. It is imperative that this imperfect understanding be subjected
to a large, well-coordinated research program now, if this resource is to
reach its full potential in the future.
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MINING AND IN SITU RECOVERY

Hilmar A. Von Schonfeldt
Subpanel Chairman

INTRODUCTION

The objective of this Subpanel was to determine rock-mechanics limitations
to mining and in 8itu recovery of energy resources. These limitations are
defined as barriers that prevent a successful and economic recovery of our
energy resources. Although economic issues were not discussed, it was un-
derstood that technology and economics are inseparable.

The potential contributions of rock mechanics in conventional mining
are still not fully recognized. They fall into the areas of safety, eco-
nomics, and conservation. Such contributions will be more cost-effective
than any advances in in gitu mining technology for at least the next decade;
the economic impact of in situ mining will remain relatively insignificant
to the end of this century.

In situ mining technology is still in its infancy. Certain rock-me-
chanics limitations determine whether mining of a specific deposit by an
in 8itu method will ever be economically feasible. These limitations are
in the general areas of permeability control and ground control.

ROCK-MECHANICS LIMITATIONS TO
MINING ENERGY RESOURCES BY CONVENTIONAL METHODS

Conventional techniques can be applied to mining coal, uranium, oil shale,
and tar sands. Rock-mechanics limitations exist at present in the area of
poor backfill techniques, prediction and control of rock bursts and coal
bumps, slope stability in deep open pits, materials handling, methane con-
trol, environmental impact, and the need for large barrier pillars that
represent a loss of 50 percent of the coal amenable to conventional mining.
These are broad areas requiring more detailed problem definition than is
within the scope of the present report. Reference is made to studies on
the research needs of mining, such as those conducted by the University of
Utah under USBM Contract No. JO155143 (principal investigator: W. A. Hustrulid),
A Study to Determine Research and Development Needs in Westernm Mining.
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Similar studies have been made or are being made by the Pennsylvania State
University (principal investigator: R. Stefanko), and the University of
Missouri, Rolla (principal investigator: J. Scott). A further study of
research needs in mining was the subject of a workshop held in Minnesota in
1975, chaired by Charles Fairhurst and sponsored by the National Science
Foundation. The report of this study is in preparation.

ROCK-MECHANICS LIMITATIONS TO IN SITU ENERGY RECOVERY

In an attempt to define rock-mechanics limitations to in situ recovery of
energy fuels, the various kinds of deposit and the type of in gitu recovery
process have to be considered. Two examples are shown in Figures 2.1 and
2.2.

Air & Steam _—L
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FIGURE 2.1 Idealized schematic of in situ recovery with burning from top.
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FIGURE 2.2 Schematic cross section of large in gitu process
for illustrative purposes.

Most uranium deposits under consideration for iz situ mining within the
United States occur in relatively permeable sandstones. Fluid-flow problems
are encountered in the recovery of uranium through leaching. For this reason,
in 8itu recovery of uranium will not be considered in this report. It is
recognized, nevertheless, that certain problems involved in the in situ re-
covery of uranium pertain to rock mechanics; some of these problems, such as
directional drilling, are common to other resources, and their explanation
need not be duplicated.

This discussion will pertain largely to the in situ mining of coal, oil
shale, and tar sands.

All processes of any practical consequence require control over perme-
ability. In massive tight reservoirs, such as oil shale or possibly thick
coal seam, positive control and efficient recovery of the available resource
may require large areas of the deposit to be '"rubblized.'" It is important
that this rubble zone consist of fragments of a size and uniformity required
by reaction-zone kinetics and production rates. Little practical technology
exists at present in the area of rubblization other than certain techniques
that combine standard mining methods with in gsitu processing.
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A second area of permeability control concerns the establishment of
high-permeability communications channels in predetermined directions.
Considerable experience and knowledge already exist in hydraulic fractur-
ing technology.

Permeability generation and control, in particular rubblization tech-
nologies, thus represent fundamental rock mechanics limitations.

A second such limitation exists in the area of ground control, which
may be divided into the problems of immediate roof control and overburden
subsidence control. Any process that results in the removal of a substan-
tial amount of material, such as in coal gasification, will create large
voids underground. Premature caving of the roof in these voids may slow
or extinguish the recovery process. The control of the entire overburden,
including water-bearing formations, is poorly understood. Both areas are
critical to any commercial-scale in situ operation, especially where high
and extensive voids are created.

To overcome both of these limitations, we need to develop a much
better understanding of the behavior of rock. Although we do not intend
to provide a detailed list of research projects for the removal of the
above-mentioned limitations, it may suffice to say that of the large
amount of rock-mechanics data that exists already, very little is direct-
ly applicable to the solution of the problems to be solved. Fundamental
rock-mechanics research is required that continually takes into account
the application of the research to advance the state of the art.

Other rock-mechanics limitations for energy-resource recovery through
in situ mining techniques occur in the area of drilling technology and in
methods of site characterization. In particular, improved directional
drilling capabilities, remote-measurement and monitoring techniques, as
well as improved modeling and data-interpretation methods, are of great
importance to commercial-scale operations. Important aspects in these
areas, such as the development of drilling motors or instrumentation, are
not, however, specifically related to rock mechanics.

RECOMMENDED RESEARCH AND DEVELOPMENT PROGRAMS

Permeability control and roof control are considered to be two critical
problems that must be solved before a successful in gitu recovery of coal,
oil shale, and tar sands can be achieved. Without intending to define any
specific projects, the group concluded that the research should address
such questions as the following:

The effect of elevated temperatures on (primarily sedimentary) rocks
The effect of high loading rates in the explosive range on rock
The effect of stress and temperature on permeability
Ductile fracture mechanics

® Behavior (creep, consolidation, support strength, permeability) of
the material left in place (the residue)

CONCLUSIONS

Within the next 5-10 years, significant improvements can be expected in
drilling equipment and remote control. Industry and equipment suppliers
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have recognized the need for better directional and large-hole drilling
and are working on improving equipment. The role of rock mechanics in
this area is to optimize the effectiveness of such equipment rather than
to remove technological barriers.

Remote sensing and improved modeling techniques are important in
increasing the efficiency and profitability of commercial-scale operations.
New methods that apply radar technology to remote sensing through rock are
being explored, and seismic techniques are constantly being improved. More
effective methods in this area, as well as improved modeling techniques,
are needed within the next decade or two. Because huge capital expendi-
tures will be committed to specific sites, it is essential that proper eval-
uation techniques be available before such commitments are made.

The most severe rock-mechanics limitations at present are poor control
over the permeability of the resource rock and over the behavior of the
ground surrounding the resource. One of the main reasons for these limita-
tions is our lack of understanding of the basic mechanics of rock at ele-
vated temperatures in the presence of flowing liquids and gases.
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WUCLEAR-WASTE DISPOSAL

Wolfgang R. Wawersik
Subpanel Chairman

INTRODUCTION

The future of commercial nuclear-power generation is partly dependent on
the existence of an acceptable program for the safe management of radio-
active wastes from fuel-cycle operations. In addition, military programs
will continue to generate considerable quantities of radioactive waste
that cannot be held indefinitely in interim storage or near-surface facil-
ities but must be removed to safe terminal-storage sites. For these rea-
sons, since about 1957 the U.S. Government has been studying a number of
waste-disposal concepts, and, in 1976, it announced a greatly expanded

and accelerated program for the management of nuclear waste under the
direction of the Energy Research and Development Administration [ERDA,

now a part of the Department of Energy (DOE)]. This program calls for the
excavation of several waste repositories in deep land-based geologic for-
mations during the next 12 years. Specifically, DOE plans to develop a
Waste Isolation Pilot Plant in the salt beds of the Delaware Basin in
southeastern New Mexico, which is to receive transuranic (non-heat-gen-
erating) and solidified intermediate-level (heat-generating) radioactive
wastes from military programs, beginning in 1983 (Figure 3.1). In addi-
tion to this facility, DOE intends to provide for six additional terminal-
storage plants, between the years 1985 and 1989, for commercially genera-
ted waste consisting of low-level transuranic waste, fuel cladding waste,
and solidified high-level wastes. On the basis of past research and
development efforts, it is likely that the first two of these latter repos-
itories will be located in salt formations. Subsequent repositories might
be located in nonsaline rocks, such as shales, crystalline rocks, or basalts
or in selected carbonate rocks.

Now that deep geologic formations are being considered for the con-
tainment of nuclear waste, rock mechanics becomes an integral part of the
waste-management program, which poses two essentially new problems. The
procedures for geologic site selection and repository design must not only
ensure waste isolation for thousands of years but must also assess the
short- and long-term effects of elevated temperatures due to the emplacement
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FIGURE 3.1 Artist's schematic of a conceptual Waste Isolation Pilot Plant (WIPP) in the salt beds
in southeastern New Mexico. Cutaway of underground facilities shows five shafts; a 650-m level
including shaft stations, entry ways, and storage rooms for transuranic contaminated waste; and an
800-m level for storage of intermediate- and high-level wastes.
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of heat-generating radioactive waste. Both of these problems are without
precedent in the history of the construction of deep, underground excava-
tions and require that limitations of the existing rock-mechanics tech-
nology be identified and resolved early during the development of nuclear-
waste repositories.

SCOPE OF SUBPANEL DELIBERATIONS

Recognizing the need for the acceptable disposal of nuclear waste from both
commercial and military sources within the next 8-10 years, the Subpanel on
Nuclear-Waste Disposal chose to review and identify only those rock-mechan-
ics problems that arise in the development of nuclear-waste repositories in
deep land-based geologic formations using conventional mining techniques.
Alternatives are being evaluated. For example, work is being funded by the
Department of Energy (DOE) on the emplacement of radioactive waste in ocean
sediments. Alternatively, considerations are discussed in the literature
concerning the disposal of high-level nuclear waste in deep drillholes.
Radioactive decay heat would melt the rock surrounding the waste and ulti-
mately produce a solidified mixture of rock and waste products. Efforts to
develop some of these disposal concepts should continue. In the opinion of
the Subpanel, however, it will be impossible to implement fully any of
these alternatives by 1985.

DEFINITION OF ROCK-MECHANICS PROBLEMS
IN THE DEVELOPMENT OF NUCLEAR-WASTE REPOSITORIES

Rock mechanics relates to four aspects of nuclear-waste disposal: (1) The
identification of geologic formations that by virtue of their location,
structure, petrography, thermomechanical, and chemical properties are prom-
ising long-term containment media. (2) The structural, hydrologic, and
stress-field characterization of specific sites in candidate rock formations
before massive excavation. (3) The site-specific design of nuclear-waste
facilities, including the design of excavation methods, size and geometry

of mine openings, waste-emplacement patterns, and backfilling procedures.
This design must ensure that the facility will remain stable during its
operational life, either directly or through parallel developments of reme-
dial measures, and that the ground will remain mineable beyond the waste-em-
placement phase to make waste retrieval possible. Furthermore, given an
understanding of the chemical stability of all waste forms and of radionu-
clide transport mechanisms, the design must ensure that the geologic barrier
between waste and biosphere remains intact. (4) Establishment of geologic
and hydrologic baseline data prior to mining, as well as monitoring of the
waste repository to evaluate the long-term effects of mining and waste em-
placement and to define safe retrievability periods.

The Subpanel reviewed the major limitations that exist in each of the
foregoing categories of applicable rock-mechanics activities. Because ulti-
mately each aspect considered will be of comparable importance, the Subpanel
adopted the topical order most likely to coincide with the actual project
sequence during the development of each radioactive-waste facility.
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GENERIC IDENTIFICATION OF GEOLOGIC MEDIA FOR RADIOACTIVE-WASTE DISPOSAL

Rock formations qualifying for nuclear-waste disposal must have and retain
low permeabilities and possibly high sorption potentials for radionuclides
to ensure the long-term isolation of radioactive waste. From the viewpoint
of rock mechanics, these criteria can be applied only if the influence of
rock porosity and of discontinuities in rock masses on the flow of fluids
can be evaluated. Furthermore, they require that all thermally induced
effects on the long-term response, and therefore on the fluid transmissi-
bility of rock masses, be known. Existing data concerning the mechanical,
thermal, and chemical properties of rock masses are insufficient to make
such evaluations. A major experimental research and development effort is
therefore recommended. Because generic sorting of the relative containment
potential of different geologic formations requires less detail than that
which is needed for formation and site-specific design, much of the pro-
posed research and development effort can be performed in the laboratory.
Furthermore, most of the basic material properties needed can be gathered

in separate experiments on competent rock and on discrete fractures. Com-
petent-rock properties needed should include at least stress-strain behavior
as a function of effective stress state, temperature, time, and loading rate,
porosity, and permeability, as well as time- and temperature-dependent frac-
ture and hydrofracture potential. Combined with such experiments, thermal
properties and mineralogical and chemical alterations should be determined
and efforts directed toward the identification of pronounced coupling be-
tween all governing thermomechanical rock properties.

Parallel to tests on competent rock, work should proceed to define the
thermomechanical response of generic fracture types, e.g., cleavage and shear
fractures, to establish the relation between the thermomechanical and chem-
ical fracture behavior on one hand and fracture permeability on the other.
This experimental work should provide at least realistic upper and lower
bounds for the permeability of discrete fractures in saturated rock for a
reasonable range of temperature, stress, and water head. In all fractured-
rock experiments, the possibility of scale effects should be anticipated.
Recent fluid-flow measurements on fractured-rock samples up to 1 m in diam-
eter strongly suggest that a scale effect is present and that the results
from conventionally sized cores (5-15 cm) are somewhat conservative.

RECOMMENDAT IONS
Site Characterization

It would be ideal if site characterizations in favorable geologic formations
could provide a complete and unique set of structural and hydrologic data
from surface measurements and boreholes without shaft sinking and subsequent
underground development work. It would also be desirable to establish the

in 8itu stress state from deep surface boreholes alone and to obtain repre-
sentative rock-mass cores, which, in addition to borehole experiments, would
suffice to determine the bulk thermomechanical rock-mass behavior. The
ultimate objective would be to complete the total design of radioactive-waste
repositories before construction commenced.

Only some of these ideal goals are possible by means of today's explora-
tion technology on a local as opposed to a regional geologic scale. Most
important, available methods for surface and borehole exploration do not
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necessarily identify localized anomalies such as gas or brine pockets in
salt formations over appreciable distances. Similarly, the methods are
inadequate to determine the details of partings, fracture systems, or
irregularly distributed but sizable shatter zones, all of which frequently
control the hydrologic regime of nonsaline rock masses. In fact, several
routine exploration tools are so limited that it is not easy to distin-
guish between highly permeable and largely impermeable fractures at the
walls of boreholes without resorting to nonroutine tests such as multi-
borehole fluid injection and tracer experiments. )

Less severe, but still significant, limitations exist in the ability
to measure in situ stresses at depth, even after mining has begun. To
date, hydraulic fracturing constitutes the only viable method for deep-hole
stress measurements, provided that certain assumptions concerning the in
situ tensile strength of rocks and the principal directions of the in situ
stresses are valid. All other stress measurement techniques are either
limited to relatively short distances from accessible free surfaces, or
they invoke generally unrealistic constitutive relations for rocks to con-
vert strain or deformation readings to stress.

The third principal limitation for complete site characterization
prior to mining lies in the inadequacy of present-day procedures for bore-
hole sampling of rock masses. Because detailed structural characteristics
of rock masses cannot yet be resolved over appreciable distances, it is
not clear whether cores from boreholes can expose all relevant features.
Furthermore, existing drilling technology does not usually yield complete
core recovery, and, finally, doubts prevail as to whether the thermo-
mechanical properties of relatively small core samples are representative
or sufficient to predict the in situ rock behavior because of unresolved
scale effects.

Although it is beyond the scope of this Subpanel to make specific
recommendations for work that might help to overcome existing deficiencies
in site characterizations for radioactive-waste repositories, we strongly
recommend that the following broad directions be explored:

e On the basis of case studies of mining and large underground-con-
struction projects, statistical techniques should be developed to describe
fracture systems including apertures, fracture-surface characteristics,
fracture extent, density, orientation, and connectivity.

e New borehole-exploration techniques, such as microwave and radar
techniques, gravimetry, acoustic holography, and photogrammetry should be
considered to delineate fracture systems, and the penetration potential
of these methods into the walls of boreholes should be assessed.

o Surface-to-borehole and borehole-to-borehole measurements should
be considered in addition to pumping and fluid injection tests, which are
already in use. Because such measurements are likely to provide indirect
indicators for average rock-mass structures, the uniqueness, e.g., for
varying water contents of any one or combinations of such measurements,
should be evaluated.

¢ The use of angled exploration holes, including multiple whipstocking
should be considered.

e Present efforts to perfect in situ stress measurement techniques
should not only be intensified but also more effort should be devoted to
realistic analyses of rock-mass instrument interactions.
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o The technology for fracture deformation and mechanical-properties
testing in boreholes should be advanced and combined with hydrologic testing
where possible.

o The design and construction sequences of waste repositories should
provide for extensive underground site exploration, particularly in non-
saline rock masses.

Site-Specific Design

Because of the long time scales involved, and because of thermal considera-
tions, the design of radioactive-waste repositories cannot rely exclusively
on conventional mining and excavation experience. Within limits, such ex-
perience can provide guidelines for the development of transuranic-waste
disposal facilities. However, it does not render an adequate data base

for forecasting the effects of heat-generating wastes. As a result, the
Subpanel sees no alternatives to the use of analytical design procedures,
large-scale independent hot-waste simulation experiments, and the adoption
of the concept of retrievability for yet undefined but probably site-depen-
dent periods.

Within the context of rock mechanics, analytical repository design
implies the use of numerical or hybrid computer codes to predict rock tem-
peratures, stresses, deformations, stress- and temperature-induced frac-
turing, effective fracture and rock-mass permeability, brine migration in
salt, and groundwater flow in fractured rock. Furthermore, such computa-
tions must deal both with near-field effects that influence pillar stability
and maximum permissible rock temperatures, for example, and with far-field
effects and their impact on groundwater movements.

A considerable number of general and special-purpose computer codes
now in existence are suitable or adaptable in principle to perform the
required analyses. At this time, however, serious questions exist concern-
ing the predictive capabilities of these codes. Besides limitations in site
and stress-field descriptions, which are bound to reduce design accuracies,
some conceptual uncertainties remain: It is not clear whether rock masses
should be defined as continua, composites with quasi-continuum properties,
or assemblages of structural elements, all of which have to be modeled dis-
cretely, at least in near-field analyses. In addition, the site-specific
thermomechanical constructive relations, fracture and flow conditions now
in use for rocks, fractures in rock, and even for rock salt are largely un-
proven and possibly inadequate for the task of long-range extrapolation.
Finally, the Subpanel recognizes the shortage of systematic attempts to
integrate experimental work, constitutive modeling, and code calculations
to validate each step within this cycle of activities and, therefore, to
assess the reliability of analytical design procedures. Although it may
prove impossible to reproduce in all instances the high degree of accuracy
of thermal calculation in rock salt, efforts must be intensified to establish
maximum error bounds of results, or statistical error bounds, which are de-
fined in terms of the distribution characteristics of all code input data.

Because of the number of listed and implied limitations in site-specific
repository design, the Subpanel recommends that major research and develop-
ment efforts be undertaken in the following areas:
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e Material-properties determinations, which in details and scale go
beyond the more qualitative tests needed to identify candidate rock masses
for the disposal of heat-generating radioactive waste. The availability of
suitable experimental facilities and the adherence to standard experimental
procedures should be ensured to permit comparisons of data from different
sources.

e Development of realistic temperature- and time-dependent constitu-
tive relations, fracture, and flow rules. This work must be conscious of
scale effects and consistent with existing code options to treat competent
rock and fractures in rock masses discretely or by way of averaging proce-
dures (quasi-continuum or continuum models).

o Laboratory and bench-scale studies in which numer1ca1 simulations
of independent experiments are used to test the validity of constitutive
models and the sensitivity of results to particular parameter variations,
such as mean stress or load path.

¢ Parametric excavation, waste, and backfill simulation calculations
to evaluate the sensitivity of stress, deformation, and permeability pre-
dictions to changes in in situ stress states, temperature, fracture density,
and fracture orientation. These calculations should include comparative
two- and three-dimensional analyses to provide insight into the limitations
of two-dimensional analyses in the simulation of the effects of excavation
and waste-emplacement sequencing. These same parametric studies should
also be used to identify the most suitable numerical codes and to delineate
the need for coupled analyses.

e In situ experiments on the scale of Project Salt Vault are considered
mandatory. In such experiments the possibility of inducing large-scale
failures, both structurally and thermally, should be seriously considered,
to assess the full range of the predictive capabilities of design analyses
and to provide realistic criteria for the definition of permissible stresses,
deformations, temperatures, and fluid-flow rates.

o Surveys of case studies to evaluate the potential of back-calcula-
tions of fractured-rock response and groundwater flow.

® Assessment and development of possible preventive or remedial ac-
tions, such as grouting to control groundwater movements.

Site Monitoring

Considering the state of the art in the identification of candidate geologic
formations, site characterization, and repository design, monitoring problems
of disposal areas are likely to be less urgent for the near future. The
Subpanel believes, however, that the concept of waste retrievability and the
current indeterminacy of retrievability periods will require a strategy and
a technology for site monitoring. For this reason, the Subpanel suggests
that at least the strategy for this effort be established as soon as possi-
ble, to guarantee the availability of baseline data that can serve as refer-
ence for future monitoring activities. Reference data concerning the follow-
ing subjects should be obtained: surface and subsurface hydrology, including
water age and chemistry; geologic structure; regional seismicity and micro-
earthquake activity; in situ stresses; and temperature regime. It is also
recommended that suitable instrumentation be developed to monitor all refer-
ence parameters over a long time.


http://www.nap.edu/catalog.php?record_id=19971

34

CONCLUSIONS

Rock mechanics constitutes an integral part of all phases of development of
nuclear-waste repositories in deep land-based geological formations: iden-
tification of candidate formations, selection of specific geologic sites,
actual repository design, and ultimately, site monitoring. Overall, the
application of the existing rock-mechanics technology is limited by the
behavior of geologic formations and of hydrologic regimes that must be
predicted for conditions of elevated temperatures and for thousands of
years. Both requirements are without precedent and can be relaxed only if
other reliable containment mechanisms are identified, for example, radio-
nuclide sorption through ion exchange. For the same reasons the Subpanel
concurs with DOE plans for the design and construction of nuclear-waste
repositories to incorporate the option of retrievability for some period.

Considering disposal problems of non-heat-generating and heat-gener-
ating nuclear waste separately, the Subpanel is confident that non-heat-gen-
erating radioactive waste can be isolated safely from the biosphere by means
of conservative applications of existing rock-mechanics and construction
technologies. As an added safety measure, the Subpanel recommends that
appropriate mine- and surface-monitoring systems be employed to demonstrate
that such facilities are satisfactory.

Present rock-mechanics technology is not sufficient to predict the full
range of thermal effects on site containment caused by the emplacement of
heat-generating radioactive waste. The Subpanel believes, however, that the
improvements in technology needed to make such predictions within defined
and acceptable bounds of accuracy can be acquired with the proper research
and development effort in the following broad areas:

e Determination of the thermomechanical, time-dependent properties of
candidate rock masses and establishment of realistic constitutive relations
considering all effects that might bear on the movement of fluids.

o Identification and description of fracture zones, fracture networks,
and anomalous inclusions in rock masses; the use of statistical methods in
this area should be advanced.

e In situ stress measurements.

e Validation studies of design procedures and analyses ranging from
laboratory studies to large in situ experiments.

e Site-specific parametric analyses of facility concepts. The signifi-
cant parameters include in situ stress state, thermal loads, rock-mass prop-
erties, fracture geometry, groundwater regime, and facility geometry.

e Development of a strategy for site monitoring and acquisition of
baseline data.

e Development of instrumentation capable of monitoring im situ changes
for long periods in an adverse environment.
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OIL AND GAS RECOVERY

Henry J. Ramey
Subpanel Chairman

INTRODUCTION

Exploration for oil and gas proceeds ideally from the large to the small.
Prospective regions are identified, based on the occurrence of source, trap,
reservoir, and seal, In a new area in which no wells have been drilled, re-
mote sensing and surface geological mapping provide the only information.
Remote sensing includes LANDSAT imagery, gravity, magnetic, geochemical, and
seismic surveys. All knowledge of prospective targets derived ahead of the
drill bit comes by inference and analogy. On the basis of the available data,
specific targets are selected for drilling. Up to this stage, understanding
of the mechanical characteristics of rock and rock-fluid systems is most use-
ful in eliminating certain targets as nonprospective because of unfavorable
reservoir or seal characteristics. For example, there are certain absolute
limitations on the preservation of porosity with depth, and without a porous
container hydrocarbons cannot accumulate. A certain minimum thickness of salt
or other dense cap rock may also be necessary to ensure that accumulated hy-
drocarbons have not dispersed over geologic time.

LIMITATIONS IMPOSED BY ROCK MECHANICS ON OIL AND GAS EXPLORATION

Exploratory drilling has unique problems not usually associated with develop-
ment wells., Little is known of the mechanical properties of the formation to
be penetrated in reaching the target horizon or of pore fluid pressures. This
makes the choice of drilling-mud weights and casing programs particularly dif-
ficult. This is especially true in deep-water drilling, because the weight of
the colum of water overlying the seafloor ensures that pore pressure will be
high, Thus, only a small difference exists between the mud weight required to
control the formation pressure and that which would break down the formation
and cause lost circulation.

By drilling a well, the explorationist gets a first direct look at the
rocks in the subsurface —cores and cuttings. Deductions about porosity and
lithology may be made from logs. Strictly speaking the new information re-
flects only the properties of those rocks in the immediate vicinity of the
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well bore, and when making inferences one must take into consideration whether
the drill core is representative of the entire section. Improved means of
interpreting logs, especially to locate fractures or evaluate lithologically
heterogeneous formations, are continually being sought. Drill stem or pro-
duction tests, properly interpreted, can provide information about a larger
volume within the hydrocarbon reservoir.

Down-hole information can be used to confirm or refute hypotheses about
source, trap, reservoir, and seal that are based on remote information. Often
a single item of data can be interpreted in several ways; a unique model of
the prospect can be constructed only by considering many items of data simul-
taneously. The earlier a working hypothesis or hypotheses can be constructed,
the more likely will it be that additional attempts to characterize the re-
source proceed in an efficient and orderly manner.

DRILLING PROBLEMS RELATED TO ROCK MECHANICS

Drilling rate is a complicated function of many factors: rock properties, mud
properties, hydrostatic pressure at the bottom of the hole, and the pore pres-
sure in the formation below the bottom of the hole. A high differential pres-
sure between the mud at the bottom of the hole and the pores in a permeable
formation below results in chips being plastered back on the bottom of the
hole as soon as they are formed. Even with a nonpermeable formation, a high
hydrostatic pressure at the bottom of the hole changes the stress components
in the rock as the rock bit tooth penetrates and may, with a weak formation,
render it so plastic that chips are not formed.

These factors are recognized in oil and gas drilling, and the bottom-hole
pressures are generally carried as low as safety permits. In fact, air or gas
is used as the circulating fluid when possible., The use of jet bits that di-
rect high-velocity mud jets to the bottom of the hole helps to reduce the ad-
verse effects of the high bottom-hole pressure.

Other methods have been proposed. One method involves the use of a dou-
ble-walled drill string in which drilling is done through a packer above the
bit. The drilling mud is sent down the annulus between the two strings, and
the returns come up the center hole. Another method maintains a high average
pressure at the bottom of the hole but varies this pressure with acoustic de-
vices so that, during each contact of a bit tooth, there is at least one pe-
riod of low pressure. This method has been discussed in U.S. Patent 3441094,
awarded to Galle and Woods, but so far neither of these ideas has been success-
ful. Continued study should be made on the problem of high pressure at the
bottom of the hole,

The most common rock bit is a three-cone bit with cutting elements of
either steel or tungsten carbide. In certain applications, particularly in
directional drilling, diamond bits are more economical, because they drill by
scraping rather than by penetrating the surface. New or improved drilling
bits are continually being developed and evaluated by industry.

Other problems are related to the maintenance of a satisfactory hole wall
and avoidance of lost circulation and blowouts. These problems are important,
but at present it appears that they are being handled efficiently by industry
(Ad Hoe Committee on Technology of Drilling for Energy Resources, 1976).
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FORMATION EVALUATION

Inability to evaluate hydrocarbon resources early and reliably during drilling
and well completion limits resource development and recovery. Frequently,
conventional well-logging methods fail to detect hydrocarbon-bearing intervals.
In addition to development of better devices and interpretative methods, the
operating range of present devices needs to be extended. Deeper drilling
means higher temperatures and pressures and the need for high producing rates
to justify the increased investment in a deep well. High producing rates can
lead to mechanical buffeting of certain wire-line devices (pressure-tempera-
ture recorders). High temperatures may destroy electronic circuitry in the
logging tool itself., There can also be problems with the insulating materials
in wire-line cables that are used to suspend devices in a well.

The vague and uncertain response of well-bore logging devices to hydro-
carbon-bearing formations creates a major problem in resource assessment.

RESOURCE ASSESSMENT

The key to resource assessment is early estimation of the bulk volume of a
reservoir, the porosity, the fluid content of the pore space, and the perme-
ability of the rock. Many reservoirs have fracture porosity only. These sys-
tems may have high deliverability and bulk volume but very low porosity and
thus low hydrocarbon resource base. As performance data are obtained, it is
usually possible to refine the initial estimates of these important reservoir
attributes.

The bulk volume of a reservoir may be estimated from surface and subsur-
face geological and geophysical work. Information on area and structure may
te obtained from seismic studies and well drilling, whereas information on
thickness is usually obtained from drilling and well logging. There are many
cases where thickness measurement is not available because of poor response
of logging devices in certain types of formations such as fractured shales,
lime-dolomite sections, and fractured brittle rocks.

The fluid content of the reservoir is initially estimated from logging
results and by direct determination on core samples, when these are available.

Successful coring programs must be able to cut and recover rock samples
containing fluids representative of the formation. All phases represent prob-
lems to this day. Coring and logging may be required later in the life of a
reservoir., A successful increase in oil recovery demands knowledge of the
quantity of oil in place.

DEVELOPMENT

To plan the successive production phases of a reservoir (primary, secondary,
and enhanced oil recovery), it is important to know details of the rock-fluid
system. Sealing or leaky faults must be located and identified. Fractures
(nature or type and location), permeability anisotropy, layering in the verti-
cal sense, and other features must be determined. These features will fre-
quently determine well patterns and spacing or number of wells. If there are
trending fractures, fluid injection should be conducted normal to the frac-
tures.
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Increased oil recovery, or application of new fluid-displacement proces-
ses developed subsequent to the advent of waterflooding, appear to offer the
greatest potential to increasing oil recovery from existing oil fields. Re-
cent studies (Lewin and Associates, Inc., 1976; National Petroleum Council,
1976) have inspected the potential near-term impact on the nation's o0il re-
serves,

WELL STIMULATION

Stimulation of gas and oil wells is fundamentally important to the recovery
of hydrocarbons from low permeability formations, Hydraulic fracturing, one
method that has been employed extensively, is shown schematically in Figure
4.1. In many cases, this method has been most effective in increasing the
production rate from uneconomical to economical levels; however, in some cases
there has been little sustained increase in productivity. Design of hydraulic
fracturing treatments with a higher probability for success requires improved
understanding of the mechanics of hydraulic fracturing.

Containment of the fracture in the pay zone is one important consider-
ation that requires investigation, Migration of the crack through the bound-
ing impermeable barriers can be expected to be influenced by variations of in
situ stress and rock properties from layer to layer as well as by the relative
thickness of the bounding layers. In the absence of strong crack-arrest mech-
anisms, such as increased in situ compressive stresses or elastic stiffness of
the bounding layers, it appears that fractures would tend to develop more
nearly as circular cracks than as long cracks with height given by the height
of the pay zone. Research on arrest mechanisms in layered formations can be
expected to require a better understanding of the variation of in situ stress
from layer to layer, as well as the strength of the bonding at the interface
and the elastic properties of the fluid-filled, porous rock layers.

Improved techniques for measurement of the in situ stress state at a
given depth and location are of considerable importance in hydraulic fractur-
ing because, except near the well bore, the fracture can be expected to follow
a path that is essentially perpendicular to the minimum compressive stress,
unless another principal stress component is of comparable magnitude. Because
knowledge of fracture orientation is essential to the development of efficient
well patterns and enhanced recovery strategies, considerable improvement in
reservoir exploitation would result from the availability of reliable, effi-
cient means for determining in situ stress state., Detailed knowledge of in
situ stress variation with depth may also contribute to the selection of zones
that are attractive for hydraulic fracturing because of their potential for
confinement of the fracture to the pay zone.

Another important consideration in hydraulic fracturing is the conductiv-
ity of the fracture produced. Improved understanding of the parameters influ-
encing proppant distribution would be particularly valuable, Also, experience
indicates that in some cases the crack, although open initially, apparently
closes before a significant fraction of the resource is recovered; embedment
of proppants into crack faces under in gitu conditions is a possible explana-
tion, Damage to matrix permeability during the hydraulic fracturing process
should also be examined. Finally, new techniques for generating and propping
cracks should be explored. Improvements in pumping rates and sequences, as
well as in fracturing fluids, could perhaps be made if the mechanics of hy-
draulic fracturing of fluid-filled porous rocks were better understood.
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UNCONVENTIONAL HYDROCARBON SOURCES

With the depletion of the historic sources of gas and oil, the nation must
necessarily direct more attention to analyzing the potential recovery of hy-
drocarbons from other sources. Chief among these potential sources are the
recovery of gas and oil from tight formations, from shales and from saline
water contained in the rock, from hydrocarbons absorbed on coal, and from
hydrocarbons locked up in some other form in the permafrost regions of the
world. The problems involved in the recovery of these mineral fuels are
unique to the circumstances of their origin; however, each includes an urgent
need to define and understand the distribution of the hydrocarbon material
itself and how it is locked within the rock-fluid systems —whether the hydro-
carbon is intimately mixed with host rock and hence would require extraction
or whether it could be recovered in the future by drilling conventional wells,
even if the recovery techniques are significantly different from those prac-
tical today.

Among the most important problems facing us is the recovery of gas and
oil from low-permeability formations. Where these formations are sandstones
and limestones the answers to problems can be found in an extension of the
techniques used today. Where the hydrocarbons are more intimately intermixed
with the organic shales, which are in themselves the probable source of the
hydrocarbons, entirely new techniques may be required.

The eastern Devonian shales because of their widespread occurrence, their
proximity to the large population centers, the detailed general knowledge that
exists about their locale and thickness, and the minimal environmental impact,
are likely to be among the first to be developed. There is a good general
understanding of the hydrocarbons that may exist, but the detailed knowledge
of how they are contained, the relative importance of the rock and fluid me-
chanics of the system as opposed to the physical-echemical characteristics, are
known in only a rudimentary form. Without a significantly improved understand-
ing of these elements, we can only begin to guess at the potential recoverable
reserve, its cost, and when it can be used.

The western o0il shales are much richer than the eastern shales and more
localized, which should work in their favor. The activation energies required
to release the hydrocarbon are larger; they are more remote from the centers
of population, and the environmental problems present a conflicting melange of
circumstances that makes the timing and recovery of this enormous resource
uncertain, Here again much additional knowledge and detailed study of the
rock-fluid system and how these properties vary geographically and with depth
are needed.

Evidence is beginning to accumulate that large quantities of natural gas
can be recovered by desorbing it from coal. This source of hydrocarbon may
develop more as an incidental requirement to the safety of mining coal than as
a valuable resource in itself. There is no doubt, however, that large quanti-
ties of gas are linked to the coal, and that it may be readily recovered using
oil-field technology before the recovery of coal.


http://www.nap.edu/catalog.php?record_id=19971

41

RECOMMENDATIONS

The Subpanel concurred in the following list of suggested solutions to prob-
lems related to recovery of oil and gas. Some possible directions for re-
search and development are given in parentheses below the applicable problem
statements.

e Developing reliable, efficient means of determining Zn situ stress,
fracture gradients, and direction of propagation of hydraulic features.
(Notching borehole in two different directions and measuring in situ stress.)

e Developing inexpensive methods for coring and for analysis of cores.
(Improved coring fluids —foaming agents perhaps. Improved pressure-coring
techniques. Core-barrel servicing techniques.)

o Improving understanding of fracture mechanics of fluid-filled rocks.
(More research on fluid flow in propagating fractures. Analytical or numer-
ical work. Rate of crack advance —how drained versus undrained propagation
proceeds.)

® Alleviating effects of high hydrostatic pressure on the bottom of the
hole during drilling. (No obvious solution.)

o Improving drilling and directional drilling—better tools.

e Characterizing reservoir seals —early evaluation of potential hydro-
carbon resources. (Tabulation of properties of seals of existing commercial
0oil and gas accumulations, including age of seal, maximum and minimum thick-
ness, present-day mechanical properties —including extensile and compressive
strength, ductility —age of peak hydrocarbon maturation, and tectonic history
of the sedimentary column. Look for minimum thickness of various seal lithol-
ogies in given deformational environments. This would probably require a full
man-year effort.)

o Determining in situ values of SO’ porosity, permeability, faults,
flow barriers. Developing inexpensive instrumentation of high precision, e.g.,
cheap telemetering. Developing rugged, high-temperature and high-pressure
logging devices,

o Determining porosity, permeability, and ductility variation of poten-
tial reservoir rocks with depth—reservoir storage and deliverability charac-
terization. (Strength and ductility data exist for many end-member rock
types; clean sands, lithographic limestones, selected shales. Very little
information is available for quartz, poor sands, gypsum-anhydrite composites,
or other compositionally heterogeneous sedimentary rocks. Very few laboratory
measurements exist of permeability at elevated pressures. Field studies of
porosity deterioration with depth are almost nonexistent. Basic research to
fill in these gaps in knowledge is needed. Assuming that adequate characteri-
zation of a single rock type would require three man-months of effort in a
laboratory set up to perform the required tests, several man-years of effort
would be necessary to gather information on a representative suite of rocks.
Because of the fundamental nature of this research, the results should find a
much broader use than the evaluation of oil and gas reservoirs for which these
measurements are here proposed.)

e Developing techniques for early characterization of systems of fracture
porosity. (Improved recovery, early determination of commercial/noncommercial
nature of the resource.)

e Improving the understanding of frequency and amplitude dependence of
seismic velocities in fluid-filled rocks.

¢ Improving the understanding of effective pore-space compressibility of

fluid-rock systems.
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o Developing methods for characterization and identification of '"tight
gas'' resource base.

o Developing techniques for improved correlation of surface measure-
ments with subsurface facts,

o Developing a national data base including field names, API (American
Petroleum Institute) oil gravities, original oil in place (0OIP), and oil re-
coveries as of a particular date.

¢ Improving the understanding of the mechanical properties of ice and
permafrost —safe Arctic drilling and production practices. (The mechanical
behavior of permafrost and ice is still imperfectly known. Although work is
being conducted on these materials, additional attention should be given to
post-yield strength and deformational characteristics of ice to assess its
impact on offshore structures both above and below sea level.)
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5

UNDERGROUND STORAGE —
FUEL OIL, GAS, WATER, OR COMPRESSED AIR

Dougal R. McCreath
Subpanel Chairman

INTRODUCTION

The function of the Subpanel on Underground Storage was to discuss and explore
various modes of underground energy storage with a view to discerning rock-
mechanics problems that are currently limiting the utilization of innovative
concepts.

Concepts of underground energy storage include a wide range of storage
methods and of the forms of energy that can be stored. The three major meth-
ods of storage are as follows:

e Dry-mined storage, which is storage within conventionally mined cav-
erns beneath the surface of the earth,

e Solution-mined storage, which is storage within caverns that have been
formed by the process of solution mining, generally within salt.

e Aquifer storage, which is storage within the pore volume of a rock
mass.

Energy can be stored underground using a wide variety of storage media,
including the following:

e Compressed air, used either directly or in conjunction with gas-turbine
operation.

e Water, for functions such as underground pumped storage, district heat-
ing, or direct thermal storage such as steam under pressure for peaking steam
turbines.

e Hydrocarbons, ranging from cryogenic liquified natural gas to heated
residual oil and including the full range of intermediate forms.

From these two lists, many permutations and combinations of underground
energy storage are possible, with the storage-media properties ranging from
low to high temperature and from low to high pressure and displaying a wide
range of viscosities. In addition, the storage may be operated under either
steady-state or cyclic conditions of temperature or pressure., The critical
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problems that arise with the storage facility will vary depending on the type
of storage vessel and the nature and properties of the stored medium. In
preference to dealing with each individual combination of storage vessel and
form of energy stored, the Subpanel discussed the three broad classes of
storage method or vessel —dry-mined storage, solution-mined storage, and aqui-
fer (pore-volume) storage. Within each category the following questions were
addressed:

e What are the rock-mechanics problems that are currently limiting the
full utilization of the type of underground storage vessel under discussion?

e What programs of research and development could reasonably be under-
taken to remove such limitations and permit fuller utilization of underground
energy-storage options?

e Which research and development programs are of the highest priority,
either because of specific applications that are desirable or because of the
general applicability of a particular line of research?

Summaries of the Subpanel's discussions are recorded under the headings
of dry-mined storage, solution-mined storage, and aquifer storage. Each sec-
tion includes a brief overview of the storage method, a summary of the general
discussion areas, and recommendations concerning research and development pro-
grams that the Subpanel considered to be significant to the further develop-
ment of underground energy storage.

DRY-MINED STORAGE

Dry-mined storage consists of the storage of some form of energy within cham-
bers that have been excavated within bedrock by mechanical means rather than
by solution-mining methods, for example as shown in Figures 5.1 and 5.2, The
chambers may have existed previously (e.g., an abandoned mine) or may have
been specifically excavated for storage purposes. As we have mentioned, the
storage medium may range from water at ambient pressure and temperature to
gas (including compressed air) at high temperature and pressure, and it may
include a wide intermediate range of fluids at a variety of imposed tempera-
tures and pressures. At the low end of the temperature scale, concepts of
liquified-natural-gas storage are currently being considered. For all the
possible concepts and uses that have been considered, the fundamental objec-
tives of each system are to provide positive containment of the stored medium
and to ensure retrievability of the stored product —all within the framework
of acceptable cost.

The basic principles of containment are fundamental to an understanding
of the needed research areas that were discussed. These basic principles are
summarized in the ensuing paragraphs.

For the most general case of an unlined chamber existing at some depth
within a rock mass containing joints (fractures), containment of a fluid prod-
uct depends on the existence of an adequate seal or leakage barrier within the
joints, Ideally, such a seal may be obtained naturally by placing the facil-
ity within a geologic regime in which the following conditions exist:

¢ The rock mass surrounding the facility is fully saturated by ground-
water,

o The pressure of the groundwater adjacent to the facility exceeds the
storage pressure.
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e For stored materials of low density, the joint openings are suffi-
ciently small and the hydraulic gradient of the groundwater flowing to the
facility is sufficiently large to prevent leakage by bubbling.

If the above conditions cannot be met naturally, then the joints must be
artificially sealed by some means to provide positive containment. Such means
may include the installation of water-injection curtains or grouting using an
appropriate material., It is important to recall that the stored materials may
exist under a wide range of temperature, pressure, and viscosity and that the
above requirements of containment must be maintained throughout this range.

In addition the chambers must, of course, remain stable to ensure retrievabil-
ity of the stored product. As always, these conditions must be fulfilled at
an acceptable cost.

The broad question addressed by the group in connection with dry-mined
storage was whether the state of the art of rock mechanics is adequate to
enable confident prediction and monitoring of the coupled mechanical and hy-
drogeological effects that will occur in a jointed rock mass surrounding stor-
age chambers. The question was reviewed within the context of widely varying
temperatures and pressures of a stored medium as well as the widely varying
nature of the surrounding rock mass with regard to rock type, fracture densi-
ty, and other physical or chemical characteristics,

Rock-Mechanics Problems and Limitations

Throughout the discussions, it was persistently emphasized that our current
knowledge of the mechanical and chemical responses of rock materials under ex-
treme temperature conditions is significantly deficient. Certain storage con-
cepts require knowledge of temperature-dependent response of rock materials
under conditions from (about) -260°F (160°C) for liquified natural gas to per-
haps 800°F (430°C) for efficient adiabatic (second-generation) compressed-air
storage. Knowledge of temperature-dependent response is necessary not only
for a range of rock materials but also for rock-mass systems including the re-
lated joint or fracture systems. With reference to the general deficiencies
in current knowledge concerning temperature response, some of the following
additional factors were discussed:

® Rock-material and rock-mass response to fluctuating temperature and
pressure conditions due to the mode of operation of the storage facility.

o The effect of extreme temperature conditions on the hydrogeological
conditions in the surrounding rock mass and the consequent effect on contain-
ment efficiency.

e The effect of temperature conditions on cavern stability, particularly
for those concepts requiring large-span cavities. Spans of greater than about
100 ft for engineered caverns are currently outside the limits of precedent.

e For high-temperature storage concepts, the potential for chemical re-
actions between the parent rock and the stored materials, and the potential
for accelerated weathering of the rock.

The potential need for providing artificial seepage barriers within the
joint systems through injection of grout materials gives rise to concern over
the performance of grout materials over a wide range of temperatures. In par-
ticular, the development of grouts that will perform adequately both under
cryogenic conditions and under high-temperature conditions is important,
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In addition to the general concern related to temperature response of
rock materials and rock masses, the prediction of hydrogeological behavior of
the rock mass was discussed, It was generally considered that the development
of adequate predictive tools that will enable the engineer to assess the hy-
drogeology of jointed rock masses of relatively low permeability was particu-
larly necessary. For such predictive tools to be confidently utilized, they
will require a program of field trials in which the predicted results may be
calibrated against observed behavior. Related to the general discussion on
hydrogeology and containment systems, certain additional matters were consid-
ered:

e The ability to predict, assess, and monitor hydrogeological response
must include knowledge concerning the effects of induced high or low tempera-
tures, variable pressures, and the effect of low-viscosity low-density mate-
rials used as the storage medium.

e Development is necessary of a better understanding of the available
means of providing artificial containment through utilization of water-injec-
tion curtains and of injected grout materials. The range over which such con-
tainment tools are applicable is not well defined, i.e., in terms of joint
spacing, the opening of individual joints, mass permeability, or conductivity.

e For certain storage concepts, maintenance of the purity of the stored
product may demand some form of surface treatment of the rock chamber. Work
is required to determine which methods of surface treatment may be most appro-
priate, as the cost of certain conventional methods of cavity lining (such as
steel membrane linings) may be a significant economic factor for concepts such
as the storage of steam as pressurized hot water for boiler feed-water storage.

In discussing the capacity of predictive tools, the Subpanel considered
that this will inevitably depend on the ability to obtain confident input data
thirough field exploration. The development of improved down-the-hole explora-
tory tools was considered to be a priority. The ability to measure engineering
rock-mass properties at depth, specifically the hydrogeological characteris-
tics and the in gitu stresses, will be particularly important. The ability to
extrapolate outside the immediate wall of the drill hole to determine the char-
acteristics of the rock mass at a distance from the drill hole will be of eco-
nomic significance because of the high cost of deep-hole exploratory drilling.

Following general consideration of research and development areas, the
consensus of the Subpanel was as follows:

¢ Continuing research on limitations with regard to cavity spans and ge-
ometries should be supported, because the economic range of particular energy-
storage concepts may hinge on depth, size, and geometric limitationms.

e Although it was considered that mode of behavior of underground stor-
age chambers during seismic events is unlikely to be of a critical nature, it
was agreed that because there are few test or analytical data currently avail-
able on seismic response of underground chambers, research in this area should
be supported.

o Concerning our ability to monitor effectively containment performance
of underground storage chambers, it was concluded that further work on the de-
velopment of sensitive monitoring devices would be required, although this
work had a slightly lower priority than developmental research in areas such
as predictive capability for temperature response of rock masses,

e Demonstration pilot projects were considered to be a worthwhile form
of development research, because such projects provide full-scale proving
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grounds for the suitability of predictive models and indicate problem areas
of which we may not be aware.

The Subpanel's recommendations pertaining to research and development
program areas for dry-mined underground storage are summarized in the follow-
ing section,

Research and Development Program Areas

The Subpanel identified the following prime research and development program
areas:

Temperature Response

e Study of mechanical and chemical response of rock materials and rock
masses at elevated temperature, at cryogenic temperature, and at cycling tem-
peratures., The acquisition of baseline data in this area would be expected
to take 5-10 years.

Containment Systems

e The development of grouting materials appropriate to a wide range of
temperature conditions and types of stored material.

e The development and field calibration of adequate predictive tools to
assess the hydrogeology of jointed rock masses surrounding storage chambers,
including effects of temperature and pressure variation,

o Development of better analytical understanding and predictive capabil-
ity for the potential role of water-injection curtains in assisting the con-
tainment function of the rock mass.

Site Characterization

e Development of improved down-the-hole tools for better evaluation of
in situ rock-mass properties, particularly hydrogeological characteristics, in
sittu stresses at depth, and characteristics of the rock mass at distance from
the borehole walls.
Demonstration Pilot Progjects

e Field-scale proving trials related to underground energy storage.

The following areas of research and development of less priority than
those above were identified:

Monitoring

e Development of monitoring tools reliably to assess the containment ef-
ficiency of underground energy storage facilities,

Cavity-Wall Treatment

o Development and assessment of methods for the treatment of chamber
walls in those cases in which great purity of the stored product is required.
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Depth, Size, and Geometry Limitations

¢ Continuing research is required to determine the practical implica-
tions of increasing chamber sizes and depths and of complicated geometric
variations.

Setsmic Responsge

e Development of test and analytical data concerning the integrity of
underground storage facilities under earthquake conditions.

SOLUTION-MINED STORAGE

Solution-mined chambers within salt (solution jugs) have been used for storage
of materials for many years both in North America and elsewhere. Commonly the
stored material consists of liquified petroleum gases, although crude oil has

also been stored in solution jugs. There is a project at present under way in
Germany to utilize a solution-mined chamber for the storage of compressed air

associated with a gas-turbine peaking plant. The general areas considered to

be of significance in limiting the further utilization of solution-mined cham-
bers for energy storage were discussed.

Rock-Mechanics Problems and Limitations

In reviewing current practice in solution-mined storage, and in looking to
future potentials in the utilization of solution-mined chambers for energy
storage, it was apparent that the area of temperature response was again of
major significance. Little was known at present of the behavior of solution
jugs under conditions of extremely low temperature or of extremely high tem-
perature., For low-temperature applications, the tendency toward brittleness
of the salt was not well defined. In addition, for high-temperature applica-
tions, the degree to which increased plasticity would adversely affect the
storage function was felt to be an area where further knowledge was required.
Other matters of a practical nature that may limit the use of solution jugs
for energy storage include the following:

e The ability to measure accurately the geometry and volume of a subsur-
face solution chamber is at present inadequate, particularly for those applica-
tions in which the material being stored was of high value.

e Solution mining, by its nature, produces large volumes of saturated
brine. The disposal of this brine creates problems, which may or may not be
directly related to rock mechanics but must nevertheless be overcome. The
method of brine disposal utilizing deep-well injection brings with it poten-
tial problems of aquifer pollution or earthquake generation. The Subpanel
considered, therefore, that further work on the question of brine disposal did
fall within the general purview of rock-mechanics problems.

o There have been some recorded cases of structural collapse of solution
jugs. The ability to predict confidently the long-term stability of such jugs
will be a necessary tool in development of further underground-storage con-
cepts in solution jugs.

Research and Development Program Areas

With regard to solution-mined storage, the following prime research and devel-
opment areas were noted:
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Temperature Response of Salt

e Continuing and expanded research on the temperature response of salt,
both at the high- and low-temperature ends of the scale will assist in ex-
panding the utilization of solution jugs for underground storage.

Field Measurement

¢ Field measurement of both geometry and volume of solution chambers to
an acceptable level of accuracy for storage of valuable materials may require
additional research.

Brine Disposal

e Environmentally-acceptable and cost-acceptable methods of brine dis-
posal may require additional work, particularly in those areas where there is
legitimate concern regarding potential earthquake generation caused by brine
disposal.

Solution-Mined Chamber Stability

® Associated with continuing temperature-dependent research on salt
properties, the ability to predict the long-term stability of solution-mined
chambers under conditions of high or low temperature and fluctuating or
steady-state temperature and pressure is necessary.

AQUIFER STORAGE

Rock types such as sandstone and limestone provide possibilities for the stor-
age of fluids within the pore space of the rock mass. Existing technology
derived from oil and gas production from such rocks has been used with little
modification to replace and retrieve a range of fluids in large quantities for
purposes of energy storage. The natural-gas industry has utilized both de-
pleted oil and gas fields and water aquifers for the storage of billions of
cubic feet of gas, which can be withdrawn during periods of peak consumption.
Thus it was considered that the general technology of implacing and retrieving
stored gases from within pore space of rock masses was well proven. Such
technology was generally geared around the storage of materials at essentially
ambient temperature conditions. Although several instances of leakage have
occurred from such storage fields because of gas migration along undetected
fractures, the technology is well established and dependable and is not really
conducive to further major research or development efforts. The Subpanel dis-
cussed the possibilities of other forms of energy storage within aquifers,
possibilities such as compressed-air and cryogenic storage, to determine
whether rock-mechanics problems created limitations to the present development
of such concepts. These limitations are discussed in the next section.

Rock-Mechanics Problems and Limitations

Current proposals for the storage of compressed air in aquifers raise the
question of the storage of hot compressed air to maintain maximum energy effi-
ciency when using the compressed air in association with gas-turbine power
generation. With current compressor technology, desirable storage temperatures
for such schemes might approach 600°F (315°C), with pressures in the order of
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40-60 atmospheres. With second-generation equipment, desirable storage tem-
peratures may increase to 800°F (430°C) or beyond. With regard to the pres-
sures involved, it was believed that existing gas-storage experience is appli-
cable to air storage in aquifers as long as the injection pressures are not
more than 10 or 15 percent greater than pre-existing aquifer groundwater pres-
sures. However, we lack experience in evaluating the long-term effects of
high fluid temperatures on the pore structure of the aquifer and on the imper-
meability of the overlying cap rock. In general, fluid movement within a
typical aquifer at depth may be of the order of a few feet per day, and, as
typical shale cap rocks have low heat conductivity, heat migration should not
be a limiting problem. Nevertheless, the direct effect of the heat on the
structure of the aquifer rock and on the disintegration of the overlying cap
rock is an area that is at present not well understood. Similar comments
could be made concerning the lower temperature scale, although it is recog-
nized that cryogenic storage within saturated aquifers is unlikely to be a
practical storage concept.

Another source of concern regarding the present state of our knowledge in
aquifer energy storage is the relation between injection pressures and the po-
tential for earthquake generation along existing faults. Further research is
warranted to study modes of earthquake generation related to injection of hot
liquids and gases in aquifers traversed by existing faults. Also relevant and
justified under research and development programs to promote energy-storage
programs in aquifers would be programs to improve exploration and in situ
testing techniques for the evaluation of cap-rock efficiency. Neither of
these areas of potential research act as prime limitations to further energy-
storage concepts in aquifers.

Research and Development Program Areas

The three prime research and development program areas with regard to aquifer
storage are as follows:

Coupled Temperature and Pressure Effects

o Laboratory and field study of both the short-term and long-term effects
of the injection of hot and cold pressurized fluids on the properties and be-
havior of porous rocks. Both steady-state and cyclic applications should be
investigated.

Accelerated Cap-Rock Degradation

e Laboratory and field study of accelerated weathering possibilities of
aquifer cap rocks subjected to cyclic heating and cyclic wetting and drying.

Impact on Groundvater

e Research on the potential for disturbance of existing groundwater re-
gimes because of the storage of fluids at high pressure and temperatures.

Secondary development needs include the following:
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Earthquake Generation

e Study of the potential for earthquake generation along pre-existing
faults caused by fluid injections.

Improved Recovery Technology

e Review of the state of the art of improved recovery techniques for the
storage of relatively viscous fluid products. This technology exists mainly
within the field of oil production.
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UNDER-OCEAN TUNNWELING FOR PETROLEUM RcCOVERY

H. Donald Qutmans
Subpanel Chairman

INTRODUCTION

The Subpanel on rock mechanics problems in ocean tunneling for development and
production of oil and gas recovery considers that this subject takes a unique
position relative to the other groups of this Panel. Although both ocean
tunneling and oil-field development and production are, each one separately,
currently applied techniques, no oil field exists at present that has been
developed from underground chambers reached by an access tunnel from shore.

It should be recognized that rock-mechanics problems associated with this
concept of oil-field development are only one facet of what this group sees

as a whole host of technological problems and, at present, unknown environ-
mental constraints.

To appreciate the nature of the problems that are to be solved if under-
ocean tunneling for petroleum recovery is to be realized, the reader should
have a clear understanding of the background of this new, untried, hybrid
technology. Because of its cost, novelty, and complexity, it is likely to be
limited to areas where no other practical solution of oil-field development
exists: this means beyond the shallow nearshore Arctic.

The environment offshore in the Arctic is characterized by moving, shift-
ing sea ice throughout most of the year, except for a brief ice-free period
during the summer, which allows oil-field resupply barges to reach Prudhoe Bay.
This sea ice can reach a thickness of 2 m late in the year and during most of
the winter is driven aground in massive ridges and piles, from the shoreline
out to a water depth of approximately 20 m. This grounded ice is subject to
slight movements during winter and normally breaks up with severe movements
in the summer. Beyond the 20-m water depth, the moving Arctic pack, contain-
ing multiyear ice with ridges as thick as 40 m or more, shears along the
coastline. The seafloor is commonly scoured to depths of 2 m, and deeper
scours have been reported.

Offshore exploration in such an environment has been carried out already
in Canada, using artificial gravel or silt islands constructed in water depths
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up to 8.5 m. Such islands must be designed to withstand lateral ice forces
produced by the moving ice sheet during major storms and during summer break-
ups. The dynamic motion of sea ice near such a grounded obstacle together
with the details of sea-ice fracture mechanics near the island boundary
represent the major factors involved in the practical design of such arti-
ficial islands in the Arctic. From an engineering standpoint, these islands
represent a simple extension of land-based technology and will undoubtedly
be used near the shoreline in shallow water. However, in deeper water, the
costs of island construction rise rapidly, and other alternatives for petro-
leum development facilities should be examined, both on technical and eco-
nomic grounds. Steel and concrete structures represent one such alternative
and merit serious consideration in any balanced program to examine petroleum
extraction in the Arctic offshore. Massive structures would be required to
support production facilities in the moving pack ice, and pipelines may
require deep burial for protection against bottom-scouring ice features. The
open-water season available for installation of such facilities may last only
a few weeks each summer. Here again, lateral sea-ice motion and sea-ice
failure mechanics against the structure dominate the design of the offshore
structure. It is this area on which consideration of tunneling as an alterna-
tive to conventional surface development should focus.

It should also be emphasized that the petroleum exploration phase, in
which major oil and gas deposits are located, will definitely involve drilling
from artificial islands, structures, or floating platforms, all of which will
be subject to at least some degree of ice interaction, depending on the pro-
jected season of exploration. Substantial petroleum reserves must first be
found before the financial and other resources required for a long-distance
tunneling project can be committed on a sound economic basis. Exploratory
drilling operations must be conducted from the surface.

Assuming that an oil-bearing structure of sufficient magnitude has been
defined in this manner, the concept of tunneling beneath the seafloor to a
location above the petroleum reservoir and the drilling of the development
wells from a chamber in this tunnel becomes reasonable. Such an approach
completely avoids the ice hazards and has other potential advantages. Certain
problem areas, such as the presence of offshore subsea permafrost, would be
encountered, however, and it is the purpose of this report to discuss both the
advantages and disadvantages of this possible approach and to recommend a plan
to examine some of them in greater detail.

The existence of offshore permafrost as a potential problem in the de-
velopment of Arctic offshore petroleum has been discussed from a technical
standpoint in the National Academy of Sciences report, Problems and Priorities
in Offshore Permafrost Research (1976).1 Research conducted since that report
was written has focused on the Prudhoe Bay region, because it is most likely
to undergo early exploration. This condition will further limit the area of
potential applicability of the tunneling approach on the Alaskan Arctic shelf.

14d Hoe Study Group on Offshore Permafrost, Committee on Permafrost, NRC Polar
Research Board, 1976. Problems and Priorities in Offshore Permafrost Research.
National Academy of Sciences, Washington, D.C.
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It should be noted that only the upper boundary of the ice-bonded off-
shore permafrost has been explored, along a line extending 16 km seaward from
Prudhoe Bay. Using seismic refraction and reflection, together with limited
drilling and sampling, it has been tentatively established that the upper
boundary drops quickly to about 40-m depth at about 4 km from the shore and
then decreases irregularly thereafter (Figure 6.1). It appears at present
that the thawing of the upper boundary of the subsea permafrost is controlled
primarily by convective transport of brine in the coarse, sandy gravels of
the seafloor, rather than by conduction or diffusion. However, fine-grained
sediments in specific locations could modify this considerably, and a non-
uniform upper boundary of the permafrost should be expected. Geothermal heat
flux is presumed to be melting the permafrost from below, at a rate of ap-
proximately 1 cm/yr, but no direct evidence of the lower-boundary profile
beneath the sea has yet been obtained. To predict the type of permafrost
conditions and properties that would be encountered by a specific under-ocean
tunneling project, offshore permafrost should be mapped and diagnosed along
the proposed route. Drilling, coring, seismic, and other remote-sensing
methods should be used. As the tunnel construction proceeds, electromagnetic
and acoustic sensing of the region scheduled for excavation may detect ice-
rich areas, unfrozen brine pockets, and boundaries between bonded and un-
bonded material, which would assist in the choice of proper tunneling methods.
In the construction of chambers for oil development, such remote sensing in-
formation would be of considerable value.

ADVANTAGES OF UNDER-OCEAN TUNNELING

At this point it is perhaps well to point out the many advantages inherent in
this novel oil-field development method. We list the following advantages of
under-ocean tunneling:

¢ Requires combination of two existing technologies —tunneling and oil-
well drilling—and does not necessitate the development of novel technology.
e Allows use of onshore technology —dry well heads, conventional drill-
ing rigs, hands-on maintenance, for example.
e Good working environment compared with harsh conditions on conven-
tional Arctic rigs.
e Eliminates shutdown because of harsh weather.
Simpler logistics than offshore drilling.
Good underground living quarters for workers in Arctic.
Pollution containment —no spillage in water or under ice.
Less danger of sabotage.
Eliminates problems of ice scouring.
Provides dry production facility and pipeline corridor.
Avoids major problems encountered with sea ice.
e Allows simultaneous use of several inexpensive land-drilling rigs
($5 million) compared with expensive offshore rigs ($50 million-$100 million).
o Reduces number of deviated wells (i.e., allows more drilling sites).
e May be the only practical system for producing certain potential Arc-
tic fields (e.g., deep water with multiyear ice).
® Material excavated from tunnel can be used for building roads, build-
ings, pads, islands, and causeways.
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EXISTING TECHNOLOGY FAVORS SHALLOW DEPTH OF TUNNEL

The offshore 0il fields of North America occur in a variety of geological
settings, particularly with regard to water depth at the location of the
field. In all instances, the sediments overlying the fields vary from un-
consolidated to soft rock —usually sandstone, limestone, and shale. In the
Arctic, there is a further consideration arising from the presence of perma-
frost.

In unconsolidated sediments, such as those occurring off the North
Slope, it is likely that tunneling will only be practical at comparatively
shallow depths because of the problems of dealing with the presence of water
at full hydrostatic pressure with an infinite source. To deal with this
problem, it will be necessary to use either grouting or the slurry mole con-
cept at the probable depth of construction. Freezing is eliminated because
of its inherently slow rate of progress, and the use of compressed air is
unlikely because of problems of toxic effects at the pressures necessary
to balance the hydrostatic pressure at the comparatively great depth of con-
struction.

The presence of bonded permafrost in unconsolidated sediment will be
helpful, but its continuity cannot be anticipated because of the presence of
relic thaw bulbs or unfrozen brine lenses. It will therefore be necessary
to have available the same procedures as would be used in unbonded soil.
This fact essentially determines the technique, since changing from one to
another is not practical.

Rock, whether in permafrost or not, offers the opportunity to use tun-
nel-boring machines of advanced design with high penetration rates. However,
as depth increases, so do the risks of disastrous water influx through faults
or other previous fractures. There is also the possibility of encountering
zones of fragmented rock also associated with faults and shears.

For all conditions, shallow construction is desirable from the point of
view of minimizing water head; but in rock, it may prove better to have the
tunnel located at a depth such that it is sure to be in sound, unweathered
rock.

The rock-mechanics problems associated with design and construction of
either soft-ground or rock tunnels not in permafrost will, in general, be the
same as for all soil tunnels. It will be necessary, however, to conduct de-
tailed studies of the behavior of permafrost in relation to Arctic tunnels
and, in all cases, to gather complete information concerning possibly adverse
structural conditions.

The depth at which such tunnels will be constructed in soft ground will
strain the limits of current construction technology. It will be necessary
to examine each separate element of design and construction to ensure safe,
rapid, and economic completion of this project. Because of the many problems
that have to be solved to verify the practicality of the concept, the Subpanel
recommends, as a first approach, a feasibility study.
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FEASIBILITY STUDY

A feasibility study on drilling oil and gas wells from tunnels should include
the following:

e Scenarios for underground oil-field developments
e Advantages and disadvantages of drilling from tunnels
e Rough cost and time estimates (tunneling)
Shallow (<250 ft; 75 m)
In permafrost (0-2000 ft; 600 m)
Below permafrost (>2000 ft; 600 m)
Rough cost and time estimates (oil and gas drilling and production)
Safety and environmental factors
Regulatory factors
Technical limitations (tunneling)
Groundwater
Creep
Advance rate
Lining design and installation
Material removal
Ventilation
Grouting
Thermal stresses
Permafrost freeze-thaw cycle
Buoyancy of tunnel
Subsidence
Chamber excavation
Chamber stability
e Technical limitations (oil and gas drilling and production)
Well control
Logistics
Drillstring tripping
Adaptation of drilling production technology to tunnel environment
e Parameters for pilot project
® Recommendations

The tunneling portions of these studies should be conducted jointly by persons
from the tunneling and petroleum industries.

The scenarios should include tunneling from shore or from islands to
hypothetical fields at various distances and water depths. Conceptual designs
should be completed for these different cases and the most serious limitations
addressed. Offshore structure mapped by the USGS should be assumed to contain
oil and used in these case studies., This case structure can be moved to dif-
ferent distances from shore and corresponding water depths. Several field
recovery levels of, say, 1 billion to 10 billion barrels should be addressed.

Among the subjects to be addressed in the feasibility study, we point out
the following problem areas that, in the opinion of the Subpanel, need special
attention,
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PROBLEM AREAS
Rock-Mechanics and Constructability Factors

Before an assessment of construction problems and costs can be made, the
following rock-mechanics factors must be ascertained and tabulated:

A geological description must be given the various formations that the
construction experts could expect to encounter. The material must be identi-
fied as rock or soil, igneous, sedimentary, or metamorphic rock. What is
the strength, hardness, permeability, or jointing? Are faulting or other
discontinuities present? Is permafrost present?

This geological information is needed to predict the following factors:

Method of excavation
Probable rate of excavation
Structural supports

Lining design

Groundwater infiltration

The depth of tunnel invert below sea level and the depth of ground
cover —tunnel roof to seafloor —are needed to predict:

e Groundwater infiltration
¢ Lining design

The following nongeological factors will affect cost and construction
time:

¢ Length of tunnel
General accessibility
e Method of access

Shaft onshore

Adit onshore

Shaft from offshore site

Adit from offshore site
Disposal method and location
Weather conditions at site
Logistics
Life-support facilities
Source of energy
Source of freshwater
Communications
Transportation facilities
Recreational facilities for workmen

Cutting and Boring in Frozen Ground

Mechanical cutting and breaking techniques that utilize drag bits or indenta-
tion tools are directly applicable in frozen ground. In broad terms, drag
bits are well suited for cutting ice and frozen fine-grained soils, whereas
indentation tools (roller cutters, percussion tools) may be required in coarse
or bouldery frozen gravels.
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The design of cutting and boring machines is not normally determined by
specific material properties, and existing machines can be adapted for work
in frozen earth materials. Material properties have to be taken into account
when selecting machines and operating parameters for particular jobs.

Basic knowledge of the mechanical properties of frozen materials pro-
vides a general impression of deformation and fracture characteristics and
how they vary with material type, ice content, temperature, strain rate, and
stress state. However, very little work has been done outside the Soviet
Union to determine the cutting characteristics of frozen soils.

It would be desirable to carry out cutting experiments on frozen mate-
rials with both parallel-motion tools (drag bits) and normal indentation
tools (mainly disks and studded rollers). The relevant research methods have
been developed and applied to a variety of rocks and minerals. It would not
be necessary to cover all the experimental variables when working on frozen
materials. The main object would be to discover how the properties of the
frozen materials affect the dynamics and energetics of the cutting process.

Sensing of Ground Conditions Ahead of Face and Around Bore

A remote-sensing technique for exploring ground conditions (soil type, ice
content, freeze state) would be either necessary or desirable. This tech-
nique might involve a combination of elastic-wave and electromagnetic methods
(active and passive).

Exploratory Drilling for Route Survey

Core drilling along a proposed tunnel is obviously required for design and
construction planning and to provide ground truth for remote sensing. There
are problems with extracting and handling core to maintain it in an undis-
turbed state, free from contamination, water-content changes, and temperature
disturbances. Core holes also have to be logged for temperature.

Effects of Heat Flow and Thawing on Permafrost

Heat flow (positive or negative) from a tunnel can heat or melt permafrost,
cool or freeze soils, or maintain a steady-state condition. Heating acceler-
ates creep rates; thawing produces subsidence; cooling slows creep; freezing
can produce expansion, frost heave, ice segregation, and frost damage to rocks
and concrete. Thawing of massive ice bodies of ice-rich frozen soils could
create a buoyant condition for a lined tunnel, or it could lead to differen-
tial settlements along the line of the tunnel.

Heat Control During Tunneling

It seems likely that all heat created by mechanical, thermal, and electrical
processes will have to be removed from the tunnel. Most of the energy taken
underground will finish up as heat —only the energy used for such purposes as
potential energy processes (lifting, irreversible strains, surface-free
energy) and kinetic energy output (fluid or muck streams) is exempt from the
heat-removal tally.
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Heat Control During Operation of the Facility

Even if the tunnel and chambers are fully lined, there may well be a require-
ment for operating with skin temperatures of -10°C or lower that could in-
volve special ventilation or artificial refrigeration schemes. Requirements
for hot o0il lines and cold tunnel walls might have to be reconciled.

Muck Removal

There are potential problems with refreezing of permafrost cuttings and
rubble in cars or piles, related to vapor diffusion, temperature gradients,
and material type.

Cutting, Breaking, Excavating

Properties of frozen soils need to be taken into account in designing boring
heads.

Frozen fine-grained soils with moderate to high ice content are ductile
at low strain rates. Fullface boring heads tend to have low tool speeds near
the center of the head.

Coarse, cobbly gravels with ice bonding are difficult to cut.
Tunnel Advance Rate

Drilling of the access tunnel delays the onset of development drilling. The
length of this delay is sharply dependent on the advance rate and more so as
the field is farther from shore.

Cost

Typical costs of existing tunnels of the type suggested for the Alaskan North
Slope offshore are in the range of $3 million to $15 million/km for a 4-5-m-
diameter tunnel, depending on subsurface conditions. Significantly higher
costs must be expected for such tunnels in the Arctic. Compared with this
cost, the expenditures for excavating the drilling chambers and for tunnel-
boring equipment are minor.

Well Control

Well control has been an area of great concern in offshore drilling, and a
great deal of effort has been expended in controlling oil wells under various
situations. Many of the solutions and methods developed for the control of
these conventionally drilled wells are directly applicable to those drilled
from subsurface chambers. However, because of the nature of the tunnel
environment, special precautions will have to be taken with the handling of
larger volumes of gas. Methods for handling large volumes of gas need to be
considered (such problems are compounded with sour gas flows), and means of
disposing of gas need to be studied.

In deep tunnels, the pressure is greater at depth than at the surface;
this has to be taken into account. Research is needed regarding handling
ignited gas with the well out of control. Handling of fluid flows resulting
from blowout needs to be studied. A means must be developed to re-establish
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control of the well. Care must be taken that, in case of a blowout, excess
fluid can be vented by pipeline to the outside to avoid pressure buildup in
the chamber and possible breakthrough into the chamber roof.

Spudding In

Control of formation fluid when spudding in requires development of special
techniques. There is a need for pull-down on rig and rotary head to over-
come formation fluid pressure.

Pulling of singles during tripping with the bit or a flex-pipe rig
should be considered. Handling of drill cuttings and drilling mud requires
attention, as does disposal of these materials.

Safety

Rapid evacuation of personnel in case of an emergency needs to be studied in
depth. There is a need to provide an alternate escape system. Protection of
personnel against falls (ground control) is needed. Mechanical safety of
equipment must be provided, including well-control systems. Remote well
control needs to be studied to manipulate controls from outside the tunnel,
above the ice. Existing hardware must be adapted and modified for applica-
tions in drilling from subterranean chambers. Familiarizing oil-field per-
sonnel with unfamiliar subterranean environment is important. Use of experi-
enced oil-field personnel for the oil-well drilling, rather than miners, is
desirable.

Identification of Economic Parameters

This is an important part of any study so that cost-effective decisions can
be made.

Production

During the production phase (20-30 years) it may be desirable to insulate
(refrigerate) the pipeline to maintain the permafrost if this is necessary
for the integrity of the tunnel and the drilling chambers. The latter should
be designed with the production phase in mind right from the beginning.

EXPERIMENTAL TUNNEL FACILITY

Assuming that the practicality of the concept is proven in the feasibility study,
the Subpanel recommends, for the next phase, the construction of an experi-
mental tunnel facility. The purpose of this facility would be to gather
information about thermal and mechanical properties of soft sediment perma-

frost in situ. We visualize a facility perhaps 60 m long and 3.6 m in diam-

eter (about the diameter of the ocean tunnel). We estimate the cost of this
near-term project (less than 4 years' duration) to be $§1 million. This

facility, of course, would be permanent and could be utilized for other per-
mafrost-related studies.

OCEAN-TUNNEL PILOT PROJECT

Following successful completion of the test program in the experimental tunnel
facility, the Subpanel envisages boring a full-size (3.6- to 4.8-m-diameter)


http://www.nap.edu/catalog.php?record_id=19971

63

tunnel 300 m long. Estimated cost would be $10 million to $15 million
(1977). 1t would be advantageous if, when this pilot project is begun, some
oil-bearing structures beyond the fast ice had been proven productive. This
would make possible the continuation of the pilot tunnel or a full-access
tunnel after testing in the pilot tunnel was satisfactorily completed. The
Subpanel considers the ocean-tunnel pilot project to be a necessary and
natural extension of the earlier experimental tunnel facility. The main and
vital purpose of the project would be to develop and perfect the ability to
bore the full-length tunnel. However, it should be pointed out that a
300-m-long pilot-project tunnel, as envisaged, would most probably be located
entirely within the bonded permafrost and would not be a complete test of
conditions further offshore in the unbonded permafrost.

CONCLUSION

Under-ocean tunneling for petroleum recovery appears to be a reasonable con-
cept and perhaps the only practical method of recovering oil from reservoirs
located beyond the shallow nearshore Arctic. The Subpanel is aware of the
many developmental problems associated with this hybrid technology. These
problems need to be solved, and we have suggested a series of steps that can
be taken to solve them. We believe that rock mechanics can contribute to
many aspects of this research and development program. In turn, the results
obtained in the proposed experiments are likely to find applications in other
areas where rock mechanics can improve our understanding and help to achieve
national energy objectives.
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