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NOTICE: The project that is the subject of this report was approved by
the Governing Board of the National Research Council, whose members are
drawn from the councils of the National Academy of Sciences, the National
Academy of Engineering, and the Institute of Medicine. The members of
the panel responsible for this report were chosen for their special com-
petences and with regard for appropriate balance.

This report has been reviewed by a group other than the authors ac-
cording to procedures approved by a Report Review Committee consisting
of members of the National Academy of Sciences, the National Academy of
Engineering, and the Institute of Medicine.

Phe National Research Council was established by the National Academy of
Sciences in 1916 to associate the broad community of science and technol-
ogy with the Academy's purposes of furthering knowledge and of advising
the federal government. The Council operates in accordance with general
policies determined by the Academy under the authority of its congres-
sional charter of 1863, which establishes the Academy as a private, non-
profit, self-governing membership corporation. The Council has become
the principal operating agency of both the National Academy of Sciences
and the National Academy of Engineering in the conduct of their services
to the government, the public, and the scientific and engineering commu-
nities. It is administered jointly by both Academies and the Institute
of Medicine. The National Academy of Engineering and the Institute of
Medicine were established in 1964 and 1970, respvectively, under the char-
ter of the National Academy of Sciences.

SPONSORS: This project was sponsored through U.S. Bureau of Mines Con-
tract JO199030 by the following agencies: U.S. Bureau of Mines, U.S.
Geological Survey, U.S. Bureau of Reclamation, Defense Nuclear Agency,
Department of the Air Force, Department of the Army, Department of Energy,
National Science Foundation, Nuclear Regulatory Commission, and Urban Mass
Transportation Administration.

Copies are available from

U.S. National Committee for Rock Mechanics
National Research Council

2101 Constitution Avenue, NW

Washington, D.C. 20418
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PREFACE

In 1981 the U.S. National Committee for Rock Mechanics and its Panel on
Rock-Mechanics Research Requirements completed a major technology assess-
ment with publication of the report Rock-Mechanics Research Requirements
for Resource Recovery, Construction, and Earthquake-Hazard Reduction. As
a follow-up to this effort, the committee concurred in the suggestion of
its then chairman, Neville G.W. Cook, to establish a Panel on Science and
Engineering of Rock Mechanics. This new panel was directed to prepare an
annual, written assessment of programs and needs in rock mechanics, which,
after approval by the committee and the National Research Council, would
be published and distributed throughout the rock mechanics community and
to program managers and decision-makers in government and industry.

The panel's yearly assessment was to be brief and restricted in
scope, and yet emphasize progress applicable to diverse disciplines and
problems. The theme selected for the 1982 review is "rock mass charac-
terization, with particular consideration being given to thermomechanical
properties determination and in situ stress." Although each annual as-
sessment is intended to be narrow in scope, it is anticipated that the
series of reviews will encompass a broad range of rock mechanics themes.
The emphasis and organization of these reports are expected to change
from year to year, reflecting changes in the priorities of programs and
needs in rock mechanics. This first review was conducted under the lead-
ership of Kate H. Hadley, the current chairman of the committee, who has
acted as pro tempore chairman of the Panel on Science and Engineering of
Rock Mechanics.

vii
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INTRODUCTION

This report, the first of a series of annual reports intended to review
significant progress in selected areas of rock mechanics, focuses on

rock mass characterization, with particular consideration being given to
thermomechanical properties determination and in situ stress. It reviews
events or work completed rather than under way, because documentation for
work in progress is often difficult to obtain and, thus, knowledge of in-
vestigations or applications in progress may not be as broadly useful as
a report of accessible results.

This year's theme was chosen because it cuts across diverse disci-
plines and problems and builds on the conclusions and reactions to the
report Rock-Mechanics Research Requirements for Resource Recovery, Con-
struction, and Earthquake-Hazard Reduction (U.S. National Committee for
Rock Mechanics, 198l1). That report demonstrated that, traditionally, the
behavior and properties of materials of which, or within which, structures
are made have been evaluated principally on the basis of past experience.
In general, such experience has not provided an understanding of the caus-
al relationships between the composition and structure of the material and
its properties within particular environments.

Increasing numbers of excavations are being made under conditions
with which there is little past experience and for which predictive meth-
ods of design are necessary to ensure economy and safety. For example,
only recently have rock mechanics engineers been prompted to deal with
the effects of high temperature because of programs involving geothermal
energy exploration and exploitation; in situ recovery of energy from coal,
oil shale, and tar sands; tertiary recovery of conventionally reservoired
0il using hot steam or water; and nuclear waste disposal. Numerical mod-
eling now provides a powerful basis for prediction as well as for extrap-
olation of observational models. However, the successful application of
numerical models requires a knowledge of the compositional and structural
features of the rock mass that affect its behavior and properties. It
also requires a knowledge of the appropriate boundary conditions.

Copyright © National Academy of Sciences. All rights reserved.
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FIELD AND IN SITU ROCK MASS CHARACTERIZATION

In practice, only some of the compositional features of a rock mass are
determined by field mapping and measurements. Those features that are
determined are not necessarily those of the greatest importance to either
the behavior of a rock mass or the cost and stability of an excavation.
This is the case as much because there is little consensus on what those
properties are as because of the difficulty of measurement.

The basic geotechnical description of rock masses suggested recently
by the Commission on Classification of Rocks and Rock Masses (1980) of
the International Society for Rock Mechanics gives only five properties
for each zone. These are the rock name with simplified geological de-
scription; the structural characteristics of layer thickness and of frac-
ture intercept; and the mechanical properties of uniaxial compressive
strength and of angle of friction of the fractures. As important as
these properties are, they are not always sufficient to characterize the
rock mass appropriately. Even such detailed mapping studies as were car-
ried out at the Stripa Mine in Sweden as part of a U.S.-Swedish coopera-
tive program (Witherspoon et al., 1980), although useful in defining
fracture system geometry, do not give enough information to calculate
the flow of water or displacements due to thermal or mechanical loading.

Very extensive and large deformations of the rock mass surrounding
full-excavation mining have been measured, providing a model for the be-
havior of discontinuous rock masses subjected to excavation (Panek and
Tesch, 1981). Zones of compressional and extensional strains can be de-
lineated and anticipated in such highly disturbed regions.

Evaluating the suitability of a proposed hard-rock nuclear waste re-
pository requires more information than is customarily obtained by mea-
suring. The Office of Nuclear Waste Isolation (ONWI) of the Battelle
Memorial Institute contracted to prepare a manual specifying field and
in situ rock mechanics testing procedures in order to standardize rock
tests and measurements used in the National Waste Terminal Storage Pro-
gram (Foundation Sciences, Inc., 198l). In the opinion of ONWI, the
data requirements for adequate rock mass characterization include geom-
etry of rock units and disontinuities therein; stress, strength, and de-
formational properties; and support system performance.

Little is known as yet about the thermomechanical properties of
discontinuous rock masses and the effects of thermal cracking on these
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properties, particularly strength and permeability. In dry rock, the
effect of increasing temperature is an irreversible thermal cracking if
the rocks are not under some minimum confining pressure; at high temper-
atures and/or confining pressures, steady state creep is the dominant
deformation mechanism (Carter et al., 1981). 1In wet rock, effects of
increasing temperature also include increased pore pressure, enhanced
stress-corrosion cracking, and accelerated rock-fluid reactions. Sever-
al studies of rapid temperature rise associated with frictional heating
along fault zones have indicated that thermally produced increases in
pore pressure may substantially reduce resistance to fault motion during
earthquakes (Lachenbruch and Sass, 1980; Raleigh and Evernden, 1981). A
new and important area of application is the backfilling, support, and
sealing of nuclear waste repositories. At the sustained elevated temper-
atures in this situation, phase changes and hydration/dehydration reac-
tions must be considered in predicting the response of the system.

Over the past three years, thermomechanical investigations have been
conducted in crystalline rock at a depth of about 1,100 ft (340 m) at the
Stripa Mine. These include full-scale heater experiments. The thermome-
chanical results obtained thus far show that much more work will be need-
ed to develop a reliable basis for predicting the thermally induced be-
havior of discontinuous rock masses. The behavior is complex, and the
mechanical and hydrological effects of the discontinuities are not yet
understood.

Cook (1982) compared measured and calculated values of changes in
displacements or temperatures in the rock for six different field exper-
iments in the United States, Sweden, and South Africa. Using linear re-
gression, he showed that when values of the differential stresses are
relatively low, linear elasticity—with Young's modulus data from labo-
ratory tests—provides a good predictive model. However, if the values
of the mean compressive stresses are small in comparison with those of
the differential stresses, the behavior and response of the rock, al-
though systematic, are not linear. Linear heat conduction provides good
predictions of changes in rock temperature, but thermal displacements are
not predicted well by linear thermoelasticity.

The Los Alamos Hot Dry Rock (HDR) Program is directed toward devel-
oping the technology for economical extraction of the geothermal energy
contained at accessible depths in the earth's crust, by far the largest
energy source available to man (Murphy et al., 1981). To date, the HDR
Program has been successful in proving the feasibility of energy recov-
ery and generation of electricity by means of a small research reservoir
(Phase I) at Fenton Hill, New Mexico. To develop the technology neces-
sary to create and test a reservoir approaching commercial size, two well
bores making up the injection and production legs of the circulating loop
were successfully completed last year at depths of 1.9 miles (3 km). Cur-
rent effort is directed at creating about three fractures connecting the
two well bores. Furthermore, thermal-stress cracking research involving
fracture toughness and crack growth experiments demonstrated the ease
with which a crack or fracture grows under conditions of elevated pres-
sure, temperature, and pore water pressure. This is very important, as
a HDR system requires that one or more artificial fractures be produced

3
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with up to a 3,300 ft (1 km) diameter in rocks 1.9 to 3.7 miles (3 to 6
km) deep at 570°F (300°C).

The pressing need for large-scale, coupled, thermomechanical and hy-
draulic test data prompted ONWI to sponsor a 282-ft3 (8 m3) block test.
The site is located in gneiss in the Colorado School of Mines experimen-
tal mine in Idaho Springs (Voegele et al., 198l1). It was found that a
mineralized joint in gneiss, loaded normally in a 6.6 x 6.6 x 6.6 ft
(2 x 2 x 2 m) biaxially loaded block, exhibited a fourfold reduction in
permeability when loaded from O to 1,000 psi (6.9 MPa) under ambient con-
ditions at 54°F (12°C). A subsequent loading test at 165°F (74°C) to the
same stress produced a thirtyfold reduction in permeability. Increasing
the temperature alone, with no change in the 1,000 psi (6.9 MPa) normal
stress, reduced permeability tenfold. Temperature does not appear to
have a positive effect on joint permeability where the joint is uncon-
fined.

An extensive program of thermomechanical in situ tests is under way
at the Basalt Waste Isolation Project at Hanford, Washington (Gregory and
Kim, 1981; Hocking et al., 198l). Preliminary results from the full-
scale heater tests compared favorably with predictions, although measured
temperatures and displacements were generally lower than predicted values.
The numerical predictive analyses for the heater tests were performed by
a linear, two-dimensional, axisymmetric finite-element program. Thermal
conductivity was found to be scale independent. An examination of the
main heater boreholes with a borescope showed no evidence of rock decrep-
itation for temperatures up to 536°F (280°C). Stress data are not yet
available.

Salt behavior at elevated temperature has been studied mainly in the
laboratory. The effect of temperature and pressure on the thermal con-
ductivity and diffusivity of salt was examined by Durham and Abey (1981).
The most recent investigations of the thermomechanical properties of salt
have been conducted by RE/SPEC, Inc. (Wagner et al., in press) and Sandia
National Laboratories (Hansen and Carter, 1980).
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ROCK MASS CHARACTERIZATION IN THE LABORATORY

The work cited above reflects a move toward increasingly large-scale and
comprehensive field and in situ tests for site characterization. Such
tests are costly and limited in scope by the extent to which conditions
of stress, pore pressure, and temperature can be altered or controlled,
or both. Even field measurements made under ideal conditions are sub-
ject to considerable uncertainty; depending on which technique and which
data reduction procedure are chosen, significantly different values of
modulus or other properties can result (e.g., Bieniawski, 198l). These
problems argue for large-scale laboratory tests, in which greater ranges
of better controlled environmental conditions can be achieved.

New Testing Facility for Rock Mass Characterization

One large public facility will become available in January 1983, with the
opening of the National Geotechnical Centrifuge at the Ames Research Cen-
ter in Mountain View, California. This centrifuge, the largest in the
free world, was modified for geotechnical engineering studies from an
existing NASA machine developed for the Apollo space program. When fully
developed, it will have the ability to carry 20 tons (18,144 kg) of rock
or soil at centrifugal accelerations up to 100 times gravity. This ca-
pacity will allow testing of large models to simulated depths of 900 ft
(274 m). Accelerations to 300 g can be achieved with models weighing up
to 3 tons (2,722 kg). Future expansion plans include equipment for earth-
quake simulation in flight and placement or removal of embankment material
in flight.

Centrifuge testing is particularly applicable when body force load-
ing is of concern. Heretofore, most testing has been confined to soils
because of limited machine capacity. The capacity of the new machine
will allow more rock mechanics testing.

Funding for the development of the National Geotechnical Centrifuge
has been provided through a $2.4 million grant from the National Science
Foundation (NSF). Development of the facility represents a significant
departure from previous NSF procedure in that, for a period of about four
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years, one fourth of the resources of the NSF geotechnical program was
allocated to one project.

The centrifuge will continue under the ownership of NASA. Technical
direction is currently being provided by Professor James Cheney, Depart-
ment of Civil Engineering, University of California at Davis.

Relation of Laboratory Experiments to Prediction of Rock Mass Behavior

Most laboratory testing continues to be done on samples with dimensions
of tens to hundreds of millimeters, and much of it is limited to triaxial
test configurations. The stresses in triaxial testing are designed to be
homogeneous, and the kinematics of the triaxial test allow only limited
kinds of near-macroscopic deformation and fracture. However, the ranges
of the magnitudes of the minimum and maximum principal stresses, pore
fluid pressures, and temperatures that can be achieved and controlled in
small triaxial tests are virtually inexhaustible. Therefore, extensive
and precise measurements and observations of the behavior and properties
of rock specimens under wide ranges of these conditions can be made.

In principle, measurements of the behavior and properties of rock
derived from small laboratory tests can be incorporated into numerical
models to predict the behavior and properties of rock under conditions
more complicated than those of the triaxial test. Numerical models are
becoming increasingly sophisticated and lower in cost (e.g., Heuze and
Barbour, 198l1). Their successful application appears limited not by the
codes themselves but by our limited knowledge of the operative failure
mechanisms and appropriate geotechnical parameter values for a given
practical situation. Repeated comparisons have indicated that field
strength values of rock masses are generally several times smaller than
laboratory values; field moduli generally fall between 20 and 60 percent
of laboratory measured moduli (e.g., Heuze, 1980). This phenomenon has
long been attributed to fractures, and scaling laws have been proposed
(most recently by Baecher and Einstein, 1981).

Scale change may alter the relative importance of failure mechanisms.
What is wanted in order to apply laboratory data to quantitative predic-
tion of rock mass behavior in situ is not merely a size-dependent consti-
tutive relationship with which to scale the data, but the recognition of
additional mechanisms not operative under usual laboratory test condi-
tions. Body forces are one clear example; large-scale laboratory testing
will likely elucidate others. New field techniques may provide further
clues. Increasing use is being made of seismic data to provide insight
into the properties of rocks. Measurement of compressional and shear
wave velocities and attenuation, combined with bulk density, permits in
situ definition of dynamic elastic moduli from which rock mass response
under load may be estimated (e.g., Bieniawski, 1980).
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IN SITU STRESS DETERMINATION

Of the conditions that require specification for predictive engineering
design at depth, the initial state of stress in the rock mass is among
the most critical. Of the techniques currently available for in situ
stress determination, hydraulic fracturing stress measurement samples
the largest volume of rock with a single measurement. It is also one of
the more direct methods, in that stresses themselves are measured rather
than strains or deformations, which must then be converted into stresses.

In December 1981, a Workshop on Hydraulic Fracturing Stress Measure-
ments was held to assess the current status of the technique and to de-
fine areas for future research (Zoback and Haimson, 1982). More than 40
active investigators in the field, representing eight countries, partic-
ipated. A complete account of the presentations and discussion at the
workshop will be available in the published proceedings in April 1983
(U.S. National Committee for Rock Mechanics, in press).

The most exciting aspect of the workshop was the discovery by the
various groups of investigators that others were having very similar ex-
periences with the method. The different groups of investigators at the
workshop found that they were recording very similar pressure-time data
in the field, they were able to interpret them in similar ways, and they
were achieving results that were quite encouraging because of several
factors. First, the results at various locales were found to be inter-
nally quite consistent. Second, the hydrofrac stress measurements gen-
erally agreed well with subsurface overcoring stress measurements wher-
ever detailed comparisons could be made, and hydrofrac orientations
seemed to agree quite well with other stress measurement methods and
stress field indicators (Haimson, 1982; Zoback and Hickman, 1982). Final-
ly, the magnitude of stresses determined by hydraulic fracturing seemed
to agree well with stress estimates based on the frictional strength of
rock. Nevertheless, it was clear at the workshop that there are a num-
ber of areas where the method is more complex than is usually recognized
and other areas where further research is required to verify interpreta-
tion methods. Needs include the development of a better physical under-
standing for interpretation of gradual shut-in pressures and secondary
breakdown pressures, and an understanding of the variability in tensile
strength determination.
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http://www.nap.edu/catalog.php?record_id=18913

Annual Review of U.S. Progress in Rock Mechanics: Rock Mass Characterization
http://lwww.nap.edu/catalog.php?record_id=18913

CONCLUSIONS

Rock mass characterization for evaluating site response under changing
environmental conditions remains limited by a lack of knowledge of both
governing mechanisms and appropriate numerical values for large-scale
geotechnical properties. Several rock mass characterization schemes are
available; they trade off simplicity against completeness.

Significant progress has been made in collecting data on the ther-
momechanical properties of rock in field tests. However, the causative
mechanisms for the observed behaviors require further definition before
accurate prediction of rock mass response can be achieved.

A new, large centrifuge facility will be available beginning in ear-
ly 1983 for scaled experiments in rock mechanics. The extent to which
results from this facility and other large-scale laboratory tests can
close the cycle of experiment and prediction needed to advance the sci-
ence of rock mechanics and its application to engineering remains to be
explored.

Hydraulic fracturing measurements appear to be reliable indicators
of the in situ state of stress.
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