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Chapter 2

GEOENGINEERING

INTRODUCTION

Chapter 2 summarizes the available information on the geoengineering
properties that contribute to the demonstration that performance objectives
and design criteria will be met. The performance objectives and design
criteria for the geologic operations area are described in 10 CFR Part 60.

The Yucca Mountain Project (formerly called Nevada Nuclear Waste Storage
Investigations Project) has assembled an issues hierarchy, as defined in
Sections 8.1 and 8.2, which provides a structured approach to defining
information that must be obtained to demonstrate that the performance
objectives will be met. The reader is referred to those sections for details
about the issues hierarchy structure and content. The issues, and subsidiary
information needs; and characterization programs and subsidiary investiga-
tions that contribute to individual issues, are described in detail in
Section 8.3.

The list of specific issues that use geoengineering data as input is
extensive. The relationship between the issues and specific geoengineering
parameters is elucidated in Section 2.9.3. These parameters form the basis
for discussion for most of the remainder of Chapter 2.

The behavior of tuff as an engineering material must be understood to
design, license, construct, operate, and decommission a repository at Yucca
Mountain. The uniqueness of a repository design (when compared with mines or
tunnels) results from the addition of heat and radiation to the rock mass and
from the need for long-time stability. The heat produces changes in the
preexisting temperature field, which in turn changes the state of stress and
possibly the distribution and flow of ground water within the rock mass. Two
important tasks must be completed to understand the behavior of tuff:

1. Identify and understand the geotechnical phenomena, properties, and
parameters important to the design and evaluation of a repository
system.

2. Develop the data base for these required geotechnical phenomena,
properties, and parameters to form the basis for technical decisions
to be made in site evaluation, repository and waste package design,
and performance assessment.

The remainder of this introduction is devoted to the following:

1. Delineating the quantities that must be known to evaluate thermal,
mechanical, and hydrothermal phenomena.

2. Identifying the specific properties or measured values that are
needed to make or to evaluate the required predictions.
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3. Delineating the strategy being used for developing the data base of
geotechnical properties.

4. Summarizing the philosophy of sample selection for laboratory
testing.

5. Summarizing the status of the geotechnical measurement activities.

6. Identifying conceptual models for which the data provide input.

REPOSITORY CONDITIONS TO BE EVALUATED

Demonstration that a repository will be in compliance with regulatory
criteria must rely on analyses of the behavior of the repository system as a
whole and its subsystems (e.g., the waste package). Such analyses must treat
thermal, mechanical, hydrologic, and geochemical effects, and coupled effects
in relation to the emplacement, retrieval, long-term isolation, and contain-
ment of the radioactive waste. The relationship between the regulatory
criteria and repository design and the resulting definition of data needs are
discussed in Section 6.1.1.

Input data necessary for performing the analyses will vary with the
approach selected to resolve an issue (see Section 8.2 for a general discus-
sion of the issue resolution strategy), the conceptual model used to repre-
sent the process being analyzed (see Section 8.3.1.15 for a discussion of
alternative conceptual models), the type of behavior being addressed (e.g.,
thermal or mechanical), the amount of detail or complexity in each analysis,
and the scale of the problem both in space and in time. As the understanding
of the system improves, data needs and analysis techniques may change or be
refocused to increase the quality and relevance of analyses of system
behavior.

The demonstration of compliance will require, among other things, a
minimum ground-water travel time over some designated distance from the
repository. Calculation of this travel time requires input data on the
distribution and characterization of fractures (Chapter 1) and porosity
(Sections 2.4.2.4 and 2.4.3) and the distribution and movement of water
within the fractures and pores (Chapter 3). Knowledge of ground-water move-
ment is also implicit in the determination of radionuclides release rates.
The effects of variations in temperature and pressure on these data must then
be estimated to calculate the effect that a waste repository will have on
water movement and thus on radionuclide movement and release rates.

The stability of waste emplacement holes will play a role in the estima-
tion of radionuclide releases through estimates of waste container integrity
and containment capability. Thus, the potential for movement of rock sur-
rounding the waste canister or for coupled hydrologic and thermal effects on
waste container corrosion (Chapter 7) must be assessed; the data needs in
this area are discussed in Section 8.3.4.2.

Demonstration of compliance with the retrievability requirement of a
repository involves the retrievability of the waste, which in turn requires
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demonstration that mined openings and waste emplacement holes remain usable
during construction, operation, caretaker period, and possibly waste re-
trieval. This time period currently is estimated to be 84 yr (Flores, 1986).
Such a demonstration requires selection and application of appropriate
mechanical constitutive models (see Section 8.3.1.15 for a description of
alternative conceptual models for mechanical constitutive behavior) to
develop a knowledge of how the rock will respond to the presence of a
combination of mined openings and waste-generated heat over long periods of
time.

To quantify the effects of the heat generated by the waste, a model for
the process of heat transfer must be selected (see Section 8.3.1.15 for a
description of alternative conceptual models for the heat transfer process)
and temperatures must be calculated. The resulting stresses and displace-
ments in the rock must be calculated to assess the opening stability, waste
container integrity, and the nature of fracture and porosity distribution as
a function of time and location. This last consideration will also affect
the development of a zone of material around the repository that has differ-
ent fracture characteristics than those of the remainder of the rock mass.
This is a consideration in the evaluation of the extent of the disturbed
zone. The interaction between the repository, including the zone of material
with different fracture characteristics, and the hydrologic system must be
assessed to obtain realistic estimates of radionuclide releases.

The application of individual data needs are summarized in the following
lists. No attempt has been made to set priorities for the various applica-
tions.

Analyses of rock temperature are needed to

1. Establish the acceptable gross thermal loading within the repository
horizon, accounting for constraints on repository and waste
container design (Section 8.3.4.2).

2. Evaluate the stability of pillars, waste emplacement holes, and
mined openings (Section 8.3.1.15).

3. Determine the waste container environment (Chapter 7).

4. Establish the ventilation requirements (Chapter 6).

5. Evaluate the relative importance of different physical mechanisms of
mechanical deformation (Sections 2.1.2.3.1.3 and 2.1.2.3.1.4).

6. Conduct tradeoff studies for such alternatives as horizontal versus
vertical waste emplacement, ramp versus shaft as a means of
underground access, age of the waste to be emplaced, the size of the
waste package, the spacing of the canisters, and the spacing of the
drifts (Section 8.3.4.2).

7. Evaluate the potential for thermally induced water movement
(Section 2.7.2).
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Stress and displacement analyses are needed to

1. Perform detailed analyses of room size, shape, spacing, and support
requirements (Section 8.3.1.15).

2. Evaluate emplacement hole stability (including liner requirements,
if any, for stability) (Section 8.3.4.2).

3. Determine the repository horizon spatial extent acceptable for waste
emplacement (particularly with regard to lithophysae content and
gross thermal loading) (Sections 8.3.1.4 and 8.3.1.15).

4. Evaluate shaft designs with respect to opening stability and liner
loading (Section 8.3.1.15).

5. Evaluate the amounts and consequences of far-field displacements
(Section 8.3.2.2).

6. Evaluate potential coupling between induced stresses and displace-
ments and the movement of ground water (Section 8.3.2.1).

Analyses of the quantities and mechanisms of thermally induced water
migration are needed to

1. Accurately calculate rock temperatures (Section 8.3.1.15).

2. Establish ventilation requirements (Chapter 6).

3. Define the waste container environment (Chapter 7).

4. Assess the impact of the thermal pulse on ground-water travel time
and thus on radionuclide releases (Section 8.3.5.12).

Details of the relationships between the analyses mentioned previously
and the design process are provided in Chapters 6 and 7.

PROPERTIES AND INITIAL CONDITIONS TO BE MEASURED

This section discusses the properties and initial conditions that must
be measured to predict temperatures, stresses, displacements, and thermally
induced water movement and specifies the sections of this document that
present relevant data. Although the discussion is divided into three cate-
gories (temperature, stress and displacement, and water migration), these
categories are not totally independent. Coupled processes such as tempera-
ture effects on mechanical properties or the effects of water migration on
temperature will be an integral part of the response of the rock mass to a
repository.

The initial condition required for the calculation of temperature fields
is the distribution of temperatures before waste emplacement. Such data are
presented in Section 1.3.2.5. This preexisting temperature field will be
altered by the construction and operation of the repository including the
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emplacement of heat-producing waste. The rock properties necessary to calcu-
late the conduction of heat away from the waste are the thermal conductivity
(Sections 2.4.2.1, 2.5.2, and 2.5.3), the heat capacity (Sections 2.4.2.2,
2.5.2, and 2.5.3), and the density (Sections 2.4.2.4, 2.5.2, and 2.5.3).
Heat transfer also could occur by the convection of water in the pores and
fractures, as discussed in Section 2.7.2. Alternative conceptual models for
the process of heat transfer are discussed in Section 8.3.1.15.

The prediction of stresses and displacements around a repository first
requires a knowledge of the mechanical behavior of the rock mass. Different
mechanical constitutive models for rock deformation require different
properties as input. Treating the rock as an elastic material requires data
on the elastic properties (e.g., Young's modulus and Poisson's ratio;
Sections 2.1.2.2, 2.3.2, and 2.3.3) for the prediction of displacements. At
elevated temperatures or over long times, the rock may exhibit inelastic
deformation rather than the elastic behavior expected to predominate over
short time intervals (Section 2.1.2.3.1.4). In addition, the strength of the
rock (Section 2.1.2.3) may be exceeded in some locations, which would result
in stresses and displacements different from those resulting from prefailure
deformation.

Stresses in the rock will have as an initial condition the state of
stress before the excavation of the repository and the emplacement of
waste. Determination of this preexisting stress state is discussed in
Sections 1.3.2.3 and 2.6. Stresses induced by the excavation and by the
temperature field will be superimposed on this preexisting stress state; the
magnitude of excavation and thermally induced stresses will depend on the
spatial location and on the deformation behavior of the rock. In an elastic
continuum model, thermal stresses will be a function of the elastic modulus
and Poisson's ratio (Sections 2.1.2.2, 2.3.2, and 2.3.3), and of the
coefficient of thermal expansion (Sections 2.4.2.3, 2.5.2, and 2.5.3).

The mechanical behavior of both the intact rock and the fractures con-
tributes to the mechanical behavior of the rock mass. Thus, for a given
mechanical constitutive model of rock deformation, the behavior of both
components must be understood. Fracture properties are discussed in Sec-
tion 2.2, intact rock properties in Section 2.1, the mechanical behavior of
the rock mass in Section 2.3, and alternative mechanical constitutive models
in Section 8.3.1.15.

The prediction of thermally induced water migration requires as an
initial condition an understanding of water movement for preexisting
temperature (and stress) conditions. Data pertaining to this topic are
presented in Chapter 3. The response of the water to the thermal pulse is
discussed in Section 2.7.2.

As mentioned earlier, temperatures, stresses, displacements, chemistry,
and water movement are all coupled in a repository environment. The effects
of this coupling on rock properties are included in discussions of individual
properties. The effects of the chemical environment and radiation on the
properties of the rock in the vicinity of the waste container are addressed
in Chapter 7.
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DATA BASE DEVELOPMENT--HISTORY AND STRATEGY

A strategy for the development of the geoengineering properties data
base needed for technical decisions has been developed and implemented in the
Yucca Mountain Project. The strategy relies primarily on data determined in
laboratory tests that are then evaluated and later confirmed in field tests
in G-Tunnel and in the exploratory shaft facility.

The laboratory data presently available consist of test results on core
samples from the following locations (Figure 2-1):

1. Coreholes at Yucca Mountain (UE-25a#1, UE-25b#1, USW G-l, USW G-2,
USW GU-3, and USW G-4).

2. An underground test facility (G-Tunnel) located in Rainier Mesa.

3. Topopah Spring Member outcrops at Busted Butte.

When the Yucca Mountain Project began, no suitable site-specific samples
were available for studying the effects of parameters like temperature and
pressure on the mechanical properties of tuff. Both welded and nonwelded
tuffs are exposed in G-Tunnel at Rainier Mesa and were used in early studies
of parameter effects. Laboratory testing on samples from G-Tunnel also has
been performed to support in situ testing in the tunnel. These data have
been included in the existing geoengineering properties data base because the
tuffs at G-Tunnel are similar (Section 2.8.2) to those found at Yucca Moun-
tain. Data on the properties of tuffs in G-Tunnel will be replaced by data
specific to Yucca Mountain tuffs as such data become available.

Since the Topopah Spring Member was recommended as the repository hori-
zon (Johnstone et al., 1984), testing has been performed on samples from out-
crops of the Topopah Spring Member at Busted Butte. Large samples (about
0.5 m3) have been cored (up to 30 cm in diameter) for use primarily in meas-
uring the effects of lithophysae on thermal and mechanical properties and for
establishing the effect of sample size on the measured strength of the
Topopah Spring Member. Examination of the properties of the lithophysae-rich
material contributes to decisions regarding the volume of the Topopah Spring
Member that is suitable for a repository, whereas the determination of
sample-size effects enhances the ability to extrapolate laboratory test
results to the rock mass in situ. Samples from Busted Butte also have been
examined to determine whether surface weathering has changed the mineralogy,
texture, or porosity from that found in underground samples to determine
whether data from Busted Butte samples are representative of the upper litho-
physal and immediately underlying lithophysal-poor zones of the Topopah
Spring Member under Yucca Mountain (Price et al., 1985; Price et al., 1987).

An important aspect of the laboratory testing is confidence in the
quality of the data on which design analyses and performance assessments are
based. Test procedures, listed in Section 8.6.4, have been prepared for all
the more routine (nondevelopmental) tests including thermal expansion, ther-
mal conductivity, bulk and grain density, and uniaxial and triaxial compres-
sion testing. Where applicable, American Society of Testing and Materials
(ASTM) Standard Test Procedures and International Society for Rock Mechanics
(ISRM) procedures, as shown in Table 2-1, have been compared with the test
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Table 2-1. Applicable test procedures from the American Society
of Testing and Materials (ASTM) and the International
Society for Rock Mechanics (ISRM)

Measurement Test proceduresa

Uniaxial compressive strength

Triaxial compressive strength

Tensile strength (Brazilian test)

Elastic properties (static)

Elastic properties (dynamic)

Thermal conductivity

Thermal expansion

Bulk density
(paraffin coated)

Grain density

ASTM D 2938-79 (ASTM, 1979b),
ISRM (1979a)

ASTM D 2664-80 (ASTM, 1980a),
ISRM (Kovari et al., 1983)

ASTM D 3967-81 (ASTM, 1981b),
ISRM (1978)

ASTM D 3148-80 (ASTM, 1980b),
ISRM (1979a)

ASTM D 2845-83 (ASTM, 1983b),

ASTM C 202-84 (ASTM, 1984),

ASTM E 228-71 (ASTM, 1971),
(reapp. 1979)

ASTM C 97-83 (ASTM, 1983a),
ASTM C 1188-83 (ASTM, 1983c),
ISRM (1979b)

ASTM C 135-66 (ASTM, 1966),
(reapp. 1976),
ASTM C 604-79 (ASTM, 1979a),
ISRM (1979b)

Soil density ASTM D 1556-82 (ASTM, 1982),
ASTM D 1557-78 (ASTM, 1978),
ASTM D 2922-81 (ASTM, 1981a)

aComplete citations are provided in references at the end of Chapter 2.

procedures. In developmental tests, such as those for the measurement of
either time-dependent thermal expansion coefficients or joint slip, detailed
documentation of the test procedures is provided in the technical procedure
relevant to each type of test.
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A second part of the data base development has been the field testing
program currently under way in welded and nonwelded tuff in G-Tunnel. The
extent of the underground openings in the G-Tunnel rock mechanics facility,
which was developed as part of the Yucca Mountain Project rock mechanics
program, is shown in Figures 2-2 and 2-3. The data from the experiments and
observations in the welded Grouse Canyon Member of the Belted Range Tuff in
G-Tunnel are especially valuable to the current design evaluation of the
Topopah Spring Member emplacement horizon for the following reasons:

1. The bulk, thermal, and mechanical properties of both formations are
similar (Zimmerman et al., 1984b). (Lithophysae are, however, not
present in the Grouse Canyon Member welded tuff in G-Tunnel. A
detailed comparison of properties is presented in Section 2.8.)

2. The overburden loadings and opening dimensions (up to 5-m span) are
similar (Tillerson and Nimick, 1984).

3. The degrees of saturation are similar for geoengineering purposes
(0.65 ± 0.19 in the Topopah Spring Member (Montazer and Wilson,
1984) versus 0.6 to 0.9 in the Grouse Canyon Member (Zimmerman
et al., 1984b)); however, for hydrologic purposes these differences
may be significant.

4. The degree and nature of fracturing are similar (Langkopf and Gnirk,
1986).

Field data and observations (thermal conductivity, elastic moduli,
strength, support requirements, room and borehole stability, motion on
fractures, and water migration) obtained in G-Tunnel will be used as
supporting data for site evaluations and repository conceptual design for
Yucca Mountain.

The G-Tunnel tests also will allow development of measurement techniques
and instrumentation evaluations before testing in the exploratory shaft
facility. As data are obtained from tests in the exploratory shaft facility,
these newer data will supplement, and will eventually replace, G-Tunnel data
as input to the design and site evaluation processes.

The data gathered to date, as described in this chapter, have been used
in preliminary selection of conceptual models for heat transfer processes and
mechanical constitutive models, and performance assessment and design
analyses. The testing in which the data originated may be classified as
exploratory in the sense that an initial examination has been made of many of
the geoengineering properties important to determination of compliance with
regulatory criteria.

Future data gathering will be guided by issue resolution strategies and
will focus on properties for which insufficient data are available or on
properties that have been identified as potentially important by analysis but
which have not yet been considered in the experimental program. Such inter-
actions among the issue resolution strategies, experiments, and calculations
will occur throughout the future of the repository program as the under-
standing of the system and the relevant physical processes becomes increas-
ingly sophisticated.
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Presently, the strategy for expansion of the data base, as designed to
aid in resolution of issues discussed in Section 8.3, includes laboratory
tests on material from, and field tests conducted in, the exploratory shaft
facility as well as laboratory tests on material from new coreholes at Yucca
Mountain. The resulting laboratory data will be used to confirm effects
found to be important in previous tests as well as to aid in establishing the
lateral variability of the properties of the Topopah Spring Member. The
determination of lateral variability will allow design and performance
assessment analyses to be increasingly detailed and will permit the estima-
tion of rock properties to be encountered in different portions of the
repository area.

The field tests will increase confidence in the repository design by
providing both direct measurements of rock mass properties as well as an
opportunity to evaluate the coupled behavior resulting from excavation,
mechanical, and thermal loadings predicted by thermal and structural computer
models. In addition, field data will be used in the validation of computer
models. A brief description of the geoengineering experiments planned for
the exploratory shaft facility is presented in Section 8.3.1.15.1.

Data gathering and interpretation activities, therefore, are planned to
provide periodically updated values for material properties required for
decisions that must be made throughout the design phase of the repository.
These data will reflect steadily increasing quantities of site-specific and
host-rock-specific information, and there will be an associated increase in
confidence in the data. As exploratory shaft facility activities progress,
an increasing amount of data will have been obtained directly from the rock
mass rather than being inferred for the rock mass from laboratory measure-
ments on cores, which should enhance confidence in the applicability of the
data to the determination of compliance with regulatory criteria. In addi-
tion, the measured rock mass data will be specific to the Yucca Mountain site
rather than having to infer such data based on field tests in G-Tunnel.

As an example of the implementation of the strategy, consider the timing
and contribution of various laboratory and field tests to the development of
recommended values for the geoengineering properties of the host rock, as
shown in Figure 2-4. Currently, the data base consists of laboratory test
results from samples from drillholes UE-25a#1, USW G-1, USW GU-3, USW G-4,
and from Rainier Mesa. FY 1986 activities concentrated on adding the
properties from laboratory tests of samples from drillhole USW G-2 and from
outcrops of tuff at Busted Butte. Future input will include additional
interpreted data from field tests conducted in G-Tunnel and from laboratory
tests on cores obtained from additional coreholes and from the exploratory
shafts. The interim products of this work will be values for the geoengi-
neering properties of the rock mass based on data available at the time the
design need is expressed (the scheduling of specific design milestones is
discussed in Section 8.5). The final product of the work will be the
recommended geoengineering properties (and their uncertainties) for the rock
mass. The applicability of these laboratory-based rock mass properties to in
situ material will have been examined by in situ tests and by observations
made in the repository horizon during the exploratory shaft facility testing.
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SAMPLE SELECTION LOGIC

The procedures and philosophy used in sample selection for laboratory
testing of cores from Yucca Mountain are important in assessing how repre-
sentative the data base is of the in situ material. Within the Yucca
Mountain Project, this philosophy has evolved with time. Both the inherent
sampling limitations (both procedural and lithological) and the progression
of the philosophy are described in the following discussion.

In general core from drillholes at Yucca Mountain is logged at the drill
site, then transported to the core library at Mercury, Nevada, for storage.
Some percentage of the core is wrapped and waxed at the drill site to pre-
serve, as nearly as possible, the original moisture content of the rock as
the core was removed from the ground. (The exact value of this original
moisture content is not important in the determination of the properties
discussed in Chapter 2 because the saturation state of the sample usually is
changed before the measurement of thermal or mechanical properties.)

Several limitations to obtaining geoengineering property data have
resulted from past coring procedures. Because the primary objective for
every cored hole at Yucca Mountain has been the determination of the strati-
graphic relationships in the cored interval, sections of core containing
stratigraphic contacts had to be preserved in the Yucca Mountain Project core
library. Thus, these sections were unavailable for thermal and mechanical
testing. This procedural limitation has little impact on the testing of
relatively thick units, such as the lower devitrified portion of the Topopah
Spring Member, but it could hinder representative sampling in thinner layers.

A more important limitation has been that of sample size. Compressive
mechanical tests have required samples at least 2.5 cm in diameter and 5.1 cm
in length, and samples for confined thermal tests have had to be approxi-
mately 5 cm in diameter and 10 cm long. The core obtained from drillholes at
Yucca Mountain typically is 6 cm in diameter. In addition, core from welded
tuffs such as the Topopah Spring Member is often fractured (Section 1.3.2.3),
which limits the number and size of samples available for testing. Larger
core samples have been obtained from outcrop material (Section 2.1.2.3.1.7);
tests on these samples and in situ tests will provide additional information
about the properties of the material.

Another problem related to sample size occurs when zones containing
lithophysae are considered. Many lithophysae are larger than the typical
core diameter of 5.7 cm and even in locations in which smaller lithophysae
are present, the cavities are often too large in relation to core (and thus
to test sample) diameter for meaningful test results to be obtained. This
latter sampling problem has been addressed by the collection of samples of
lithophysal tuff from Busted Butte (Price et al., 1985) and by plans to test
large samples of lithophysal tuff collected from the exploratory shaft.

The laboratory testing program was initiated in 1979. At that time, the
program focus was to investigate generally several tuff formations located
below the water table. Rather than obtaining samples from evenly spaced
vertical intervals, emphasis was placed on testing core samples from below
the water table in drillhole UE-25a#1 (particularly from the Bullfrog Member)
and on a limited number of samples from other units.
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During the testing of samples from drillhole USW G-1 (mid-1981 through
mid-1982) and the initial tests made using core from drillholes USW G-2,
USW G-3, and USW GU-3 core, two important events took place:

1. The concept of a functional engineering-properties stratigraphy
was implemented (see next section). A functional stratigraphy
categorizes units according to some set of characteristic
properties; in this instance, mechanical and thermal properties.

2. The tuffs in the zone above the water table began to receive serious
consideration for waste disposal.

The sampling process at this stage was designed to provide regularly
spaced bulk-property data and thermal and mechanical measurements. Such
sampling allows the thermal and mechanical properties of layered-tuff
stratigraphies to be estimated with an accuracy that is adequate for input
data for the needed analyses and computer codes. As a result of the revised
sampling process, the uniformity of the coverage, especially with respect to
bulk properties, is much better in these later drillholes. In addition, more
samples were obtained in the Topopah Spring Member than were collected from
drillhole UE-25a#1. Sample depths and frequencies at which bulk-property
samples were to be taken from the continuous core were requested in drilling
criteria before the initiation of each drillhole. The emphasis has been
toward maintaining an even spacing of samples rather than toward selecting
the best material in each interval.

Two additional considerations are being incorporated in the planning of
future sample selection. In instances in which properties have not been
reliably determined because of sample-size limitations, larger samples have
been obtained from outcrop material and also will be obtained from the
exploratory shaft.

Increasing attention is being paid to the number of measurements neces-
sary to provide statistical confidence that a true measure of a property has
been obtained. To date, replicate tests have been made sporadically to
explore what statistical variation in properties is present in the tuff
units. Ideally, the first step in a statistical determination of the number
of replicate tests that will be necessary is to conduct parametric sensitiv-
ity studies to determine how well a property must be known. Such sensitivity
studies have not been made but are planned (Section 8.3.5). As results from
these studies become available, existing plans for sample selection (e.g.,
those for the laboratory tests described throughout Section 8.3) will be
modified to optimize the number of tests for each geoengineering property.

STRATIGRAPHIC FRAMEWORK FOR TESTING

The increasing number of data on laboratory properties has provided
increasing evidence that the formal stratigraphic units at Yucca Mountain,
described in Section 1.2, could be subdivided into a different stratigraphy.
In this functional stratigraphy, each unit has values of the bulk, thermal,
and mechanical properties that are characteristic of that unit and at least
one of which differs from the corresponding property for adjacent units. The
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functional division is better suited to the presentation of geoengineering
properties than are the formal stratigraphic units, which may encompass large
variations in mineralogic composition, porosity, and fracturing. Never-
theless, the formal stratigraphy provides a useful framework for defining
functional stratigraphies. (Other functional stratigraphies are defined for
hydrogeology and geochemistry.)

The first functional stratigraphy for Yucca Mountain, proposed by Lappin
et al. (1982), was based on the bulk and thermal properties measured on tuff
samples from drillhole USW G-1. Refinement of this initial stratigraphy to a
system applicable to all Yucca Mountain (Ortiz et al., 1985) has resulted in
the set of thermal/mechanical units shown in Figure 2-5, which also lists the
lithologic equivalents of these units. The majority of the thermal/mechan-
ical units are identifiable in all the drillholes at Yucca Mountain and,
therefore, serve as a useful framework for examining the spatial variation of
geoengineering properties. The proposed horizon for repository development
is a nonlithophysal portion of the Topopah Spring Member. The Topopah Spring
Member is composed of a number of distinct ash flows, some of which contain
more lithophysae than others. Further, the lithophysae content varies
laterally within individual flows. Therefore, although the major flows can
be correlated reliably, they can be categorized only as nonlithophysal,
moderately lithophysal, or heavily lithophysal. The actual lithopysae
content can be predicted reliably only in these broad classes. The thermal/
mechanical stratigraphy is used as such a framework for summarizing data on
geoengineering properties in the remainder of Chapter 2, as well as in
Section 6.1.2.

The thermal/mechanical stratigraphy as presently defined is based on the
properties of intact rock. As more information on rock mass properties is
obtained, the thermal/mechanical stratigraphy may need to be revised to
better reflect the large-scale property variation.

To increase efficiency in performance assessment and design analyses,
the Yucca Mountain Project is in the process of defining the parameters for
which reference data are to be assigned for each of the thermal/mechanical
units, and a reference data set is being collated. This data set will be
updated periodically as new data become available. Thus, at any given time,
all ongoing analyses should be consistent from the point of view of input
data and initial conditions.

CURRENT DATA BASE

The current data base consists primarily of measurements on relatively
small-diameter cores. Thermal/mechanical properties have been defined for
the thermal and mechanical functional units in and above the Tram Member.
The data base consists of approximately 100 thermal conductivity tests, 300
thermal expansion tests, 75 mineralogic-petrologic analyses, 700 bulk-
property (porosity, density) measurements, and 350 mechanical-property tests.
Most of the data are from drillholes UE-25a#l, USW G-1, and USW GU-3; in some
instances, samples from drillholes USW G-2 and USW G-4, as well as from
Rainier Mesa have been included. Additional information from these latter
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Figure 2-5. Thermal/mechanical stratigraphy at Yucca Mountain. (Depths and thicknesses plotted are averages
from driliholes UE-25a#1, USW G-1. USW G-2, USW GU-3 and USW G-4.)
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sources will be added as it becomes available. Interpretations of the ther-
mal and mechanical properties and their statistical variations have relied
heavily upon the use of the bulk-property data and mineralogic analyses to
establish correlation. The properties for the thermal/mechanical units
(including statistical variations) are described in Sections 2.1.3, 2.3.3,
and 2.4.3.

Data gathering efforts are now directed at evaluating the mechanical
behavior of the densely welded portion of the Topopah Spring Member, with
emphasis on lateral variability; lithophysal effects; temperature, pressure,
strain rate, and sample size effects on the mechanical properties of the
matrix material; and the mechanical properties of the fractures.

CONCEPTUAL ROCK MECHANICS MODELS

The analysis of the response of the rock at Yucca Mountain to applied
loads requires the definition of initial conditions, boundary conditions,
material properties, process of heat transfer, and descriptions of the
mechanical constitutive models that describe the rheologic behavior of the
material. These requirements together contribute to the definition of the
conceptual rock mechanics models being applied in the design process to
understand the material response of Yucca Mountain.

The initial conditions for such a model are the geometry of the unit
(see previous section on stratigraphic framework for testing), the pre-
existing state of stress (Sections 1.3.2.3 and 2.6), the in situ temperature
(Section 1.3.2.5), and the saturation (Section 3.9.2.1). Boundary conditions
are assigned on the basis of the scale, geometry, loading conditions, and the
time frame of the analysis. More details on these two topics are provided in
Chapter 6.

Descriptions of alternative conceptual models for heat transfer proc-
esses are presented in Section 8.3.1.15, where (1) Table 8.3.1.15-2 summa-
rizes the current hypothesis and the uncertainty and rationale associated
with the current hypothesis, (2) performance measures and design parameters
associated with the hypothesis are tabulated along with their required
confidence levels, (3) alternative hypotheses are listed and the sensitivity
of the performance measures and design parameters to the hypothesis is
described, and (4) testing activities designed to reduce the uncertainty in
the selection of the current hypothesis are referenced.

The portion of the conceptual models to which Chapter 2 contributes most
is the rheologic behavior and the material properties of the tuff units.
These two topics are intimately related in that the measurement of certain
index material properties assists in estimating the rheologic behavior of the
tuff units. Once the rheologic behavior has been established, additional
determinations of material properties can be used to provide a statistical
basis for the parameters called for in design analysis. Much of Chapter 2 is
devoted to these parameters.

Descriptions of alternative conceptual models for the Theological
behavior and material properties of the tuff units are presented in
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Section 8.3.1.15, where (1) Table 8.3.1.15-2 summarizes the current mechani-
cal constitutive model representing the Theological behavior and material
properties of the tuff units at Yucca Mountain, (2) performance measures and
design parameters associated with the hypothesis are tabulated along with
their required confidence levels, (3) alternative hypotheses are listed and
the sensitivity of the performance measures and design parameters to the
hypothesis is described, and (4) testing activities designed to reduce the
uncertainty in the selection of the current hypothesis are referenced.

The empirical approaches used in analyses of the mechanical behavior of
the welded Topopah Spring Member, by definition, are not founded in system or
theory. In contrast, state-of-the-art numerical methods are founded on con-
stitutive laws that mathematically describe or define the physical nature of
deformation of fractured tuff. The constitutive laws that have been selected
to describe mechanical deformation of tuff are elastic, elastic-plastic, and
compliant-joint. A description of each of these constitutive laws and the
justification for their applications to tuff follows.

Almost all engineering materials possess to a certain extent the prop-
erty of elasticity. The term 'elastic" describes a material for which, if
the external forces producing deformation do not exceed a certain limit, the
deformation disappears with the removal of the forces. Chapter 2 discusses
mechanical properties of both the intact rock and the rock mass that indicate
that for certain stress and strain states tuff behaves as an elastic solid
(Section 2.1.2.2). For example, like many other crustal rocks, the stress-
strain response for intact tuff is approximately linear through approximately
two-thirds of the short-term breaking strength.

The tuff rock mass at Yucca Mountain contains fractures, as described in
Chapter 1. For large stress changes, the normal and shear behavior of frac-
tures has been observed to be inelastic and nonlinear (Goodman, 1980). For
small stress changes, such as those predicted in the vicinity of underground
openings for the proposed tuff repository, linear elastic material behavior
has been considered appropriate. This same material response has been con-
sidered appropriate in many mining applications. Field experiments in
densely welded tuff performed over small (10 MPa) stress ranges intended to
measure the rock-mass material response have thus far indicated that an
elastic constitutive model can be used to adequately represent deformation of
the rock mass (Zimmerman et al., 1986). However, these field studies also
suggest that the elastic constants that serve as input parameters to this
model should be different from those measured in the laboratory to account
for the contribution of fractures to the rock mass mechanical response.

Elastic-plastic constitutive behavior is an extension of the material
behavior just described where some limiting value of stress is reached. At
stresses below the limiting value, elastic behavior is prescribed, and beyond
the limit, plasticity theory applies. Plasticity theory models the phenom-
enon of irrecoverable strains, regardless of which energy dissipation
(deformation) mechanism is operating. Material behavior can be simulated by
the following: (1) an initial yield condition that defines the domains of
elastic and plastic behavior; (2) a flow rule that defines plastic strain
increments on the basis of current stresses and previous plastic strains; and
(3) a hardening rule that describes how the size, shape, and orientation of
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the yield surface (the boundary separating elastic and elastic-plastic
behavior) changes during the deformation.

Elastic-plastic analyses have been used in some instances to assess the
state of stress resulting from excavation and thermally induced loads. This
type of constitutive description is considered applicable to a fractured rock
mass because both slip on fractures and intact rock failure are mechanisms
through which irrecoverable strain must be accounted for, given sufficient
deviatoric stress. Two general types of plasticity models have been used by
the Yucca Mountain Project. In the first model, a general yield condition
may be satisfied by consideration of the deviatoric stress resulting from the
general applied stress state. This type of analysis has been used exten-
sively in assessments of stability of underground tunnels in other rock types
(see summary and review by Goodman, 1980). In the second model, the yield
condition may be satisfied by consideration of the deviatoric stress and a
prescribed direction of fracturing. This second plasticity model has been
called the ubiquitous joint model and carries with it the assumption that
there is one predominant direction of fractures in the rock along which slip
may be accommodated. Thus far, field studies at Yucca Mountain have indi-
cated that the preponderance of fractures are near vertical (Spengler and
Chornack, 1984), so that use of this type of model is considered to be
justified.

Compliant-joint constitutive models (Thomas, 1982; Chen, 1987) are an
extension and improvement upon the models just described. Extensive field
and drillhole data at Yucca Mountain (Chapter 1) suggest that a constitutive
model should incorporate the mechanical response of both the intact rock
(matrix) and fractures. In general these models are composed of two parts:
(1) a continuum-based technique to average the discontinuous displacements
across fracture planes within a representative elementary volume and (2) a
constitutive description based on the linear elastic behavior of the matrix
material and the nonlinear behavior of the fractures. The constitutive model
takes the continuum approach in the sense that every material point in the
model behaves as would a representative elementary volume composed of a
matrix material and a suitably large number of fractures. The total strains
are decomposed into contributions from the matrix and fractures so that load
sharing takes place. Normal and shearing motions of fractures are related to
the conjugate stresses through the stiffness matrix.

Material property constants are required for both the rock matrix and
the fractures. The matrix is assumed to be isotropic and linearly elastic,
requiring specifications of only Young's modulus and Poisson's ratio. The
assumed shear behavior of the fractures was deduced from laboratory experi-
ments on fractures (Teufel, 1981; Olsson, 1987) to be elastic-perfectly
plastic. The elastic part is described by a joint shear stiffness, and the
plastic part is described by a linear slip criterion with a friction coeffi-
cient and cohesion. The normal stiffness is nonlinear elastic in accord with
observed laboratory results (Goodman, 1980; Olsson, 1987). It is described
by a hyperbolic function that contains two material constants: the half-
closure stress and the unstressed aperture.

The compliant-joint model as described then contains the primary
components that can contribute to mechanical deformation in a rock mass.
Models of this type have been used to analyze field experiments in densely
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welded tuff (Zimmerman et al., 1986). In this experiment the stress changes
imposed were small, so that the experiment cannot be used as a means to
discriminate between this modeling approach and an elastic analysis.

The conceptual rock mechanics models, and especially the detailed treat-
ment of the rheologic behavior of tuff, will continue to evolve as more data
are obtained and as the understanding of the system matures. Such changes
will be made as either test data or observed in situ behavior indicate the
need for changes in the mathematical representations of the mechanical
behavior of tuff.

The data described in Chapter 2 are necessary, but are not yet suf-
ficient, for the complete implementation of the available rheologic models.
Where the measured data required by a model are not available, values have
been assumed based either on experimental data from similar rock types or on
theoretical calculations, and tests to obtain the data are either underway or
planned. Table 8.3.1.15-2 summarizes the need to reduce uncertainty in the
existing data, and Section 8.3.1.15 describes tests planned to acquire
additional data.

DATA UNCERTAINTY FOR GEOENGINEERING PROPERTIES

Evaluation of uncertainty associated with measured parameters has been
addressed, where possible, by testing and sampling programs that are struc-
tured so that experimental uncertainty and sampling uncertainty are inde-
pendently or jointly characterized.

Experimental uncertainty is attributed to variations in sample handling
and preparation, instrument response, and human factors, which affect experi-
mental outcome. Standard practice typically calls for evaluation of experi-
mental uncertainty by repeated testing, replicate testing, or testing of
special materials with known properties. Investigations of this type were
performed during the testing reported in this chapter and generally yielded
experimental uncertainties of 3 and 10 percent of measured values of mechan-
ical and thermal (or thermomechanical) properties, respectively.

Sampling uncertainty occurs when a population containing variability is
sampled a finite number of times. Natural spatial variability is a principal
source of sampling uncertainty. Because natural variation is relatively
unknown at the outset of sampling, a distribution function for the population
is explicitly or implicitly assumed before the design of a sampling program.
For geoengineering properties investigations reported in this chapter, this
has meant that the following assumptions were made: (1) variability is
random within functional stratigraphic units (parameters are uncorrelated
with depth); (2) lateral variation between coreholes is insignificant
compared with the combined experimental and sampling uncertainties for a
functional unit within any one corehole; and (3) populations are normally
distributed, so that the applicable statistics are relatively straight-
forward. The small number and distributed locations of coreholes drilled to
date does not yet justify geostatistical analysis of lateral variability of
parameters; however, such an approach is planned for site characterization as
discussed in Section 8.3.1.4.
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Throughout the functional stratigraphy there are strong associations
between index properties, such as porosity, and parameters for which data
coverage is relatively sparse, such as strength and deformability. The most
common reason for scarcity of mechanical properties test data is limited
availability of samples, especially core samples of a minimum size. Correla-
tions have been developed using data originating from wherever samples were
available in the tuff sequence at Yucca Mountain and also from lithologically
similar tuffs at G-tunnel. Generally there is some conceptual basis for
using correlation with index properties. These correlations were used in
compiling Table 2-7 (2.1.3) and are discussed in later sections as follows:

Compressive strength versus porosity 2.1.2.3.1.8
Tensile strength versus porosity 2.1.2.3.2
Coulomb failure criteria versus porosity 2.1.2.3.1.2
Young's modulus versus porosity 2.1.2.2

It is important to note that the data uncertainty for parameter values that
are based on correlation with index properties is compounded by the uncer-
tainty of index property determination and the uncertainty implicit in corre-
lation. Parameter values based on correlation are presented for comparison
purposes only and will eventually be replaced, if possible, with values based
directly on test results. Accordingly, the relatively large standard devia-
tions for values based on correlation are not included in Tables 2-7 (Sec-
tion 2.1.3) or 2-14 (Section 2.4.3).

The properties of tuffs from locations other than Yucca Mountain, which
have not been investigated by the Yucca Mountain Project, are presented in
Chapter 2 for comparison purposes. Mechanical properties, large-scale
mechanical properties, and thermal and thermomechanical properties for other
rocks are tabulated in Tables 2-2 (Section 2.1.1), 2-8 (Section 2.3.1), and
2-10 (Section 2.4.1), respectively. These comparison data are typically from
published studies for which uncertainty information is available in some
form, but is not included in the tables because it is not applicable to site
characterization. Another application of data from other rocks is the analy-
sis of excavation characteristics and rock mass classification in Sec-
tion 2.8.2.2 and 2.8.2.3. Rating systems for rock classification will be
used in site characterization to evaluate conformity with design criteria.
Uncertainty information is provided for these empirically derived ratings and
support specifications in the form of a range of values that may apply to the
site.

2.1 MECHANICAL PROPERTIES OF ROCK UNITS--INTACT ROCK

Predicting the mechanical response of the rock surrounding the reposi-
tory requires knowledge of the properties of the intact (matrix) rock and the
discontinuities that are present (joints, faults, fractures, and bedding
planes). This section summarizes current information and data on the intact
rock properties of tuff, including elastic constants and strength parameters.
These and subsequent data will be used as input to the calculational models
of the underground structures to evaluate the design and compliance with
performance objectives. An extensive data base is required to understand the
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spatial distribution and variability of these properties, so that conserva-
tism in the calculations is ensured.

The properties of intact rock samples represent upper limit values of
the strength and deformability of the in situ rock mass, which includes dis-
continuities and other defects not reflected in the intact rock alone. The
reduction of strength and stiffness typically observed in the field is a
function of the frequency and nature of existing discontinuities (Sec-
tion 2.2).

Detailed results of laboratory mechanical tests on samples from drill-
holes in Yucca Mountain are contained in numerous reports (Olsson and Jones,
1980; Blacic et al., 1982; Olsson, 1982; Price and Jones, 1982; Price and
Nimick, 1982; Price et al., 1982a, b; Price, 1983; Price et al., 1984; Nimick
et al., 1985). Data from these reports are discussed in Section 2.1.2.

These reports also include detailed discussions of sample treatment,
equipment, experimental procedures, and calibrations. Most of the samples
tested in compression have been right-circular cylinders with a diameter of
2.54 cm and a length-to-diameter ratio of approximately 2:1, which is in
accord with the recommended American Society for Testing and Materials (ASTM)
procedures (ASTM D 2664-80 (ASTM, 1980a), ASTM D 2938-79 (ASTM, 1979b)), but
is less than the minimum ratio of 2.5:1 suggested by the International Soci-
ety for Rock Mechanics (ISRM) (1979a). Because of this disagreement between
the specifications, comparative tests on samples with a ratio of 2.5:1 or
greater will be undertaken as discussed in Section 8.3.1.15.2. For the pres-
ent purposes, however, the 2:1 ratio is advantageous because it allows more
test samples to be obtained. Because the amount of core material is limited,
the smaller sample size maximizes the statistical data base of individual
measurements.

The effect of sample size on the mechanical properties of intact tuff is
addressed further in Section 2.1.2.3.1.7. For most of the samples tested,
the grain and flaw (pore) sizes were less than one-tenth of the specimen
diameter. Thus, the effects of such individual features on the bulk
mechanical properties are minimal.

Calibrations of force and displacement gages using materials with well-
established properties before each experimental series have shown that the
accuracy and the precision of these measurements are better than ±3 percent
in all instances. The inference is that these accuracies and precisions are
representative of those to be expected on tuff samples. Any major differ-
ences in mechanical properties for adjacent tuff samples, therefore, result
from sample variability (mineralogic composition, porosity, grain density,
crack frequency, etc.) or test conditions.

Tensile tests were performed on right-circular cylinders with nominal
dimensions of 2.54 cm (diameter) and 1.25 cm (thickness) (Blacic et al.,
1982). The Brazilian indirect strength test was the technique used because
of the relative ease with which the test can be performed and because more
samples could be tested than in other methods that require larger samples.
The limitations of the Brazilian test are recognized (McWilliams, 1966);
future testing will examine the applicability of existing data. No estimates
of measurement errors have been made.
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2.1.1 MECHANICAL PROPERTIES OF OTHER ROCKS

To provide a basis for understanding the mechanical behavior of the tuff
at Yucca Mountain, it is appropriate to present a brief summary of mechanical
properties of other tuffaceous rocks. A survey of the mechanical properties
of tuff is provided by Guzowski et al. (1983). The data collected by these
investigators on the mechanical properties of tuffs other than those dis-
cussed later in this section are summarized in Table 2-2. The table is
intended to provide perspective on the ranges of the mechanical properties of
tuff. Data for the welded, devitrified portion of the Topopah Spring Member
(Section 2.1.2, especially Table 2-7, Section 2.1.3) indicates that the
potential repository horizon (TSw2) has a high unconfined compressive
strength and Young's modulus compared with other tuffs.

2.1.2 MECHANICAL PROPERTIES OF ROCKS AT THE SITE

2.1.2.1 Existing mechanical properties data

Detailed results of laboratory mechanical property tests on samples from
drillholes at Yucca Mountain and from G-Tunnel at Rainier Mesa are contained
in numerous reports (Olsson and Jones, 1980; Blacic et al., 1982; Price and
Jones, 1982; Price and Nimick, 1982; Price et al., 1982a, b; Price et al.,
1984; Nimick et al., 1985). These references cover approximately 280 uncon-
fined compression tests, 100 indirect tensile tests, and 30 triaxial compres-
sion tests; the extent of the compressive tests is shown in Table 2-3. In
addition, the results of all compression experiments performed on samples
from drillholes UE-25a#l and USW G-1 have been compiled (Price, 1983). Where
possible, statistical evaluations of the data have been made. These evalu-
ations have culminated in the data presented in Section 2.1.3 as the mechan-
ical properties stratigraphy for the Yucca Mountain tuffs.

Test results for the elastic properties and the compressive and tensile
strengths of Yucca Mountain tuffs are summarized in the next two sections.
The discussion includes the current status of evaluations of the effects of
water saturation, confining and fluid pressure, elevated temperature, time-
dependent behavior, lithophysae, mechanical anisotropy, and sample size.

2.1.2.2 Elastic properties

Data on Young's modulus and Poisson's ratio have been collected for
Yucca Mountain tuffs for use in modeling the elastic response of repository
rooms, waste emplacement holes, and shafts. All the data are from compres-
sion experiments run on nominally fully saturated samples at atmospheric
pressure (unconfined), a nominal strain rate of 10-5 s-1, and room tempera-
ture (230C). The test conditions were chosen as baseline conditions because
the majority of compressive tests on Yucca Mountain tuff samples to date have
been performed under these conditions. The applicability of the data to
other temperatures, pressures, or strain rates is being evaluated in an
ongoing test program, as discussed in Section 8.3.1.15.
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Table 2-2. Summary of mechanical properties of tuffs not studied by the Yucca Mountain Projecta

(

t:1
M
0
M

9
t1i
�d

Unconfined
compressive Young's Poisson's

Location or tuff unit strength (psi)b modulus (106 psi)b ratio LithologyO

Ohya tuff, Japan 0.804 -- d -- Nonwelded

Rainier Mesa tuff units 1,350-5,125 0.45-2.26 0.09-0.38 Nonwelded

Tuff, E-Tunnel, NTSO 3,500 -- -- Nonwelded

Tuff, NTS 5,282-9,512 -- -- --

Oak Springs Formation, NTS 3,400-8,700 0.40-1.60 0.02-0.04 Bedded

Oak Springs Formation, NTS 6,800-29,100 0.86-1.75 0.05-0.15 Welded

Tuff, Oregon 3,141-4,999 0.85 -- --

Tuff, Red Hot Deep Well

Experiment, NTS 1,560-4,910 0.33-0.95 0.13-0.49 --

Tuff and tuff breccia, USSR -- 3.23 0.13 --

Tuff, Japan -- 1.32-3.47 -- --

Tuff breccia, India -- 0.20-3.62 -- --

Tuff, locality unknown -- 0.99-2.92 -- --

i)

(I,

aSource: Guzowski et al. (1983).
bTo convert from psi to Pa, multiply the entries by 6,895.
CLithologies have been assessed on the basis of original references when available.
d__ = data not available.
eNTS = Nevada Test Site.
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Table 2-3. Summary of compressive mechanical testing for the Yucca Mountain
Project. Numbers of compressive mechanical tests performed at
baseline test conditionsa and with variations in one or more test
parameters.

Thermal/
mechanical Number of tests

Drillhole unit or Confining Sample Strain Standard
Reference or location formationb pressure Saturation Temperature size rate tests Total'

Olsson and UE-25a#l TCw 3 ..d -- -- 1 4
Jones (1980) PTn 3 I- I -- -- '

TSwl 1 -- 1 -- -- 1 2
TSw2 2 -- -- -- -- 1 3
CHnlz 3 -- -- -- -- 2 5
PPw 3 -- -- -- -- 0 3
CFUn -- -- -- -- -- 2 2
BFw 3 -- -- -- -- 1 4

G-Tunnel Grouse
Canyon -- 9 -- 20 0 20

Blacic et al. UE-25af1 TSwl -- -- -- 70 -- 0 76
(1982) TSw2 -- M- - 20- -- 0 200

TSw3 -- -- -- 4- -- 0 4-

CHnlz -- -- -- 25- -- 0 250
USW G-1 BFw -- -- -- 14 -- 0 140

TRw -- -- -- 14- -- 0 14-

Price and USE G-1 CHn1z 16 4 -- -- 4 18 40
Jones (1982) CHn2z -- -- -- -- -- 4 4

Price, et al. USN G-1 CFUn -- -- -- -- -- 6 6
(1982a) Bw -- -- -- -- -- 6 6

CFMnl -- -- -- -- - 4 4
CFMn2 -- -- -- -- -- 2 2
CFMn3 -- -- -- -- -- 1 1

Price and USW G-1 CFMn3 -- -- -- -- -- 2 2
Nimick (1982) TRw -- -- -- -- -- 6 6

Price, et al. USE G-1 TSw2 4 -- -- -- 7 4 15
11982b)

Price, et al. USW GU-3 TSwl -- 7 -- 8 -- 3 11
(1984) TSw2 -- 7 7 -- 17 24

Nimick, USK G-4 TSw2 6 -- -- -- 7 24 37
et al. (1985) CHnlz 4 -- -- -- 5 5 14

*Baseline conditions here are assumed to be ambient pressure and temperature, a strain rate of 10-5s-1,
saturated, and with a nominal sample diameter of 2.5 cm.

bSee Figure 2-5 for definition of the thermal/mechanical units.
°Number given as total is the number of individual tests; numbers of tests in corresponding rows are for

variations in individual test parameters without accounting for variations in more than one parameter in a single
test. Therefore, *total is not necessarily the sum of the numbers in the corresponding row.

d-_ - No variation.
Some of these tests were performed on samples that had been soaked at elevated temperature and pressure for

different periods of time. See Blacic et al. (1982) for details,

-y
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Figure 2-6 is a representative plot of axial stress versus axial strain
measured on a sample of welded, devitrified tuff from the Topopah Spring
Member. The figure demonstrates the strong linearity of the deformation
response to a stress on the order of 95 percent of the failure stress. This
behavior is typical for intact samples of this material, suggesting that the
rock matrix of the Topopah Spring Member is an elastic material, at least for
the baseline test conditions.

A preliminary study of the effects of differences in confining pressure
and strain rate on the mechanical properties of the Topopah Spring Member
from drillhole USW G-4 has been completed (Nimick et al., 1985). No defini-
tive trend in Young's modulus was found as a function of either effective
confining pressure or strain rate for the ranges tested (0 to 10 MPa; 10-3 to
10-7 s1). Additional studies of the effect of differences in test param-
eters on the mechanical properties of the Topopah Spring Member are ongoing
using outcrop material, and a test series will be conducted on material from
the exploratory shaft facility (Section 8.3.1.15.1). Both of these test
series include variations in temperature and saturation as well as in
confining pressure and strain rate.

An early study (Olsson and Jones, 1980) suggested that the elastic
moduli of the Grouse Canyon Member are anisotropic. The results of this
study indicated a correlation between the degree of welding (i.e., the amount
of porosity) and the degree of anisotropy. Whereas welded tuff is stiffest
perpendicular to bedding (i.e., approximately vertical), the nonwelded tuff
is stiffest parallel to bedding (i.e., approximately horizontal). The
dynamic elastic moduli for samples of the densely welded Topopah Spring
Member from drillhole USW GU-3 showed that anisotropy of elastic properties
for orientations parallel and perpendicular to the rock fabric is insignifi-
cant (Price et al., 1984). On the basis of these results, the matrix of the
Topopah Spring Member is assumed to be isotropic. The tests planned to
investigate the possibility of anisotropic elastic response and strength
anisotropy in samples from the Topopah Spring Member are discussed in Section
2.1.2.3.1.6.

Values have been obtained for dynamic elastic moduli for 10 samples of
the Topopah Spring Member from drillhole USW GU-3 (Price et al., 1984). In
general, dynamic Young's moduli were higher than static values measured on
the same samples, whereas Poisson's ratios were approximately the same for
both methods. The ratio of the average dynamic to the average static Young's
modulus for the samples is 1.30, well within the range of ratios described by
Lama and Vutukuri (1978).

Analyses to determine the correlation between the elastic properties and
porosity, grain density, and mineralogic composition were performed to assess
the possibility of extending such a relationship to other tuffs on which
mechanical testing has not been performed (Price, 1983; Price and Bauer,
1985). Data for the analyses reported by Price (1983) were taken from com-
pressive tests conducted at the baseline conditions on samples from the
Bullfrog Member, the Tram Member, and the tuffaceous beds of Calico Hills.
The analysis of the data set, which includes results from the Topopah Spring
Member, is summarized by Price and Bauer (1985) and in the paragraphs that
follow:
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sample GU-3 1050.4/3; test conditions ambient temperature and pressure, saturated, 105/,) Modified from
Price et al (1984)
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Price (1983) determined that there is a correlation between the porosity
of tuff and the Young's modulus. Test data for 111 samples of Yucca Mountain
tuffs have been fit by linear least squares (Price and Bauer, 1985) to pro-
vide the following equation relating the two parameters:

E = 85.5e- 6 - 9 6 n (2-1)

where E is Young's modulus (GPa) and n is the functional porosity (volume
fraction), defined as the sum of the volume fraction of void space and the
volume fraction of clay in the sample.

The correlation coefficient (r) for this fit is 0.93. The range in n
for which the equation is thought to be valid is approximately 0.10 to 0.65.
However, the equation does not apply to welded vitric tuff (vitrophyre). The
grain structure and bonding in a vitrophyre are sufficiently different from
those in all other types of tuff at Yucca Mountain so that the physical
processes leading to successful application of the correlation in equation
2-1 do not occur in the vitrophyre.

For the analysis of data on Poisson's ratio, Price (1983) reports using
a multivariate fit. This fit has not been revised to include the data from
the Topopah Spring Member. The equation relating Poisson's ratio to porosity
and grain density as given by Price (1983) has an r value of C.48. The
correlation is not considered useful for estimating Poisson's ratio from
these other measured properties.

Additional analyses will be performed as more data become available.
The results should increase the confidence in estimates of the Young's
modulus of tuff with a given porosity and grain density.

2.1.2.3 Matrix compressive and tensile strengths

2.1.2.3.1 Compressive strength

Compressive strength values have been documented (Olsson and Jones,
1980; Olsson, 1982; Price and Jones, 1982; Price and Nimick, 1982; Price
et al., 1982a,b; Price, 1983; Price et al., 1984; Nimick et al., 1985) for a
wide range of tuff samples from Yucca Mountain. Additional data are being
gathered and will be available before the start of exploratory shaft
activities.

2.1.2.3.1.1 Effect of water saturation on compressive strength

A series of drained uniaxial compression tests were run to quantify the
effect of water saturation on the compressive strength of tuff (Olsson and
Jones, 1980). Closely spaced samples were obtained from the Grouse Canyon
Member of the Belted Range Tuff from G-Tunnel. A total of 18 samples were
either oven-dried or water-saturated after machining and then were deformed
at atmospheric pressure, room temperature, and nominal strain rates of 10-2,
10-4, and 10-6 s-1. The results are given in Figure 2-7 and Table 2-4. At
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Table 2-4. Effects of saturation and strain rate on the compressive strength
of tuff samples from the Grouse Canyon Membera

Strain Compressive Young's
rate strength modulus
(s-') (MPa) (GPa)

UNSATURATED SAMPLES

10-2 175 25.9
10-2 189 28.7
10-2 177 28.4
10-4 160 26.2
10-4 155 28.5
10-4 160 27.4
10-6 135 27.4
10-6 141 28.3
10-6 134 29.5

FULLY SATURATED SAMPLES

10-2 142 26.1
10-2 114 22.8
10-2 118 23.8
10-4 112 24.8
10-4 122 25.3
10-4 102 24.0
10-6 81.1 25.9
10-6 110 25.4
10-6 91.8 26.8

aSource: Olsson and Jones (1980).
samples from the Grouse Canyon Member :
uniaxial compression tests allowed to i
all samples was estimated to be 13 to :

These data were obtained on tuff
in unconfined, ambient temperature,
drain during testing. The porosity of
18 percent.

each strain rate, the average strengths of nominally saturated specimens are
approximately 30 percent lower than the average strengths of the corre-
sponding dry samples. Data from another seven samples of the Grouse Canyon
Member (Board et al., 1987) showed that the mean strengths of vacuum-
saturated samples were approximately 15 percent lower than the mean strengths
for corresponding dry samples. Similar results were obtained in four experi-
ments on samples of the tuffaceous beds of Calico Hills (Price and Jones,
1982). These tests were conducted at approximately the same conditions
(unconfined pressure, a constant strain rate of 10-5 s-1, room temperature)
with two fully saturated specimens and two room-dry specimens (unknown degree
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of saturation). The average strength of the saturated specimens was approxi-
mately 23 percent lower than the average strength of the air-dried samples.

The data just summarized indicate that water-saturated tuff is expected
to have a lower compressive strength than tuff in which the saturation is
less than 100 percent. Use of the strengths measured on saturated samples as
input to calculations in support of the design process thus will add a degree
of conservatism to the process. A quantitative estimate of this conservatism
is not possible because the saturation state will vary during the history of
a repository. Tests of samples from the exploratory shaft facility and sur-
face outcrops will be conducted to investigate the effects of variations in
temperature, saturation, confining pressure, and strain rate on the mechan-
ical properties (including deformation modulus and compressive strength of
the Topopah Spring Member).

2.1.2.3.1.2 Effects of confining and fluid pressure on compressive strength

Numerical analyses of the structural stability of mined openings, bore-
holes, and shafts require the use of a strength criterion for the rock. The
commonly used criterion is the coulomb criterion, which defines the limiting
state of stress for static equilibrium within the material at which
inelastic deformation begins (Jaeger and Cook, 1979). The criterion itself
is expressed as follows:

= + a tan (2-2)

where

= shear stress on the failure plane at the onset of failure

a = normal stress on the failure plane at the onset of failure

To = cohesion

* = angle of internal friction

Uniaxial and triaxial compression tests are used to determine these
parameters.

Twenty sets of triaxial compression tests on 90 tuff samples have been
run (Olsson and Jones, 1980; Olsson, 1982; Price and Jones, 1982; Price
et al., 1982b; Morrow and Byerlee, 1984; Nimick et al., 1985). The
experimental results for the test series in which all samples were obtained
from a single location or depth were fit by using linear least squares to
obtain the Coulomb parameters (cohesion and angle of internal friction) as
listed in Table 2-5. The correlation coefficients for the fits also are
given in Table 2-5. For nine of the test series, the coefficients are less
than 0.8, suggesting that the correlation between compressive strength and
confining pressure is not significant. The discussion that follows is
limited to the test series for which correlation coefficients greater than
0.8 were obtained.
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Table 2-5. Summary of coulomb failure criteria parametersa

(

Angle of
Thermal/ Effective Temp- Strain Satu- Drained Cohe- internal

mechanical Depth (m) pressure erature rate ration condition sion friction Correlation
unitb USW G-4 USW G-1 UE-25a#1 (MPa) (°C) (s-1) (S,R)C (Y,N)d (MPa) (0) coefficient

TCw -- -- 26.7 0,10,20 23 10-4 R N 28.1 68.0 0.89

TSw2 -- -- 381.0 0,10,20 23 10-4 R N 17.5 66.7 0.999

TSc __ __ __ 10,20,30,50 23 10-4 S N 92.0 29.1 0.47

TSc -- -- -- 10,20,30,40 23 10-6 S N 48.9 45.6 0.70

TSw2 209.3 -- -- 0,5,10 23 10-5 S Y 37.1 51.8 0.31

TSw2 294.2 -- -- 0,10 23 10-5 S Y 47.4 27.2 0.16

CHnlz 426.9 -- -- 0,5,10 23 10-5 S Y 6.6 15.9 0.45

CHnlz -- 453.4 -- 0,10,20 23 10-5 S Y 10.2 11.1 0.04

CHnlz -- 453.4 -- 0,10,20 23 10-5 S N 10.6 7.8 0.62

CHnlz -- 507.6 -- 0,10 23 10-5 R N 10.2 32.2 0.96

CHnlz -- 507.6 -- 0,10,20 23 10-5 S N 13.2 6.8 0.55

CHnlz -- 508.4 -- 0,10 23 10-5 S N 9.7 4.8 0.21

BFw -- 759 -- 5,12.5,20.7 200 10-4 S Y 23.6 19.6 0.93

BFw -- 759 -- 5,10,20.7 200 10-4 R Y 16.5 37.7 0.89

BFf -- -- -- 10,30,40,50 23 10-4 S N 22.7 42.1 0.93

BFf -- -- -- 10,20,30,40,50 23 10-6 S N 15.2 44.3 0.98

0

D
co
ao

N)v
W

aOlsson and Jones (1980); Olsson (1982); Price and Jones (1982); Price (1983); Morrow and Byerlee (1984); Nimick
et al.(1985).

bUnit identifications, thicknesses, and relation to the formal stratigraphy are shown in Figure 2-5.
CSaturation: R = room dried (unknown degree of saturation) and S = fully saturated.
dDrained condition: N = undrained and Y = drained .
*Data not available.
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Four of the test series were conducted on room-dry samples. Three of
these four series were at ambient temperature, two were on welded tuffs and
one was on nonwelded tuff (tuffaceous beds of Calico Hills). The friction
angles in the two welded tuffs are similar (68.0 and 66.7 degrees), whereas
the cohesion of tuff from the Topopah Spring Member is lower than that of the
Tiva Canyon Member. Both the cohesion and the friction angle are lower for
the nonwelded tuff than for the welded tuffs. The one test series conducted
on room-dry samples at 2001C used moderately welded tuff from the Bullfrog
Member; the test results cannot be directly compared with those for ambient-
temperature tests because of differences in both porosity and temperature.

Two test series were run on outcrop samples from the Bullfrog Member at
two different strain rates. The results suggest that the friction angle is
not sensitive to the strain rate. Cohesion, on the other hand, decreases
with the strain rate. This behavior follows that of unconfined compressive
strength (Section 2.1.2.3.1.4).

The seventh test series for which a relatively high correlation coef-
ficient was obtained was conducted at 2001C. Comparison with the results
from ambient temperature tests on similar material (Bullfrog Member) suggests
that the friction angle decreases with increasing temperature but that
cohesion is unaffected.

The observations in the preceding paragraphs are inconclusive because
they are based on limited data. Mechanical tests on tuff samples have shown
large variability at any single set of test conditions, especially for com-
pressive strength. Thus, the trends inferred from the limited available data
may be either spurious or real. More definitive conclusions cannot be made
until more data become available. Additional scoping tests on the welded
portion of the Topopah Spring Member are being conducted, and a test program
with a better statistical basis has been designed for the Topopah Spring
Member (Section 8.3.1.15).

In general both the cohesion and the friction angle are inversely
related to sample porosity (Price, 1983). Relationships between the Mohr
Coulomb parameters angle of internal friction (q) and cohesion (C,), and
functional porosity (n) have been derived (Nimick and Schwartz, 1987):

* = sin-1 [(0.079n 1-1856)/(2 + 0.079n-1- 856)] (2-3)

and CO = 51.139 tan v

where n is a volume fraction, * is in degrees, and CO is in MPa. These two
relationships are not in themselves least-squares fits, therefore, they do
not have associated correlation coefficients. Data from approximately 122
tests have been used in the derivations. Therefore, in the absence of
measured mechanical data, the porosity of tuff samples could be used to
estimate cohesion and friction angle expected for samples of the tuffs from
Yucca Mountain.

To date, only one series of tests has investigated the effects of pore-
fluid pressure on the strength of tuffs from Yucca Mountain. Olsson (1982)
reports results for samples from the Bullfrog Member deformed at 200WC and a
nominal strain rate of 10-4 s-1. Four samples were tested in a dry state at
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confining pressures of 5, 10, and 20 MPa. Three samples were saturated and
tested at effective pressures (confining pressure minus pore-fluid pressure)
of 5, 12.5, and 20 MPa. The test results are provided in Figure 2-8.
Although data are limited to these seven tests, the results indicate that the
concept of effective stress developed for other porous rocks (Hubbert and
Willis, 1957; Handin et al., 1963) may hold for tuff as well. Additional
testing to examine pore pressure and confining pressure effects on the mech-
anical properties of the Topopah Spring Member is discussed in Sec-
tion 8.3.1.15.

2.1.2.3.1.3 Effects of elevated temperature on compressive strength

The strength of most engineering materials (metals, plastics, concretes,
rocks) decreases with increasing temperature. The experimental data on tuff
at elevated temperatures are limited (Olsson and Jones, 1980; Olsson, 1982;
Price, 1983), and the data from the 15 tests completed to date are inconclu-
sive in quantifying strength changes. The tests differed not only in temper-
ature but also in other test conditions (pressure, strain rate, and confining
pressure) and intrinsic rock properties (density and porosity). A test ser-
ies on cores of the Topopah Spring Member has been initiated to evaluate the
strength and deformability of samples at elevated temperatures, and addi-
tional tests are planned for the exploratory shaft activities (Sec-
tion 8.3.1.15.).

2.1.2.3.1.4 Rate-dependent behavior and effect on compressive strength

The strength of rock depends on of the rate of loading or strain. The
possibility that the compressive strength of the Topopah Spring Member is
rate-dependent must be assessed to help establish a conservative lower bound
on this parameter.

The data from 5 series of experiments on site-specific tuffs (Price and
Jones, 1982; Price et al., 1982b; Nimick et al., 1985; Nimick and Schwartz,
1987) are listed in Table 2-6, while the results from 2 series on Rainier
Mesa tuffs (Olsson and Jones, 1980) are listed in Table 2-4. The test series
show average strength decreases of 3 to 14 percent per order-of-magnitude de-
crease in the strain rate. The sequence of experiments on the Topopah Spring
Member reported by Price et al., (1982b) showed virtually no strain rate
effect on strength, but the 3 other test series on this material showed
decreases of 5 to 14 percent per order-of-magnitude decrease in the strain
rate (Nimick and Schwartz, 1987). No effect of strain rate was observed for
the Topopah Spring and Bullfrog members when tested at elevated confining
pressures (Morrow and Byerlee, 1984). These results showing no rate depend-
ence may reflect the physical and mineralogical variability of the samples
tested. Because of a lack of adjacent samples, the core used by Price et
al., (1982b) was from an interval ranging from 371.3 to 390.0 m in depth
(drillhole USW G-l) and, therefore, probably had a range of physical and
mineralogical characteristics. The effects of variations in strain rate on
the compressive strength of the Topopah Spring Member are being examined, and
additional tests are planned as part of the exploratory shaft program
(Section 8.3.1.15).
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Table 2-6. Effects of changes in strain rate on rock strength for Yucca Mountain tuffsa

(7

l
La
-_a

USW G-1 USW G-4 Strain Axial strain Young's
depth depth rate Strength to failure modulus Poisson's

Unitb (m) (m) (WI) (MPa) (%) (GPa) ratio Referencec

TSw2 372.5 10-2 157.2 0.48 29.2 0.31 P
TSw2 384.8 -- 10-2 149.7 0.49 36.6 p
TSw2 372.5 -- 10-4 133.8 0.57 27.7 -- P
TSw2 373.0 -- 10-4 157.2 0.46 37.5 0.25 P
TSw2 371.3 -- 10- 176.6 0.51 40.8 0.25 P
TSw2 373.0 -- 10-6 156.6 0.47 35.3 0.21 P
TSw2 390.0 -- 10-6 44.9 0.41 22.9 0.27 P

TSw2 226.4 10-3 319 0.95 37.4 0.29 Ni
TSw2 -- 226.4 10-3 283 0.94 34.0 0.28 Ni
TSw2 -- 226.4 10-3 280 0.89 38.4 0.25 Ni
TSw2 -- 226.4 10-5 235 0.72 35.6 0.21 Ni
TSw2 -- 226.4 10-5 256 0.83 36.8 0.21 Ni
TSw2 -- 226.4 l0-s 279 0.93 34.6 0.21 Ni
TSw2 -- 226.4 10-7 243 0.69 37.5 0.20 Ni
TSw2 -- 226.4 10-7 230 0.75 33.6 0.11 Ni

TSw2 -- 305.5 l0-5 179 0.56 33.6 0.32 Ni
TSw2 -- 305.5 10-5 137 0.45 31.1 __e Ni
TSw2 -- 305.5 10-7 123 0.44 22.0 0.11 N1
TSw2 -- 305.5 10-7 138 0.45 32.8 0.20 Ni

TSw2f -- -- 10-5 167 0.46 42.0 0.30 N2
TSw2f -- -- 10-5 157 0.33 49.0 0.26 N2
TSw2f -- -- 10-7 115 0.30 41.9 0.26 N2
TSw2f -- -- 10-7 117 0.32 42.1 0.26 N2

CHnlz 508.4 -- 10-3 24.7 0.61 5.41 0.33 PJ
CHnlz 508.4 -- 10-3 23.4 0.58 5.45 __e PJ
CHnlz 508.4 -- 10-5 25.4 0.57 6.15 0.36 PJ
CHnIz 508.4 -- 10-5 16.7 0.43 4.92 0.18 PJ
CHnlz 508.4 -- 10-7 21.5 0.55 7.86 0.21 pi
CHnlz 508.4 -- 10-7 19.9 0.51 7.03 0.22 PJ

aData from unconfined, ambient temperature, constant-strain-rate tests on saturated samples allowed to drain
during testing.

bUnit identifications, thicknesses, and relation to formal stratigraphy are shown in Figure 2-5.
OReferences: P = Price et al. (1982b); PJ = Price and Jones (1982); Ni = Nimtick et al. (1985); N2 = Nimick and

Schwartz (1987).
dThe symbol "--' in this column indicates that the column is not relevant to the row in which the dashes appear.
'Data not available.
fSamples from drillhole USW G-2, 289.1 m depth.
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To predict rock behavior that is nonlinearly rate-dependent, Costin
(1983) has developed a preliminary model that uses the assumption that rate-
and stress-dependent microcrack growth is responsible for the deformation
observed in mechanical tests on low-porosity (<15 percent) materials. The
evolution of microcrack density is specified by extrapolating the experi-
mentally determined behavior of single cracks to that of a random ensemble of
microcracks. In the Costin (1983) model, stress corrosion is assumed to be
the dominant mechanism of rate-dependent crack growth. Therefore, the model
assumes an initial population of microcracks that is modified by the stress
history.

As a test of the model's capability, simulations of uniaxial compression
tests were performed at various strain rates over the range 10-1 to 10-10
s-1. The material parameters of the model were chosen to match those of the
previously tested Grouse Canyon Member (Olsson and Jones, 1980). The results
of the simulation are compared with the mechanical data in Figure 2-9 (data
are the same as those shown in Figure 2-7 for saturated samples).

For strain rates between 10-2 and 10-6 s-1, the model predictions show a
reasonable agreement with the limited experimental data that are available.
The model predicts that at lower strain rates, the strength decrease with
strain rate is less than that indicated by a linear extrapolation from the
experimental data. Because in situ strain rates are expected to be lower
than the limit of 10-10 s-1 for which the model has been applied (on the
order of 10-12 to 10-13 s-1 before the permanent closure of the repository),
determination of the most realistic trend in strength decrease is important
in order to perform realistic calculations during the design process. Test-
ing on intact samples from the Topopah Spring Member is planned to determine
whether the linear or the nonlinear model (Costin, 1983) is a better
representation of the actual conditions expected at Yucca Mountain. This
testing is described in Section 8.3.1.15.

The expected strain rates around the repository and in the far field are
low enough that deformation mechanisms may be different from those occurring
at higher strain rates. The possibility of creep closure of openings in the
Topopah Spring Member can be examined using information obtained for other
rock types at the pressures and temperatures expected to occur in situ.
Exploratory tests to examine the possibility of creep deformation in Grouse
Canyon and Bullfrog Member tuffs are summarized by Blacic and Andersen
(1983). Experimental problems with this test program, involving loading and
data acquisition, introduce some question as to the direct applicability of
the test results. Tests are ongoing to determine whether creep deformations
are likely in the matrix of the Topopah Spring Member, as discussed in
Section 8.3.1.15.

2.1.2.3.1.5 Effects of lithophysae on compressive strength

The effects of lithophysae are important in determining the thickness of
the Topopah Spring Member that is acceptable for waste emplacement. Should
lithophysae-rich portions of the member prove acceptable, more flexibility
would exist in the placement, geometry, and spatial extent of a repository
within the repository horizon. Of the tuffs studied as part of the Yucca
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Figure 2-9. Unconfined compressive strength as a function of strain rate for microcrack model, and tuff samples
from the saturated Grouse Canyon Member. Modified from Olsson and Jones (1980).
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Mountain Project, only portions of the Topopah Spring Member have been
observed to contain abundant lithophysal cavities. Ten samples of
lithophysae-rich Topopah Spring Member collected from an outcrop at Busted
Butte (Figure 2-1) have been deformed in mechanical tests (Price et al.,
1985). Samples were right-circular cylinders with diameters of 26.7 cm and
lengths of 53.3 cm and contained lithophysal cavities up to several centi-
meters in diameter. The tests were conducted at room temperature, atmos-
pheric pressure, and a strain rate of 10-5 s-1. In addition, to obtain a
lower bounding value for strength, the samples were water saturated. The
resulting unconfined compressive strengths ranged from 10.3 to 27.8 MPa,
somewhat lower than those predicted by the model presented in Sec-
tion 2.1.2.3.1.8 for the porosities (31 to 40 percent) measured for the
samples (Price et al., 1985). The lower strengths probably are due to the
large cavity sizes in relation to the sample diameter. Tests on larger
samples from the exploratory shaft facility are planned to confirm these
results (Section 8.3.1.15).

2.1.2.3.1.6 Anisotropy of compressive strength

To date, all mechanical experiments, except those on five samples of the
Topopah Spring Member from drillhole USW GU-3, have been performed on samples
with their loading axes parallel with the original coring direction; i.e.,
approximately vertical and, therefore, approximately perpendicular to bedding
(Price et al., 1984). (For orientation of units, see Section 1.2.2.) Tests
on samples of the Topopah Spring Member taken from the outcrop at Busted
Butte will be conducted to quantify the degree of anisotropy in the elastic
properties and in the unconfined compressive strength. The test series, dis-
cussed in Section 8.3.1.15, will include measurements on adjacent samples
with at least three different orientations to the dominant rock fabric.

2.1.2.3.1.7 Sample size effects on compressive strength

Most tests completed to date have been performed on samples that have a
diameter of 2.5 cm and a length of 5 cm. Because of defects (inhomogeneities
and fractures) inherent in the rock samples, size effects are expected in
both the strength and the deformation behavior of the tuff. Sample size
effects are expected to result in lower rock strengths and moduli for the
larger samples (Bieniawski and Van Heerden, 1975). A series of unconfined
compression tests on samples with diameters of 2.5, 5, 8.3, 12.7 and 22.8 cm
has been completed (Price, 1986). A power-law fit to the test results gives
the following equation:

GC = 1944D-0- 84 6 + 69.5 (2-4)

where ac is unconfined compressive strength in MPa and D is sample diameter
in mm.

Additional tests will be performed on samples from the exploratory shaft
facility, as discussed in Section 8.3.1.15.1.
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2.1.2.3.1.8 Statistical correlation of compressive strength and functional
porosity

K-

Approximately the same sets of tests (unconfined compression, constant
strain rate, room temperature on saturated samples) analyzed for elastic
properties were also studied to determine whether the uniaxial strength could
be related to functional porosity or grain density (Price, 1983; Price and
Bauer, 1985). The results showed that changes in compressive strength
between samples can be correlated with changes in functional porosity (except
for the vitrophyre of the Topopah Spring Member, as discussed in Sec-
tion 2.1.2.2).

With the availability of data from the Topopah Spring Member, the
analysis of data from 113 samples has provided the following empirical
relationship (Price and Bauer, 1985):

C = 4.04n-1. 8 5 (2-5)

where ac is the unconfined compressive strength (MPa) and n is expressed as a
volume fraction.

The correlation coefficient r for this fit is 0.93. The approximate range of
n for which this correlation is valid is 0.10 to 0.60.

Analysis of existing data by Nimick and Schwartz (1987) suggests that
the equation given above will provide a reliable estimate of the unconfined
compressive strength of unit TSw2 (see Figure 2-5 for definitions of units).
The equation estimates strengths that are lower than experimental values for
the nonlithophysal portion of unit TSwl. Additional analysis is under way to
refine the equation.

2.1.2.3.2 Tensile strength

Data on the tensile strength of Yucca Mountain tuffs can be used in the
interpretation of in situ stress data obtained by hydraulic fracturing or in
the definition of a failure criterion for intact rock. Tensile strengths of
Yucca Mountain tuff were calculated from Brazilian (indirect tensile) tests
on 20 samples from 4 lithologic units (Blacic et al., 1982). The relation-
ship between these calculated tensile strengths and the corresponding poros-
ities is approximately linear, as determined by Price (1983) and shown in
Figure 2-10. This linear relationship may be used for a first-order approxi-
mation of the tensile strength of any tuff from Yucca Mountain for which
physical properties have been determined; however, a linear extrapolation to
lower porosities than those already tested may not be reasonable. As
described in Section 8.3.1.15, additional tests on outcrop material are
planned to measure the tensile strength of the Topopah Spring Member. The
measurements will include both direct tensile tests and Brazilian tests on
adjacent material in order to assess the applicability of existing data
obtained by the latter test method. In addition, some tensile strength data
will be obtained from samples of the Topopah Spring Member from the explora-
tory shaft facility.
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Figure 2-10. Apparent tensile strength of saturated Yucca Mountain tuff as a function of porosity. Modified
from Price 11983)
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2.1.3 STRATIGRAPHIC VARIATIONS OF THE MECHANICAL PROPERTIES OF TUFF

To reduce the large volume of data referenced in the preceding sections
to a comprehensible basis for analyses of the repository conceptual design, a
mechanical-property stratigraphy has been defined (Figure 2-5 and Table 2-7).
Each zone in the thermal/mechanical stratigraphy represents an interval for
which mean matrix mechanical properties (and, in some instances, standard
deviations) have been determined. Zone boundaries were defined to reflect
changes in mineralogical and bulk properties (hence, significant changes in
the mechanical properties) and are not always the same as the formal
(geologic) stratigraphic divisions described in Section 1.2. The properties
presented in Table 2-7 for each zone are the results of experiments where
data are available. For other zones, the values of properties have been
calculated from the empirical equations presented in Sections 2.1.2.2 and
2.1.2.3 relating mechanical properties to functional porosity, using mean
porosity values given in Section 2.4.3. As discussed in Sections 2.1.2.2 and
2.1.2.3, the correlations cannot be used for the vitrophyre of the Topopah
Spring Member (unit TSw3).

The bulk properties used to calculate mechanical properties are dis-
cussed in Section 2.4.2.4. The properties predicted with the correlation
equations in Section 2.1 inevitably will differ somewhat from experimental
data, primarily because of the natural variability of the various tuff units.

2.2 MECHANICAL PROPERTIES OF ROCK UNITS--DISCONTINUITIES

Discontinuities (e.g., joints, faults, bedding planes) and inhomogenei-
ties (e.g., lithophysae and inclusions of pumice or lithic fragments) cause
the mechanical response of the rock mass to be different from that of the
unfractured intact rock. In general, the strength and deformation modulus of
the rock mass will be lower than that of the matrix material. The approach
taken in the Yucca Mountain Project has been to include the effects of litho-
physae and inclusions in studies of intact rock properties (Section 2.1).
Thus, this section addresses only the mechanical properties of joints,
faults, and bedding planes. Data concerning the geologic and mineralogic
characteristics of these features at Yucca Mountain are provided in
Chapter 1.

In conventional mine design approaches, the effects of fractures are
approximated by assuming that the effective rock mass strength is some per-
centage of the strength measured for intact material, as shown by experience
in similar rocks. More detailed stress analyses use the frictional proper-
ties (cohesion and coefficient of friction), orientation, and spacing of
joints to determine whether slip can occur along the discontinuities and to
evaluate the impact of the slip on support requirements or the usability of
the opening. The unique aspect of repository analyses and testing is that
the changes in the joint properties with temperature need to be bounded to
evaluate opening stability at the temperature expected in the rock before
permanent closure. Analyses to bound the effects of possible underground
conditions in the tuff will be made to determine whether there are likely to
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Table 2-7. Mechanical properties for intact rock in the Yucca Mountain tuff zones

K)

Unconfined
Young's compressive Tensile Angle of
modulus Poisson's strength strength internal friction Cohesion

Zonea (GPa) ratio (MPa) (MPa) (0) (MPa)

TCw 40.0 0.24(TSw2)b 240 17.9 44.7 51
PTn 3.8 0.16(CHnlz)b 19 1.0 8.5 8

TSwl 31. 7 ±17 .9cd 0.25±0.0 7c'd 127±16c,d 21.1±4.6c 34.9c 36c
15.5±3.2d^e 0.16o.03d6o 16±5de 1.00 12.5' 11'

TSw2 3 0.4±6.3d 0.24±0.06d 166±65d 15.2 23.5d 34.5d

TSw3 NAg NA NA NA NA NA
CHnlv 7.1 0.16(CHnlz)b 27 1.0 12.0 11

CHnlzf 7.1±2.ld 0.16EO.08d 2719d l.0 7.6±2.6d 10.9±1.6d
CHn2 11.5 0.16(CHnlz)b 40 2.6 16.4 15
CHn3 7.1 0.16(Clinlz)b 27 1.0 12.0 11

PPw 16.3 0.13(BFw)b 57 6.9 21.0 20
CFUn 7.6±3.8d 0.16(CHnlz)b 31±11d 1.8 15.6 14

BFwf 10.8±4.7d 0.13±0.02d 42±14d 6.9 21.0 20

CFMnl 15.2 0.16(CHnlz)b 52 6.0 19.9 19
CFMn2 16.3 0.16(CHnlz)b 57 6.9 21.0 20
CFMn3 13.2 0.16(CHnlz)b 45 4.3 18.0 17

TRwf 17.6±3.8d 0.13(BFw)b 72±23d 11.1 27.6 27

aZone identifications, thicknesses, and relation to formal stratigraphy are shown in Figure 2-5.
bValue assumed to be the same as mean value of thermal/mechanical unit listed in parentheses.
0Representative of nonlithophysal zones within unit TSwl.
dExperimental results for mechanical properties at baseline test conditions (see text); standard

deviations are la. All other mechanical data entries are calculated using porosity with empirical equations;
no standard deviations are available for these entries.

'Representative of lithophysal zones within unit TSwl.
fZones previously considered for waste emplacement horizon.
9NA = not available.
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be regions where significant support is required to maintain a stable open-
ing. The data from laboratory tests on jointed tuff that form the basis of
current detailed stress analyses are discussed below.

Laboratory-derived mechanical properties of joints are believed to
provide data applicable to the mechanical properties of faults and bedding
planes (Barton, 1973; Byerlee, 1978). Therefore, current investigations have
concentrated on the laboratory properties of joints. Initial tests used
simulated joints (precut) in about 60 samples of both welded and nonwelded
tuffs to determine the coefficient of friction for the joints and to compare
the results with those for other rock types. The use of relatively smooth
simulated joints is a reasonable means of estimating lower-bound properties
for natural fractures, especially for exploratory tests; however, inferences
about the behavior of natural fractures that can be drawn from test results
may be limited. Additional tests are being conducted on samples of the
Topopah Spring Member with both simulated and natural joints, as discussed in
Section 8.3.1.15. The applicability of these data ultimately will be deter-
mined by comparison with larger-scale in situ tests.

The data discussed below constitute an initial data base for conceptual
design and performance assessment modeling studies. Such studies are
required to ensure compliance of a repository with regulatory criteria.
Specifically, to estimate stability of openings, the retrievability of the
emplaced waste, and the effect of potential changes in joint apertures on
ground-water movement and radionuclide releases, the response of joints to
the presence of a repository must be understood.

In the laboratory tests performed on joints, specimens in the form of
right-circular cylinders with sawcuts at 35 degrees to the cylinder axis were
deformed in triaxial compression at room temperature, confining pressures to
40 MPa, and axial displacement rates from 10-2 to 10-6 cm/s with various
saturation states (Olsson and Jones, 1980; Teufel, 1981). Because neither
the American Society for Testing and Materials nor the International Society
for Rock Mechanics has published standard procedures for jointed-rock
testing, these reports include detailed discussions of the test apparatus,
instrumentation, sample preparation techniques, and test procedures.

2.2.1 MECHANICAL PROPERTIES OF DISCONTINUITIES IN OTHER ROCKS

The magnitude of shear stress that can be transmitted across a joint
depends on the cohesion and the frictional properties of the joint, or joint
infilling, or both. Shear-strength parameters for discontinuities in similar
rock types have been reviewed and are summarized here to allow comparison
with the tuff properties presented in the remainder of Section 2.2.

The coefficient of friction is generally independent of rock type and
increases only with increasing surface roughness (Paterson, 1978). The
effect of surface roughness, found to be important only at low normal
stresses, is a result of the interlocking of asperities along the sliding
surface. Quasi-static experiments on a variety of jointed-rock types with
extreme variations in surface roughness have shown that the coefficient of
friction can vary from 0.4 to 5.7 at low normal stresses (Barton, 1973). The
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higher value is probably not a true friction angle at low normal stresses,
because multiple surfaces are involved in sliding (Patton, 1966). At higher
normal stresses, surface roughness becomes less significant because asperi-
ties are sheared off and incorporated into gouge along the sliding surface.
Quasi-static measurements of coefficients of friction for joints of differing
surface roughness in a wide variety of rock types have been compiled
(Byerlee, 1978). They show that the coefficient of friction ranges from 0.4
to 1.0 at normal stresses greater than 10 MPa. The results of an experi-
mental study (Teufel, 1981) on simulated joints in welded tuff are consistent
with Byerlee's compilation. Normal stresses across the joints in the experi-
mental study were 5 to 40 MPa (Byerlee's compilation considered 8 to 70 MPa),
and all measured values of the coefficient of friction in both studies were
less than 1.0.

The cohesion of jointed rock also shows no strong dependence on rock
type and generally is less than 0.4 MPa (Jaeger and Cook, 1979). For
jointed, welded tuff with smooth joint surfaces, cohesion was found to be
less than 1 MPa (Teufel, 1981).

The deformation that occurs normal to a fracture will depend on the mag-
nitude of the effective stress, the aperture and roughness of the fracture
when the stress is applied, and on the elastic and strength properties of the
material bounding the fracture. In general a fracture will be less compliant
(more stiff) as the stress increases, as the aperture decreases, or as the
bounding material is less compliant (e.g., has a higher Young's modulus).
Sun et al. (1985) summarize data on various types of rocks that indicate
monotonic but nonlinear decreases in normal compliance with increasing normal
stress. Zimmerman et al. (1986) summarize theoretical and experimental
studies of normal response of joints in the Grouse Canyon Member to stress.
Results for the Grouse Canyon Member suggested that the normal compliance is
sensitive to stress history (i.e., stress cycling results in hysteretic
response).

2.2.2 MECHANICAL PROPERTIES OF DISCONTINUITIES IN ROCKS AT THE SITE

Existing data on the mechanical properties of discontinuities in tuff
are limited to simulated joints (Olsson and Jones, 1980; Teufel, 1981; Morrow
and Byerlee, 1984). In these studies, sawcuts were made in samples from the
Grouse Canyon Member from Rainier Mesa and from the Prow Pass, Bullfrog, and
Topopah Spring members from Yucca Mountain. A summary of mechanical-test
results on discontinuities in tuff is presented in the following sections
under several topics: mechanical properties of simulated joints, mechanical
properties of natural joints, effects of water saturation, effects of
displacement rate, and time-dependent behavior. At present, no data have
been measured to quantify the normal stiffness of joints in tuff (used to
estimate the deformation modulus of the rock mass). Tests are in progress to
obtain these data (Section 8.3.1.15).
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2.2.2.1 Simulated fractures

Teufel (1981) determined the shear strength in triaxial compression of a
simulated joint in the welded Grouse Canyon Member as a function of normal
stress, time of stationary contact, displacement rate, and saturation.
Joints were simulated by using a right-circular cylinder with a precut
inclined at 35 degrees to the cylinder (load) axis. Room temperature tests
were conducted at confining pressures from 5 to 40 MPa, at axial displacement
rates from 10-2 to 10-6 cm/s, and with both dry and fully saturated samples.

The shear strength of a simulated joint in welded tuff fits the linear
relation

t = To + a tan (2-6)

where

= shear strength
TO = cohesion
a = applied normal stress

= friction angle
tan * = coefficient of friction.

The coefficient of friction at the initiation of slip was found to be inde-
pendent of the normal stress for air-dried samples, with a value of 0.64 at a
displacement rate of 1.2 x 10-4 cm/s (Figure 2-11). Similar results
(tan * = 0.59) were obtained for air-dried samples of partially welded tuff
(Prow Pass Member) at a displacement rate of 10-3 cm/s (Olsson and Jones,
1980) (Figure 2-12). Data provided by Morrow and Byerlee (1984, Figure 2)
can be used to derive a coefficient of friction of 0.59 for the initiation of
slip in saturated samples of the Topopah Spring Member at a strain rate of
10-4 S-I (equal to a displacement rate on the fracture surface of approxi-
mately 7 x 10-4 cm/s). The independence of the coefficient of friction with
respect to the confining pressure and the corresponding normal stress across
the sliding surface is consistent with rock-friction literature as reviewed
by Byerlee (1978). However, at low normal stresses the coefficient for
friction of rough natural joints may have some dependence on normal stress.
This possibility will be examined in future testing (Section 8.3.1.15).

Data presented by Morrow and Byerlee (1984, Figures 2 and 6) suggest
that the coefficient of friction increases with progressive-shear displace-
ment across a joint. For saturated samples of the Topopah Spring Member at a
strain rate of 10-4 s-1, the increase would be from 0.59 to 0.76.

2.2.2.2 Natural joints

The mechanical properties of natural and artificial joints in the
Topopah Spring Member are being investigated. The natural joints present at
Yucca Mountain can be categorized into three groups: (1) healed joints with
mineralized surfaces, (2) unhealed joints with no infilling, and (3) unhealed
joints with infilling. Frictional behavior will depend on the composition of
the infilling. From a mechanical effects standpoint, the behavior of the
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Figure 2-11. Shear stress-to-normal stress relation at slip initiation for air-dried, precut joints in Grouse
Canyon Member welded tuff. Modified from Teufel (1981).
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Figure 2-12. Shear stress-to-normal stress relation at slip initiation for air-dried, precut joints on Prow Pass
Member partially welded tuff. Modified from Olsson and Jones (1980).
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unhealed joints is expected to be more significant to rock mass response.
The condition of core from Yucca Mountain with unhealed joints has been
inadequate for representative laboratory mechanical tests. It is expected
that joints or faults containing gouge or other infilling may have a lower
coefficient of friction than clean, unfilled joints (Byerlee, 1978). The
coefficient of friction for typical saturated gouges generally ranges from
0.2 to 0.6 (Morrow et al., 1982), whereas the coefficient of friction for dry
clay gouges has a range of 0.2 to 0.7 (Shimamoto and Logan, 1981). Lower
values for the coefficient of friction will result in lower shear strengths
for the joints, at constant values of cohesion tc and applied normal stress a
(Section 2.2.2.1).

2.2.2.3 Effects of water saturation

Even though the Topopah Spring Member is above the water table, Montazer
and Wilson (1984) suggest that very limited amounts of water may flow through
some fractures. The effects of water saturation on the mechanical properties
of simulated joints were investigated by Teufel (1981). The coefficient of
friction of a saturated precut joint is independent of normal stress (and
thus of moderate fluid pressures within the fracture, by virtue of the effec-
tive stress principle), and the shear strength fits the linear relation
described earlier. However, the coefficient of friction for the water-
saturated precut is 9 percent greater than that for dry precuts, having a
value of 0.70 (Figure 2-13). This behavior is attributed by Teufel (1981) to
a larger effective contact area along the joint resulting from increased
localized failure of the matrix material when saturated. Whereas this has
been observed previously, no clear pattern of change in joint strength with
saturation state is evident in tests reported for other rocks (Paterson,
1978). From the tuff data obtained to date and observations made in tunnels
in Rainier Mesa, variations in joint strength resulting from local changes in
the degree of saturation are not expected to lead to major changes in local
support requirements. Tests are planned to investigate the effects of sat-
uration on the properties of joints in the Topopah Spring Member
(Section 8.3.1.15).

2.2.2.4 Time-dependent behavior

Time-dependent effects on joint strength have been addressed in two
ways. Constant displacement-rate tests have provided insight into the effect
of changes in sliding velocity on the sliding coefficient of friction. Hold
times in these tests provided a preliminary evaluation of the increase in the
static coefficient of friction of the joint as a function of time. The data
were taken to attempt to quantify the joint strength increases that occur
with time for use in evaluating the maximum in situ joint strength.

To determine the effect of sliding velocity on the coefficient of fric-
tion of a precut joint, a series of room-temperature tests was conducted at a
confining pressure of 10 MPa and axial displacement rates from 10-2 to
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Figure 2-13. Shear stress-to-normal stress relation at slip initiation for water-saturated precut joints in Grouse
Canyon Member welded tuff. Modified from Teufel 11981).
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10-6 cm/s (Teufel, 1981). As shown in Figure 2-14, the coefficient of fric-
tion for oven-dry samples increased from 0.62 at 10-2 cm/s to 0.66 at 10-6
cm/s, a 6 percent increase in the coefficient of friction over four orders of
magnitude decrease in displacement rate. These results are consistent with
the work of Dieterich (1978) and Teufel and Logan (1978) for granites and
sandstones, respectively. For water-saturated joints, the displacement rate
effects are slightly greater, but again, the effect is small; only a 9 per-
cent increase in the coefficient of friction over 4 orders of magnitude
decrease in displacement rate (Figure 2-14). As noted in the previous sec-
tion, over the observed range of displacement rates the coefficient of fric-
tion for water-saturated precuts is slightly greater than for dry precuts.

To evaluate time-dependent joint strength increases, the time dependence
of the frictional shear strength of oven-dried and water-saturated Grouse
Canyon Member welded tuff was investigated in triaxial compression by examin-
ing the response of 35 degree precuts (Teufel, 1981). A confining pressure
of 10 MPa was used. The test procedure was slightly different from that used
in the previous quasi-static tests. In the tests of time-dependent behavior,
axial load was increased until slip occurred along the precut at a constant
sliding velocity of 1.2 x 10-3 cm/s. The test was stopped for a given time
under load, and then was started again at the same sliding velocity. This
procedure was repeated for several different durations of contact.

The results of the test resembled stick-slip phenomenon observed in many
other rock types (Paterson, 1978). A plot of the change in shear stress as a
function of displacement (Figure 2-15) shows that when a test was stopped for
60 s and then started again, there was an abrupt increase of approximately
0.4 MPa in the shear stress necessary for slip; then there was a drop back to
the former stress level as slip continued at the previous sliding velocity of
1.2 x 10-3 cm/s. With an increase in the time of stationary contact
(2,400 s), both the stress rise required to initiate slip and the correspon-
ding stress drop were larger. However, the stress required for stable
sliding did not change significantly. A plot of the static coefficient of
friction at peak stress versus the logarithm of the time of contact for
oven-dried samples (Figure 2-16) shows that as the time of contact increased,
there was a consistent increase in the friction resisting the initiation of
sliding. During these tests, the displacement rate was 1.2 x 10-3 cm/s. The
data in Figure 2-16 are considered a lower bound on the static coefficient of
friction. Extrapolation of these data to much longer times is not warranted,
if only because of the variability of fracture surfaces in situ.

As also shown in Figure 2-16, the time-dependent increase in the coeffi-
cient of friction is enhanced with water saturation. The increased time
dependence of the frictional resistance of the water-saturated tuff is
attributed (Teufel, 1981) to hydrolytic weakening and time-dependent stress
corrosion of asperity contacts on the sliding surface.

Because the Topopah Spring Member is heavily fractured (up to 42 frac-
tures per cubic meter in drillhole USW GU-3 (Scott and Castellanos, 1984)),
the mechanical response to excavation and thermal loading may well be domi-
nated by joint behavior. As such, the time dependence of joint properties
would be considered in the evaluation of opening stability, especially with
the elevated temperatures expected in the vicinity of a repository. Tests
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Figure 2-14. Plot of the coefficient of friction against log sliding velocity for oven-dried and water-saturated
joints for Grouse Canyon Member welded tuff. Modified from Teufel (1981).
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will be conducted to investigate the time dependence of joint properties as a
function of temperature (Section 8.3.1.15).

2.2.2.5 Scale effects

Experimental and theoretical examinations of joints in other rock types
suggest that the shear behavior of joints is scale-dependent (see, for exam-
ple, Bandis et al., 1981). Scaling relationships between the properties of
small- and large-scale joints will be evaluated for their applicability to
tuff.

2.3 MECHANICAL PROPERTIES OF ROCK UNITS--LARGE SCALE

Rock mass mechanical properties (deformability and strength) from in
situ tests are desirable for use in repository design analyses and perform-
ance assessment and for confirming or establishing scaling techniques for
extrapolating data measured in laboratory tests. When rock mass mechanical
properties and their variation with time, temperature, and pressure have been
obtained, either by direct measurement or by extrapolation of laboratory
data, then the response of the rock mass to applied loads (induced by excava-
tion and heat) can be estimated. The definition of this response is impor-
tant to the task of demonstrating compliance with performance objectives and
technical criteria.

Laboratory measurements of strength and elastic modulus, performed on
intact unfractured rock samples, are upper-bound values for the in situ rock
mass. Where joints are widely spaced, field moduli and strengths may
approach moduli and strengths for intact laboratory specimens. However, as
the degree of jointing increases, as in welded tuffs, laboratory measurements
become less representative of field values. Handbook methods for estimating
the degraded properties of the rock mass are known and used widely in the
mining industry. However, these methods are only approximate and have not
been developed and used to evaluate the effects of thermal stress. There-
fore, it is necessary to verify their applicability for a repository because
of the addition of thermal stresses to the rock mass. Because the strength
and deformation characteristics of the repository-scale rock mass may be con-
trolled by existing discontinuities and defects, representative estimates of,
or bounds on, strength and moduli for the rock mass will be determined by
large-scale in situ tests. The field tests also will provide an opportunity
for evaluating the validity of the coupled thermal and mechanical models
being used for thermomechanical analyses. Plans for these field tests and
analyses are presented in Section 8.3.1.15.1.

Rock-mass properties for the Yucca Mountain Project have been measured
in field tests in the Grouse Canyon Member in G-Tunnel (heated-block and
pressurized-slot tests) and will be measured during in situ tests in the
Topopah Spring Member in the exploratory shaft (Yucca Mountain heated-block
test, shaft convergence, and plate loading measurements). Currently
available data and plans for large-scale testing are summarized in the
following paragraphs. An important design consideration for subsurface
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openings is the change in the stress state of the rock resulting from
excavation of the openings. A field parameter that is useful in describing
this process is the ratio of stress change to the total strain change
(elastic and inelastic). This parameter is termed the "modulus of
deformation." In contrast, the modulus of elasticity is based only on the
ratio of the stress change to the elastic strain change (the linear portion
of the stress-strain curve, as shown in Figure 2-17). If no inelastic
behavior occurs, the moduli will be identical. Both the modulus of
deformation and the modulus of elasticity are used to predict how the rock
surrounding the repository opening deforms after excavation.

The amount of eventual stress change that occurs in the rock around an
underground opening in response to excavation is a strong function of the
distance from the opening. As discussed in the preceding paragraph, the
modulus may change with a change in stress, but other properties (e.g., frac-
ture permeability, thermal conductivity, and strength) may also be affected.
Thus, to perform relevant analyses of the repository and the surrounding
rock, it is important to incorporate the effects of the zone around a reposi-
tory wherein property changes have occurred. Tests to provide the required
data are described in Section 8.3.1.15.1.

Before 1984, field measurements on G-Tunnel tuffs were limited to
borehole jacking tests (Zimmerman and Vollendorf, 1982) to determine rock
deformability. The parameter derived from such testing is the modulus of
deformation. The original data have been updated by Nimick (1987) to reflect
recent changes in the theoretical basis for reduction of the test data
(Hustrulid, 1976; Heuze and Salem, 1977; Heuze and Amadei, 1985).

Large-scale studies performed or under way in G-Tunnel include a heated-
block test and three pressurized-slot experiments. Standardized test
procedures for these tests are unavailable, although a suggested American
Society for Testing and Materials procedure for heated-block tests has been
published (Hardin et al., 1985). A thorough evaluation of the limitations of
the instrumentation and data will be made to define in detail the procedures
for testing in the exploratory shaft facility.

2.3.1 MECHANICAL PROPERTIES OF OTHER ROCKS

Available data on large-scale mechanical properties of other rocks have
been reviewed to assess the relative magnitude of typical in situ and
laboratory-scale moduli values and to compare tuff properties. These data
are presented in Table 2-8. Seventy percent of the ratios of field-to-
laboratory moduli fall between 0.2 and 0.62 with an average ratio for this
group of 0.43. If all the ratios in the table are included, the average
ratio is 0.53. Comparison with the data for the Grouse Canyon Member (Sec-
tion 2.3.3) shows the ratio to be slightly higher than for the average of
other rocks.
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Figure 2-17. Schematic comparison of stress-strain
Modified from Tillerson and Nimick (1984).

>7
I®

kFRACTURED ROCK:
SLOPE (i) = MODULUS

OF ELASTICITY

SLOPE ( = MODULUS
OF DEFORMATION

.

relationship for intact rock and fractured rock mass.

2-58



DECEMBER 1988

Table 2-8. Large-scale mechanical properties of other rocka

Average
field modulus
of deformation

(GPa)

Corresponding
laboratory
modulus of
elasticity

(GPa)
Field

test method

Ratio of field
to laboratory

valueRock type

Massive
amphibolite

Gneiss/granite
Mudstone
Massive granite

gneiss
Fractured

diorite gneiss
Blocky marble

Granite
Quartzite
Quartzite gneiss

Greywacke

Phyllite

Copper Ore

Quartzite
Graniteb
Basaltc

Quartz diorited
Granodiorited
Basalte

Gneissf
Basalt9

Flatjacks 51.8
Flatjacks 57.5
Flatjacks 20.6

Goodman jack 23.6

Goodman jack 5.8
Flatjacks 12.4
Goodman jack 14.0
Large flatjacks 29.2
Flatjacks 58.0
Flatjacks 28.8
Goodman jack 16.6
Small flatjacks 45.5
Large flatjacks 42.2
Goodman jack 28.4
Small flatjacks 33.7
Goodman jack 12.0
Flatjacks 13.3

19.0
Borehole jack 27.9
Borehole jack 26
Flatjacks 40
Borehole jack 20
Block Test 3.0
Block Test 22.8
Block Test 35.1-42.7
Block Test 10.7-13.0
Modified borehole

deformation
gage 28.4

89.0
59.1
34.5

51.7

77.9
47.5
47.5
15.0
67.0
27.0
27.0
73.4
73.4
73.4
56.0
56.0
94.5
94.5
56.5
70
87
87
3.7-4.5

37.2-57.9
89
63.0

75-85

0.58
0.97
0.60

0.45

0.07
0.26
0.30
1.95
0.87
1.07
0.61
0.62
0.57
0.39
0.60
0.21
0.14
0.20
0.49
0.37
0.46
0.23

0.67-0.81
0.39-0.60
0.39-0.48
0.17-0.21

0.33-0.38

aData from Heuze (1980) except as noted.
bHueze et al. (1981).
cLanigan et al. (1983).
dPratt et al. (1972).
eHart et al. (1985).
fRichardson et al. (1985).
9Dischler and Kim (1985).
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2.3.2 MECHANICAL PROPERTIES OF ROCKS AT THE SITE

Using a borehole jack the modulus of deformation has been measured in
two boreholes in G-Tunnel. The uncorrected average modulus of deformation
obtained from the 20 measurements is 12.1 GPa with a standard deviation of
5.0 GPa (Zimmerman and Vollendorf, 1982). Nimick (1987) reports a corrected
mean value between 14.7 and 17.6 GPa. This modulus of deformation represents
a relatively small volume of material around a borehole; heated-block and
pressurized-slot tests should provide modulus values for larger volumes.
Ambient temperature testing of the G-Tunnel heated block has been conducted,
and field values for the modulus of deformation are available (Zimmerman
et al., 1984a). Figure 2-18 shows a schematic diagram of the test. Flat-
jacks grouted in slots around the block are used to create uniaxial or
biaxial stress fields in the block. The heaters (located outside the block)
have been positioned so that relatively uniform temperatures can be obtained
in the block (Blanford, 1982). Hence, independent thermal and mechanical
loads can be applied to a 2-m block of jointed tuff. Ambient temperature
testing is used to determine the mechanical properties, and thermal cycle
testing is used to measure the coefficient of thermal expansion and changes
in the modulus of deformation at elevated temperatures.

A range in deformation moduli of 9.7 to 17.0 GPa was determined during
the ambient temperature testing, with stresses ranging from 3.1 to 10.6 MPa
(Zimmerman et al., 1984a). Figure 2-19 is a typical load-deformation curve.
The lower end of the stress range from Figure 2-19 is considered representa-
tive of the in situ preexcavation stress conditions at the test facility. No
anisotropy was observed, which is not surprising because of the orientation
of the joints (45 degrees to block edges) and the equal spacing (approxi-
mately 0.4 m) for the two orthogonal joint sets. In addition, no change in
the modulus with temperature was observed (Zimmerman et al., 1986). The
modulus of deformation would be expected to be lower near excavated surfaces
because of the joint relaxation and fracturing related to excavation.

Values for the elastic moduli of the G-Tunnel welded tuff were obtained
during unconfined compressive strength tests in the laboratory. An average
value of 24.7 GPa was obtained at a strain rate of 10-4 s-1 and a value of
26.0 GPa at 10-6 s-1 (Olsson and Jones, 1980). Comparison of the laboratory
moduli with the field value suggests a preliminary value for the average
field modulus of deformation of between 51 and 56 percent of the intact rock
modulus.

Ellis and Swolfs (1983) have published data on the in situ dynamic elas-
tic moduli of tuff units in drillhole USW G-1 that were below the fluid level
in the drillhole at the time geophysical logging was performed. The dynamic
Young's moduli for units like the tuffaceous beds of Calico Hills and the
Bullfrog and Tram members are much higher than values estimated for the in
situ static Young's modulus from laboratory data. As discussed in Sec-
tion 2.1.2.2, dynamic moduli typically are higher than correlative static
values (Lama and Vutukuri, 1978).

A pressurized slot (modified Rocha slot) technique (Rocha, 1970) is
being developed to measure the modulus of deformation and to evaluate the
effect of joint proximity and orientation on the modulus. In this test
(Figure 2-20), a flatjack is inserted in a relatively narrow slot and
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Figure 2-18. Schematic diagram of the heated-block experiment in G-Tunnel underground facility.
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Figure 2-19. Representative plot of horizontal strain versus flatjack pressure (stress) for G-Tunnel heated-block
test. Modified from Zimmerman et al. (1984a).
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Figure 2-20. Schematic diagram of the pressurized slot test in G-Tunnel underground facility.
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pressurized. As in the borehole-jacking test, the displacement of the flat-
jack is monitored during loading and unloading for use in determining the
deformation modulus of the rock mass. In this test, the modulus measured is
representative of a larger volume of rock than in the borehole measurements.
Slot-cutting techniques being developed for these tests were evaluated in
field trials in 1984, and the slot tests were fielded in 1985 and 1986.

Measurements of large-scale rock-mass properties will be made in several
of the tests planned for the exploratory shaft facility (Section 8.3.1.15).
Plate-loading tests and the Yucca Mountain heated-block test are planned to
provide direct measurements of the modulus of deformation. If the rock-mass
properties are known, then planned shaft-convergence measurements,
excavation-monitoring data (stress, permeability, roof-bolt loads, displace-
ments), and the motion observed in the canister-scale heater test will evalu-
ate the degree to which complicated rock mass response can be modeled with
the aid of numerical analysis codes. The use of data from field tests for
the validation of these codes is discussed in Chapter 8. The feasibility of
in situ evaluation of rock-mass strength is being examined in terms of geom-
etry, loading techniques, fracture spacing, and mining requirements. An in
situ strength test will be performed in the exploratory shaft facility, and
evaluation is ongoing to determine the appropriate test method.

2.3.3 RELATIONSHIP BETWEEN INTACT ROCK, DISCONTINUITIES, AND LARGE-SCALE
ROCK PROPERTIES

The preceding section describes efforts to measure the in situ mechani-
cal properties of the tuff, which generally involves a rock volume greater
than can be accommodated in the laboratory. However, calculations for design
and performance assessment may require rock mass properties before such prop-
erties have been measured in field tests. In addition, the number of in situ
tests that can reasonably be performed is probably not sufficient to provide
direct measurements of rock-mass properties under every unique set of geo-
logic conditions that may be encountered in the rock mass. Therefore, as
discussed in Section 8.3.1.15.1, predictive models are necessary to estimate
these properties from widely available information. Various methods can be
used to estimate these rock mass properties from laboratory data; Table 2-9
provides data pertinent to these methods, and a brief discussion is provided
in the following paragraphs.

As discussed in Section 2.3.2, the modulus of deformation in situ has
been measured to be 51 to 56 percent of the laboratory value for the block
test in the Grouse Canyon Member and 57 to 71 percent for data from Goodman
jack tests. The data summarized in Table 2-8 for other rock types suggest
corresponding ratios of 0.6 and 0.35, respectively, whereas data for flatjack
tests indicate a ratio of 0.58 for field-to-laboratory values. In the
absence of field tests in tuffs at Yucca Mountain, a ratio of 0.5 was assumed
for field-to-laboratory moduli in order to obtain the moduli in Table 2-9.

Other mechanical properties of the rock mass (unconfined compressive
strength, tensile strength, Poisson's ratio, angle of internal friction, and
cohesion) can be related to corresponding values for laboratory samples, by
various methods. In the absence of a single preferred method, entries for
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Table 2-9. Reference values for intact rock and rock-mass mechanical properties and fracture
properties for use in analysis of rock-mass mechanical behavior

(

esto

a:>
0c

Intact rock propertiesa Rock-mass
Unconfined Tensile Angle of deformation Fracture properties
compressive Young's Poisson's strength internal Cohesion modulus Cohesion Coefficient

Unitb strength (MPa) modulus(GPa) ratio (MPa) friction (0) (MPa) (GPa)C (MPa) of friction

TCw 240 40.0 0.24 17.9 44.7 51 20.0 0.2 0.54
PTn 19 3.8 0.16 1.0 8.5 8 1.9 0.2 0.59
TSwl 127+16 31.7±17.9 0.2 5±O.07 d 1 2±4.6d 3 4 .9d 36d 15-9d 0.2d 0.54d

16±5e 15.5±3.2e 0.16±0.03e 1.0e 12.5e l1e 7.8e 0.2' 0.54e
TSw2 166±65 30.4±6.3 0.24±0.06 15.2 23.5 34.5 15.2 0.2 0.54
TSw3 NAf NA NA NA NA NA NA 0.2 0.54
CHnlv 27 7.1 0.16 1.0 12.0 11 3.6 0.2 0.59
CHnlz 27+9 7.1±2.1 0.16±0.08 1.0 7.6±2.6 10.9±1.6 3.6 0.2 0.59
CHn2 40 11.5 0.16 2.6 16.4 15 5.8 0.2 0.59
CHn3 27 7.1 0.16 1.0 12.0 11 3.6 0.2 0.59
PPw 57 16.3 0.13 6.9 21.0 20 8.2 0.7 0.59
CFUn 31+11 7.6±3.8 0.16 1.8 15.6 14 3.8 0.7 0.64
BFw 42±14 10.8±4.7 0.13±0.02 6.9 21.0 20 5.4 0.7 0.59
CFMn1 52 15.2 0.16 6.0 19.9 19 7.6 0.7 0.64
CFMn2 57 16.3 0.16 6.9 21.0 20 8.2 0.7 0.64
CFMn3 45 13.2 0.16 4.3 18.0 17 6.6 0.7 0.64
TRw 72±23 17.6±3.8 0.13 11.1 27.6 27 8.8 0.7 0.59

aK.
Cn

aData from Table 2-7.
bSee Figure 2-5 for definition of thermal/mechanical units.
cTaken as 50 percent of values in Table 2-7, as discussed in text.
dNonlithophysal layers within unit TSwl.
eLithophysal layers within unit TSwl.
fNA = not available.
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these parameters in Table 2-9 are identical to the intact rock values in
Table 2-7. The use of these parameters in estimating corresponding rock mass
values for use in design analysis is discussed in detail in Section 6.1.2.

The fracture properties given in Table 2-9 are preliminary because of
the scarcity of experimental data on the frictional properties of joints in
tuff. Fracture cohesion values are assumed to be independent of the degree
of welding of the rock in which the fracture occurs, so that values for air-
dry joints and saturated joints are about 0.2 and 0.7 MPa, respectively
(Figures 2-11 and 2-13). The first value is assigned to all units above the
water table (assumed to be unit CHn3 and above), and the second value is
assigned to all saturated units.

Two experimental results indicate that saturated welded tuff and air-dry
nonwelded tuff both have coefficients of friction of 0.59 at the initiation
of slip. On the basis of the observations of Teufel (1981), values for sat-
urated joints are assumed to be 9 percent greater than those for dry joints.
Thus, the coefficient of friction for dry joints in welded tuff is assumed to
be 0.54, whereas that of saturated joints in nonwelded tuff is assumed to be
0.64. The appropriate values are given in Table 2-9, with the assumption
about the location of the water table as previously stated.

Additional discussion of environmental effects on joint frictional
parameters is provided in Section 6.1.2, which also provides estimates of
values appropriate to design analyses.

2.4 THERMAL AND THERMOMECHANICAL PROPERTIES--INTACT ROCK

An understanding of the temperatures and stresses resulting from heating
is important in (1) predicting thermal effects on ground-water movement and
radionuclide releases and (2) establishing underground design criteria (e.g.,
tunnel size and spacing, emplacement hole geometry, and waste container ther-
mal output) for the repository at Yucca Mountain. Thermal and thermomechani-
cal data ordinarily have been obtained from small-scale laboratory tests on
intact rock. This section summarizes available information from such tests,
whereas Section 2.5 deals with data from large-scale measurements in the
field.

The thermal properties of the rock necessary to calculate transient heat
flow are the thermal conductivity, the density, and the heat capacity. The
calculation of thermal strain requires a knowledge of the thermal expansion
behavior of the rock, hence thermal-expansion coefficients must be deter-
mined. Thermally induced stresses (in an elastic material) can be calculated
from the thermal strains, the modulus of deformation, and Poisson's ratio.
The data for the last two properties are provided in Sections 2.1.2.2, 2.1.3,
and 2.3.3.

Thermal conductivity is a measure of the ability of a material to trans-
mit heat. With regard to a repository, thermal conductivity relates to the
ability of the geologic host rock to conduct heat away from waste containers.
Thermal conductivity is thus one of the critical input parameters for com-
puter modeling of the temperature field generated by the emplaced waste. For
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a given thermal loading, repository geometry, and rock mass thermal capaci-
tance, higher thermal conductivity means more rapid heat diffusion and lower
temperatures in the rock surrounding the waste container. Lower thermal
conductivity results in slower heat dispersal and higher temperatures in the
waste container and in the rock surrounding the container.

Heat capacity is a measure of the amount of energy required to raise the
temperature of a substance by a fixed amount. In a repository setting, heat
capacity affects the amount of heat stored in the rock. Higher values of
heat capacity result in more energy use for a given increase in temperature,
which results in lower temperatures for a given heat source, assuming con-
stant values of other parameters.

Thermal expansion is a result of the tendency of a material to undergo a
volume or length change as a result of a change in temperature. Thermal
expansion is used here in a broader sense than by most physical scientists
because it is taken to include all phenomena that affect material volume
changes, including the simple expansion of constituent grains as well as
dehydration-induced contraction or pore collapse.

A thermal expansion coefficient is generally used to describe a volume
or length change resulting from a temperature change for a temperature range
in which the volume or length change per degree change in temperature is
relatively constant. The coefficient, usually recorded as a change in linear
dimension per unit original length, can be either positive or negative.

The heat generated by stored radioactive waste will significantly raise
the temperature of the host rock in the vicinity of the waste containers. If
the rock mass expands or contracts excessively as a result of this tempera-
ture change, then thermally induced stress fields may result in rock fracture
or displacement that could affect the stability of waste emplacement holes
and rooms during the periods of repository operation and waste retriev-
ability.

Most thermal conductivity measurements reported here, for both saturated
and dry conditions, were made with the transient-line-source technique under
controlled confining and fluid pressures (Lappin et al., 1982). Except at
temperatures near the boiling point of water (which is variable under the
experimental conditions used), these measurements appear to be accurate and
precise to ±4 percent or less for fused silica samples (Lappin et al., 1982).
Accuracy appears to be on the order of 10 percent for actual samples of tuff
(Lappin et al., 1982), with a precision similar to that for fused silica
(i.e., 4 percent).

Measurements examining the possibility of thermal-conductivity anisot-
ropy in tuff and those aimed at evaluating the effects of lithophysae were
made with a thermal comparator (Moss et al., 1982a). This technique is based
on steady-state thermal gradients. It has the advantage of allowing measure-
ments in anisotropic materials and in those containing irregular voids like
lithophysae. However, it is not easily amenable to the use of both confining
and fluid pressures. Precision for the thermal comparator appears to be
about 5 percent, with accuracies of 5 to 10 percent (Moss et al., 1982a).
Comparative calibrations with fused silica indicate that, at ambient tempera-
ture, the thermal conductivities measured with the thermal comparator are
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about 8 percent lower than those measured with the transient line source
(Lappin et al., 1982; Moss et al., 1982a).

Experimental equipment and analytical procedures for unconfined thermal
expansion measurements have been described (Lappin, 1980a). Sample sizes are
6 by 6 by 25 mm for these measurements, whereas representative sizes of com-
ponents are 0.1 to 2.0 mm (phenocrysts), <0.05 mm (matrix), and <3 mm (lithic
fragments) (Broxton et al., 1982). Some pumice fragments may be 10 mm in
diameter (Broxton et al., 1982); these constituents have been avoided or
accounted for during expansion measurements. The uncertainty in the measured
expansion coefficients is 1 x 10-6K-1 for welded, devitrified samples ana-
lyzed to date, the same as that for a fused silica standard (Lappin, 1980a).
This uncertainty corresponds to an accuracy of 3 to 9 percent for welded
tuff.

The thermal expansion of welded, devitrified tuffs is independent of
heating rate between 0.5 and 10C/min (Lappin, 1980a). Unconfined thermal
expansion measurements on zeolitized tuffs are sensitive to additional varia-
bles (Lappin, 1980a). These tuffs, like tuffs containing appreciable amounts
of hydrated glass, expandable clays, or both, contract when dewatered. Thus,
their behavior is sensitive to the locally effective fluid pressure, which in
laboratory tests depends on sample size, heating rate, and permeability. Un-
confined measurements on this type of tuff indicate only minimum contractions
at a given temperature. Even this interpretation must be based on tests run
at a slow rate. Such tuffs may continue to contract slowly for more than
24 h when held at constant temperature. The times required to reach stable
length in situ at a given temperature might be much longer if the fracture
spacing is large.

Because of concern about the possible effects of both microcracking and
variable fluid pressures, a method has been developed to measure thermal
expansion under controlled confining and fluid pressures. Test and calibra-
tion procedures suggested by the American Society for Testing and Materials
are detailed by Van Buskirk et al. (1985). Multiple measurements on fused
silica indicate that the precision and accuracy of the confined testing appa-
ratus at a confining pressure of 10 MPa and a pore pressure of 0.1 to 1.5 MPa
are on the order of ±1.5 x 10-6 K-1 (Lappin and Nimick, 1985b).

Bulk properties--including grain density, dry bulk density, natural-
state bulk density, saturated bulk density, and porosity--are also required
for thermal and thermomechanical analyses. These properties can be measured
on small samples taken either from core or from outcrop material. The mini-
mum sample size should be 20 g, although data have been obtained directly
from mechanical test samples with diameters of up to 26.7 cm (Price et al.,
1985). Smaller samples are the usual starting material. In general, the dry
bulk density and the grain density of a sample are measured, and the other
bulk properties are calculated as follows:

Pb = (1 - O)pg + S (2-7)

where

Pb = dry, natural-state, or saturated bulk density
0 = porosity (volume fraction)
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pg = grain density
s = saturation (volume fraction)

(The density of water was assumed to be 1.0 g/cm3).

On the basis of replicate measurements on tuff samples, dry bulk density
values have a precision of ±0.1 g/cm3, whereas grain-density measurements on
welded tuff are precise to ±0.04 g/cm3 and grain densities of zeolitic tuffs
have a precision of ±0.06 g/cm3 (Lappin et al., 1982). The accuracies for
these measurements are assumed to be similar to the precisions (Lappin
et al., 1982).

The existing information consists almost exclusively of data from
laboratory measurements on core samples. The laboratory studies reported
here have been conducted for the following two purposes:

1. To develop a data base that defines the spatial variations in the
thermal properties of the tuffs encountered at Yucca Mountain.

2. To correlate the measured thermal properties with measured physical
properties like porosity, grain density, and bulk density to develop
a functional thermal-conductivity and thermal-expansion stratigraphy
for use in heat-transfer and thermomechanical stress analyses.
These correlations allow the extrapolation of the measured thermal
properties to regions of the boreholes for which only geophysical
logs and bulk-property data are available.

2.4.1 THERMAL AND THERMOMECHANICAL PROPERTIES OF OTHER ROCKS

Ranges of the published values of the thermal conductivity, heat capac-
ity, coefficient of thermal expansion, and bulk properties of tuffs other
than those studied in the Yucca Mountain Project are presented in Table 2-10.
As indicated in the table, there is a relatively small amount of data pub-
lished on the thermal properties of tuffs; data on bulk properties are more
extensive. Some of the data were measured at pressures and temperatures
above ambient, and hence the upper limits of the ranges are probably slightly
higher than those that would be obtained at ambient conditions. Comparison
of these data on tuffs with those for the tuffs at Yucca Mountain (Sec-
tion 2.4.3) indicates that the ranges for each parameter are generally
similar.

2.4.2 THERMAL AND THERMOMECHANICAL PROPERTIES OF ROCK AT THE SITE

2.4.2.1 Thermal conductivity

The thermal conductivities of saturated and dry samples of tuffs from
Yucca Mountain are summarized in Table 2-11. Each of these values applies
for a range of temperatures because the temperature dependence of the thermal
conductivity of tuffs from Yucca Mountain is small (Nimick and Lappin, 1985).
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Table 2-10. Thermal and thermomechanical properties of tuffs not studied by the Yucca Mountain Projecta

N)

I

Lithology Thermal Heat Coefficient of
or conductivity capacity thermal expansion Grain density

tuff unit (W/mK) (J/gK) (10O6 K-1) (g/cn 3) Porosity (%)

Mt. Helen tuff ._b -- -- 2.45 37
Diamond Dust tuff -- -- -- 2.43 35
Schooner tuff -- -- -- 2.64 40.5
Schooner tuff -- -- -- 2.60 --

Zeolitized tuff, Survey Butte -- -- -- 2.44-2.47 --

Diamond Mine tuff -- -- -- 2.38 --

Mt. St. Helens tuff -- -- -- 2.32 35-39
Oak Springs Formation,

Bedded tuff -- -- -- 2.44 ± 0.11 38.8 ± 7.0
Friable tuff -- -- -- 2.33 ± 0.24 35.5 ± 13.8
Welded tuff -- -- -- 2.55 ± 0.09 14.1 ± 8.9

Tuff -- -- -- 2.38-2.57 31-42
Oak Springs Formation -- -- -- 2.6 ± 0.16 30.6 ± 3.2
Ohya tuff -- -- -- 2.38 34.8
Tuff, Ontario -- -- -- 2.78 --

Tuff -- -- -- -- 34.7-43.1
Tuff, Yucca Flat 1.12-1.36 -- -- -- 16
Tuff, Red Hot Deep Well

Experiment -- -- -- -- 15.9-23.3
Ash-fall tuff -- -- -- -- 30-40
Tuff and tuff breccia, USSR -- -- -- -- 8.3
Ignimbrite, Italy -- -- -- -- .20
Tuff, Japan -- -- -- -- 10.2-21.6
Obsidian -- -- -- -- 1.2-11.5
Tuff, Oregon -- -- -- -- 44.4
Tuff, Rhine Valley -- -- -- -- 24.7-45.1
Tuff, southern Italy -- -- -- -- 6-58.4
Ignimbrite, New Zealand -- -- -- -- 9.0-28.7
Andestic to dacitic tuff 0.60-1.03 0.38-1.24 -- -- --

Oak Springs Formation 0.44-1.05 -- -- -- --

Tuff, drillhole U12b07 0.64-2.14 -- -- -- --

Welded tuff, locality unknown -- -- 4.2-12.9 -- --

Tuff, locality unknown -- -- -22.2-6.0 -- --

Bandelier tuff, New Mexico -- -- 13.1-17.1 -- --

aSource: Guzowski et al. (1983).
b__ - data not available.
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Table 2-11. Average values and standard deviations for measured thermal
conductivities (Kavg) and calculated zero-porosity
conductivities (KO) for various tuff units and rock typesa

avg avg satb dryc
Ksat Kdry K. Ko

Rock type Unit (W/mK) d (W/mK) d (W/mK) (WI/MK)

Nonzeolitized/ Topopah Spring 2.16 ± 0.19 1.93 ± 0.17 2.43 3.45
welded Bullfrog 2.00 ± 0.27 1.35 ± 0.30 2.71 NAe

Tram 2.09 ± 0.18 1.78 ± 0.36 2.77 NA

Vitric Topopah Spring 1.35 ± 0.08 1.37 ± 0.12 1.31 1.98

Zeolitized/non- Topopah Spring 1.33 ± 0.05 1.04 ± 0.12 1.88 4.77
welded to Calico Hills 1.51 ± 0.16 1.03 ± 0.15 2.36 4.24
partially Prow Pass 1.40 ± 0.03 1.04 ± 0.08 1.79 NA
welded Bullfrog 1.44 ± 0.01 1.07 ± 0.06 1.94 NA

Tram 1.46 1.11 NA NA

aSource: Nimick and Lappin (1985).

sat
bE0 calculated at 250C.

dry
CKO calculated at 2000C.
dEstimated accuracy in thermal conductivity measurements is 10 percent of

reported value (Lappin et al., 1982).
ONA = not available.

Values for the zero-porosity (matrix) conductivity for each sample, calcu-
lated by the geometric means approach (Lappin, 1980b), are also given. The
matrix thermal conductivities can be used, together with values for porosity
and saturation, to calculate thermal conductivity for any saturation state.

2.4.2.1.1 Measured thermal conductivities

The thermal conductivities of saturated and dehydrated tuff are vari-
able, depending on variations in porosity and grain density (mineralogic
composition). The average saturated conductivities of nonzeolitized, welded,
devitrified material from the Bullfrog and Tram members of the Crater Flat
Tuff and from the Topopah Spring Member of the Paintbrush Tuff are essen-
tially the same within the limits of experimental error (10 percent).
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The conductivities of dehydrated samples of these same tuffs appear to
be different, with the Topopah Spring and Tram members losing relatively
little conductivity when dried. The matrix porosities and grain densities of
the Bullfrog and Tram members are nominally the same, whereas both the
porosity and the grain density of the nonlithophysal Topopah Spring Member
are significantly lower. The lower grain density in the Topopah Spring
Member results from the presence of cristobalite (the Topopah Spring Member
has been found to contain 0 to 30 volume percent cristobalite, as discussed
in Section 4.1.1.3).

The conductivities of saturated and dehydrated samples, porosities, and
grain densities of all nonwelded to partially welded zeolitized ash flows
examined to date appear to be consistent and independent of stratigraphic
unit, depth, and drillhole location (Nimick and Lappin, 1985). The conduc-
tivities and grain densities are lower than those for corresponding non-
zeolitized material, while porosities are generally higher. Zeolitized
bedded intervals have higher grain densities and conductivities than do the
zeolitized ash flows (Nimick and Lappin, 1985).

2.4.2.1.2 Calculated zero-porosity conductivities

The zero-porosity or matrix conductivities given in Table 2-11 are the
calculated conductivity of the matrix in the absence of porosity and con-
tained pore water. The matrix conductivities were calculated from experi-
mental data by the geometric means approach outlined by Lappin (1980b);
alternatives to the geometric means approach are being examined. The matrix
conductivities are different below and above the dehydration temperature
because any hydrous phases present lose some of the water within their
structures during dehydration. The extent of the discontinuity in matrix
conductivity at the dehydration temperature depends on the type of hydrous
phases in a given sample.

The matrix conductivity of tuffs depends weakly on temperature except
for the behavior at the dehydration temperature discussed earlier. The
matrix conductivities given in Table 2-11 for saturated and dry samples were
calculated at 25 and 2000C, respectively, and are representative of the
temperature interval over which the relevant saturation state applies.

The matrix conductivity, which depends primarily on mineralogic composi-
tion is generally related to the measured grain density (i.e., the density at
zero porosity) for tuff samples from Yucca Mountain. The calculated zero-
porosity conductivity for a mineralogically homogeneous tuff layer can be
used to estimate the in situ conductivity of that tuff for any given porosity
and saturation (Lappin, 1980b; Lappin et al., 1982).
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2.4.2.1.3 Influence of textural anisotropy and lithophysae on conductivity

2.4.2.1.3.1 Textural anisotropy

Thermal-comparator measurements on welded tuff from the Grouse Canyon
Member of the Belted Range Tuff were collected to examine potential effects
of layering anisotropy in welded tuffs (Moss et al., 1982b). The results
indicate that there is no statistically significant anisotropic effect of
layering on the matrix thermal conductivity of welded tuffs, even in the
fully dehydrated state. The difference in thermal conductivities for differ-
ent orientations relative to bedding is less than 5 percent as compared with
variations of more than 20 percent between samples (Moss et al., 1982b;
Nimick and Lappin, 1985). Because welded ash-flow tuffs have the strongest
fabric anisotropy, it is concluded that the matrix thermal anisotropy is also
negligible for nonwelded ash flows.

2.4.2.1.3.2 Lithophysae

Lithophysae are found in varying abundance in portions of the Topopah
Spring Member of the Paintbrush Tuff outside of the proposed repository
horizon. In addition, the thermal effects of these cavities on conductivity
are difficult to measure because the void spaces, which are up to 5 cm or
more in diameter, are large in relation to usual laboratory specimens. Tests
on six samples of lithophysal Topopah Spring Member from Busted Butte are
under way to provide thermal conductivity data for this rock type.

2.4.2.2 Heat capacity

No measurements of the specific heat or heat capacity of tuffs have yet
been made for the Yucca Mountain Project. Instead, the product of heat
capacity and density (volumetric heat capacity) has been calculated assuming
a constant heat capacity (Cp) of 0.84 J/gK for the silicate mineral assem-
blage, 4.18 J/gK for water, and 1.0 J/gK for air as shown in Equation 2-8.

(pC )bulk = pg (1-p)CP(silicates) + p(a 0 )ksCp (water), (2-8)

where

Cp = heat capacity (J/gK)

Pbulk = bulk density (g/cm3 ) = pg (1-0) + P(H 0) (OS)

pg = grain density (g/cm3)

P(H c) = density of water = 1 g/cm3
2

s = saturation (volume fraction)

* = porosity (volume fraction).
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The calculated values of the volumetric heat capacity (Table 2-12) indicate a
broad range that is strongly dependent on both porosity and the degree of
saturation. A series of measurements of the heat capacity of tuffs from
Yucca Mountain is planned to examine the validity of the assumed value of
heat capacity of the silicate mineral assemblage (Section 8.3.1.15). Prelim-
inary analysis suggests that the constant value of 0.84 J/gK is incorrect;the
heat capacity of the mineral assemblage is in fact a function of temperature
(Nimick and Schwartz, 1987).

Table 2-12. Calculated volumetric heat capacity as a function
of porosity and saturationa

Volumetric heat capacity (J/cm3K)
Grain density = 2.65 g/cJ Grain density = 2.38 g/cm3

Porosity Saturated Dry Saturated Dry

0.0 2.22 2.22 2.01 2.01
0.1 2.43 2.01 2.22 1.80
0.2 2.59 1.76 2.43 1.59
0.3 2.80 1.55 2.64 1.38

aSource: Tillerson and Nimick (1984).

The water present in the pores of tuffs from Yucca Mountain gives rise
to a large endothermic reaction associated with volatilization of contained
pore fluids at temperatures near the in situ boiling point of water. Varia-
bility in the in situ temperatures and pressures expected near a repository
will cause variability in the importance of this volatilization to heat
transfer calculations.

2.4.2.3 Thermal expansion

This section summarizes the results of earlier studies of unconfined
thermal expansion (Lappin, 1980a), as well as with the results of more-recent
confined measurements. The newer data are consistent with previous results
and describe both the predehydration behavior of zeolitic tuffs and the
effects of increased fluid pressures on the dehydration temperatures of
expandable clays (neither of which can be assessed adequately in unconfined
tests). Current calculations suggest that temperatures in the Bullfrog and
Tram members and in most of the tuffaceous beds of the Calico Hills will not
be high enough to cause dehydration (Johnstone et al., 1984). Comparison of
the measured and calculated thermal expansion of zeolitic tuffs is difficult
because of the lack of data for pure phases. Data for pure zeolite minerals
are being collected to allow calculation of the thermal expansion of zeolitic
tuffs.
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Summarized in Table 2-13 are average linear thermal-expansion coeffi-
cients for material from the welded devitrified Tram and Bullfrog members of
the Crater Flat Tuff, the densely welded Topopah Spring Member of the
Paintbrush Tuff, and the highly zeolitized nonwelded to partially welded ash
flows in the tuffaceous beds of Calico Hills and lower units. Because of the
presence of variable amounts of hydrous phases, such as clays, zeolites,
glass, and opaline silica, three temperature ranges must be defined for the
thermal expansion behavior of the tuffs from Yucca Mountain: pretransition,
transition, and post-transition. Transition behavior for samples containing
significant amounts of the various hydrous phases (e.g., zeolitized tuffs) is
likely to vary with the amount of expansion or contraction on heating and the
temperature range over which dehydration takes place.

The Bullfrog and Tram members of the Crater Flat Tuff are devitrified
welded tuffs, generally found below the water table. Because of the rela-
tively uniform mineral composition, the expansion behavior of devitrified
welded tuffs from below the water table is quite uniform, except for the
effects of small fractions (generally less than 5 percent) of expandable
clays (Bish, 1981; Waters and Carroll, 1981). The results of confined and
unconfined tests are consistent and agree well with calculated behavior.

The Topopah Spring Member of the Paintbrush Tuff contains devitrified
densely welded tuffs, generally found above the water table. The mineralogic
composition of devitrified welded tuffs above the water table locally
reflects past vapor-phase activity. This has resulted in the deposition of
variable amounts of secondary feldspar and cristobalite, with locally impor-
tant amounts of quartz, tridymite, and possibly expandable clay (Sec-
tion 4.1.1.3). The thermal expansion of vapor-phase-altered tuffs changes
above about 2000C because of the variable content of cristobalite, tridymite,
and/or expandable clays. Even at high waste emplacement densities, tempera-
tures approaching 2000 C would occur only very close to waste canisters.

Thermal expansion data for zeolitized nonwelded to partially welded tuff
layers were collected before the Topopah Spring Member was recommended as the
repository horizon. The data are summarized here because of the possibility
that these tuffs may be located within the region of elevated temperature
around a repository. Under unconfined conditions, thermal expansion behavior
is more complex and variable than that of devitrified tuffs. Three distinct
types of behavior have been noted (Lappin and Nimick, 1985a):

1. A linear contraction of 0.2 to 0.3 percent upon dehydration, to
temperatures as high as 300°C, with a contraction of 0.2 percent
generally occurring by about 150°C. This behavior is dominant in
quartz- and feldspar-poor, heavily zeolitized tuffs.

2. A maximum linear contraction of 0.2 percent at temperatures near
1500C (unconfined), followed by expansion to nearly initial length
on additional heating. This type of behavior appears to be most
prominent in nonwelded or partially welded zeolitized tuffs from
below the water table, which are richer in quartz and feldspar than
analogous tuffs higher in the section.

3. A very small amount of contraction at temperatures near dehydration,
followed by expansion to more than the initial length. This type of
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Table 2-13. Summary of average thermal expansion coefficients for silicic
tuffs from Yucca Mountain

Linear expansion coefficient (10-6K-l)a
Pre- Post-

Rock type Units transition Transition transition

Nonzeolitized/ Bullfrog 8.3 ± 1.4b -12 ± 4 b 10.9 ± 0.8
welded, and Tram (25 to 1000C) (100 to 125WC) (125 to
devitrified members 3000C)

Nonzeolitized/ Topopah TSwlC 9.5 2 7 .4(+ 2 7 .1,-13. 6 )cd NAe
densely Spring TSw2 8.9 ± 0.9 28.7 ± 1 1 .4 d
welded, Member (25 to 2000C) (200 to 3000C)
devitrified

Zeolitized, Calico Hills 6.7 ± 3.7b Variable Variable
nonwelded to (also por- (25 to 1000C) -29 to -56f -4.5 to
partially tions of depending on +4.4
welded Topopah mineralogy depending

Spring, and degree of on miner-
Prow Pass, welding alogy and
Bullfrog, (100 to 150 0C) degree of
Tram) welding

(150 to
3000C)

Vitric, Topopah 5.2 ± 1.1 3.5 ± 4.9 NA
welded Spring (25 to 1500C) (150 to 250 0C) NA

Member

aData for TSwl, TSw2, and vitric welded material adapted from Nimick and
Schwartz (1987).

bConfined expansion measurements (10 MPa confining pressure), all other
measurements made under unconfined conditions. Accuracy of unconfined
measurements ±1.0 x 10-6K-1 (Lappin, 1980a); accuracy of confined measure-
ments ±1.5 x 10-6K-1 (Lappin and Nimick, 1985b).

cNonlithophysal layers; transitional behavior measured only for 200 to
250 0 C. Nonsymmetrical standard deviation for data in transitional interval
result from log-normal distribution of data. No standard deviation is
available for 25 to 2000C because of change in statistical distribution of
data between low-temperature intervals (25 to 500C, 50 to 100 0C) and high-
temperature intervals (100 to 150 0C, 150 to 200 0 C).

dNonlinear transitional behavior of the Topopah Spring Member (200 to
350 0C) results from the a to p transformations of cristobalite and tridymite.

eNA = not applicable. These materials do not show post-transition
behavior.

fCalculated coefficient based on measured unconfined expansion through
100°C and the measured, confined, predehydration expansion coefficient.
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behavior is prominent in the few relatively thin, bedded, or
reworked intervals identified in the stratigraphic section at Yucca
Mountain.

In confined tests (confining pressure of 10 MPa, pore fluid pressure of
0.1 to 1.5 MPa) all zeolitized tuffs expand continuously, until the onset of
dehydration, at rates ranging from 3 to 13 x 10-6 K-1 (Lappin and Nimick,
1985a). Detailed correlation of predehydration expansion with mineralogic
composition is under way.

Comparison of replicate unconfined expansion runs made parallel and
perpendicular to bedding in a devitrified, densely welded sample from the
Grouse Canyon Member of the Belted Range Tuff indicates that there is no
significant variation in the unconfined matrix thermal expansion behavior as
a function of textural anisotropy or bedding (Lappin, 1980a).

2.4.2.4 Density and porosity

Both density and porosity vary between the different tuff units at Yucca
Mountain. In general, a higher degree of welding results in a lower porosity
and a corresponding higher bulk density. Superimposed on this trend are min-
eralogic effects, reflected by grain density. Vitric tuffs have the lowest
grain density, the zeolitic tuffs have a higher grain density, and the grain
density of the devitrified tuffs is higher still (Lappin, 1980b).

In addition to the porosity discussed in the previous paragraph, addi-
tional porosity is present in portions of the Topopah Spring Member in the
form of lithophysae. This additional porosity takes two forms: (1) litho-
physal cavities and (2) an increased void space (relative to the surrounding
matrix material) in the vapor-phase-altered material that usually encloses
the large cavities (Price et al., 1985). Spengler and Chornack (1984) have
documented the volume percentage of lithophysae as a function of depth in
several drillholes at Yucca Mountain. The lithophysal cavities can contrib-
ute from 0 to 28 percent to the total porosity of localized portions of the
Topopah Spring Member. Within the nonlithophysal part of the Topopah Spring
Member denoted as unit TSw2 in the thermal and mechanical stratigraphy, the
lithophysal cavities contribute from 0 to 8.5 percent to the total porosity,
with an average contribution of approximately 1 percent (Nimick and Schwartz,
1987).

2.4.3 THERMAL PROPERTIES STRATIGRAPHY FOR YUCCA MOUNTAIN

A set of units, each of which has definable thermal and mechanical
properties, has been described in the section on the stratigraphic framework
for testing in the introduction to this chapter and defined in Figure 2-5.
The recommended values for the grain density, porosity, thermal conductivity,
volumetric heat capacity, and coefficient of thermal expansion for the
thermal and mechanical units are given in Table 2-14. For most units, the
volumetric heat capacity data was calculated from information provided in
Table 2-12 and the bulk properties in Table 2-14. For units TSwl, TSw2, and
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Table 2-14. Recommended values for thermal and physical properties of thermal/mechanical units

Grain Thermal conductivity (W/mK) Coefficient of thermal expansion (10-6 K-1 ) Volumetric heat
density (q/cm

3
) Porosity Saturated

4
Dry Pretransition Transition Posttransition capacitv (J/cm3K)

Unitb Mean St. dev. Mean St. dev. Mean St. dev. Mean St. dev. Mean T(') Mean T('C) Mean T('C) Saturated' Dry

TCw 2.51 0.04 0.11 0.04 2.03' 0.200 1.760 0.29' 8 .8 d 2 5-2 0 0 d NA' NA NA NA 2.18 1.88

Pfn 2.31 0.15 0.45 0.15 1.35 0.06 1.02 0.19 5.3f 25-150f 3.5f 150-250f NA NA 2.24 1.09

TSvO1 2.54 0.04 0.14 0.04 2.03 0.20 1.76 0.29 11.8 25-200 51.8 200-250 NA NA 2.09 1.98

TSw1h 2.53 0.02 0.35' 0.03 1.96 0.41 1.21 0.14 NA NA NA NA NA NA 1.87' 1.38k

TSw2 2.55 0.03 0.12 0.03 2.29 0.17 1.88 0.24 8.8 25-200 24.0 200-300 NA NA 2.16 2.17

TSw3 2.39 0.02 0.04 0.03 1.34 0.10 1.40 0.16 5.3 25-150 3.5 150-250 NA NA 2.06 2.45

CHnlv 2.34 0.06 0.36 0.09 1.35 0.06 1.02 0.19 5.3f 25-150' 3.5f 150-150f NA NA 2.61 1.26

CHnlz 2.41 0.06 0.33 0.04 1.48 0.17 1.01 0.14 6.7 25-Tbt -56.0 T-150 -4.5 150-300 2.61 1.36

CHn2 2.54 0.12 0.29 0.06 1.61 0.04 1.21 0.04 6.7k 25-Tbk -56.0k T- 1 5 Ok _4.5k 150-300k 2.62 1.51

CHn3 2.41 0.04 0.36 0.08 1.431 0.031 l.041 0.051 6.7k 25-Tk -56.0k T-150Ok _4.5k 150.300k 2.66 1.30

PPw 2.58 0.04 0.24 0.07 2.00" 0.27" 1.35" 0.30m 8.3" 25-T,- -12.0" T-125- 10.9" >125" 2.65 1.65

CFUn 2.43 0.07 0.30 0.08 1.43 0.03 1.04 0.06 6.7k 25-Tbk -56.0k T,-150k _4.5k 150-300k 2.68 1.43

BFw 2.60 0.04 0.24 0.08 2.00 0.27 1.35 0.30 8.3 
2
5-Tb -12.0 T6 -125 10.9 >125 2.66 1.66

CFMnl 2.41 0.06 0.25 0.06 1.43 0.00 1.11 0.07 6.7k 25-Tk -56o0k T,-150k .4.5k 150.300k 2.56 1.52

CFMn2 2.52 0.06 0.24 0.03 1.61 0.04' 1.21n 0.040 6.7k 25-TSk -56.0k Tb-lS 06k 45k 150-300k 2.61 1.61

CFMn3 2.44 0.07 0.27 0.03 1.46 NA 1.11 NA 6.7k 25-Tbk -56.Ok T,-150k _4,5k 150.300k 2.62 1.50

TRw 2.63 0.04 0.19 0.06 2.09 0.18 1.79 0.37 8.30 25-T,- -12.0" T,-125m 10.9m >125" 2.58 1.79

0LII

6
V)
WI

I-.
co0
co

K)
-J

02

'Thermal conductivity data for all units except TSwl (nonlithophysal), TSw2, TSw3, and volumetric heat capacity data for PPw and underlying units are for a nominal
saturation of 1.0, whereas volumetric heat capacity data are calculated using saturations from Montazer and Wilson (1984) for CHn3 and overlying units.

bSee Figure 2-5 for definition of thermal/mechanical units.
'Assumed to be the same as correlative property for TSwl (nonlithophysal).
dAssumed to be the same as correlative property for TSw2.
'NA - not applicable or no data.
fAssumed to be the same as correlative property for TSw3.
'Nonlithophysal layers within unit TSwl.
hLithophysal layers within unit TSwl.
'Note that, for lithophysal layers, the total porosity is *MM+ *AA+ *L' where *m is matrix porosity, *A is porosity of vapor-phase-altered material, *L is the

volume percent lithophysal cavities, and M and A are volume fractions of matrix and vapor-phase-altered material, respectively. In order to calculate volumetric heat
capacity, M - 0.55, A - 0.29, *N - 0.08 and PA - 0.49 (Price et al., 1985).

JTb - boiling point of water.
kAssumed to be the same as correlative property for CNniz.
'Assumed to be the same as correlative property for CFUn.
'Assumed to be the same as correlative property for BFw.
'Assumed to be the same as correlative property for C~n2.
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TSw3, the heat capacities of the silicate mineral assemblages were assumed to
be those given by Nimick and Schwartz (1987). For the lithophysal zones,
lithophysal cavities (17 volume percent as determined by Price et al., 1985)
are assumed to be dry. For units above the water table (assumed to be CHn3
and above) the saturation is assumed to be as given by Montazer and Wilson
(1984) for temperatures below the boiling temperature.

2.5 THERMAL AND THERMOMECHANICAL PROPERTIES--LARGE SCALE

This section provides an overview of the field tests in tuff that have
provided information on the in situ values of thermal conductivity, heat
capacity, and thermal expansion. To date, these field tests have been per-
formed with the objective of observing thermal and hydrothermal phenomena in
simulated nuclear waste repository environments. As such, the measurements
of thermal properties generally have not been a direct goal of a test.

All field tests to date have been performed in tuffs in G-Tunnel. Four
small-diameter heater tests have been completed, although the data from the
most recently completed test have yet to be reduced and analyzed. In addi-
tion, the testing of the heated block (Section 2.3.2) included thermal-cycle
testing from which thermal expansion behavior has been quantified.

Of the tests mentioned in the preceding paragraph, information on in
situ thermal conductivity can be extracted from three of the heater tests.
Small-scale cylindrical heaters were emplaced in drillholes in the Grouse
Canyon Member and in tunnel bed 5 in G-Tunnel (Zimmerman, 1983; Johnstone
et al., 1985). By comparing the temperatures and temperature gradients pre-
dicted by thermal modeling of these tests with the actual temperatures and
gradients measured in situ, an assessment can be made of whether in situ
thermal conductivity can be accurately predicted from laboratory values.
Specific limitations or uncertainties inherent in such tests follow:

1. Variable and uncontrolled degrees of saturation may have existed in
the rock mass containing the heater. Such variations would have
affected thermal conductivity, amounts of fluid released, and fluid
movements during heating.

2. Thermocouples spring-mounted on the heater could not be fully
shielded from thermal radiation between the heater and the drillhole
wall. As a result, these thermocouples can register a temperature
as much as 20 Celsius degrees too high (Johnstone et al., 1985).

Direct measurement of the in situ thermal expansion of the rock mass has
been accomplished in other rock types by means of standard extensometers
(wire, rod, or both) (Lappin et al., 1981). Laser strain interferometry has
been attempted in G-Tunnel (Johnstone et al., 1985), but the lack of a suit-
ably stable platform from which to make the measurement made the resulting
data difficult to interpret. Deformations related to the thermal expansion
of the heated block were measured with horizontal surface extensometers and
multiple-point borehole extensometers (Zimmerman et al., 1985). Both types
of instrumentation provided reliable data for the duration of the test.
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Indirect observations of the thermal expansion behavior of the Grouse
Canyon Member of the Belted Range Tuff have also been made with borehole
stressmeters (Johnstone et al., 1985). Measurements of stress induced in the
rock mass by heater operation were obtained using this instrumentation, from
which inferences were drawn concerning in situ thermal expansion.

2.5.1 THERMAL AND THERMOMECHANICAL PROPERTIES OF OTHER ROCKS

A number of in situ heater tests, similar to those conducted for the
Yucca Mountain Project have been performed in other rock types. Of the
thermal and thermomechanical properties discussed in Section 2.4, two are
often obtained from in situ tests--thermal conductivity and thermal
expansion. The data obtained from tests conducted in other jointed rocks
(granitic rocks and basalt) are summarized in the following discussion.

To derive an in situ thermal conductivity for the Stripa granite, Jeffry
et al. (1979) assumed that the heat capacity and density were known. Numer-
ical calculations were then performed by varying the thermal conductivity
until the predicted temperature field matched that observed during the heater
test. This in situ thermal conductivity differed by less than 1 percent from
the laboratory value. Jeffry et al. (1979) also matched temperature fields
by allowing both the thermal conductivity and the thermal diffusivity (the
ratio of the thermal conductivity to the product of density and heat capa-
city) to vary independently. With this two-parameter approach, in situ
thermal conductivity differed from the laboratory value by approximately
5 percent.

Montan and Bradkin (1984) report the results of a similar two-parameter
approach to the determination of the in situ thermal conductivity of the
Climax granite. Their results indicated an in situ value approximately
11 percent higher than an average laboratory value, but within 3 percent of
one sample measured in the laboratory. Even though the laboratory samples
did not come from the location where the heater test was performed, the
agreement seems to be quite good.

Kim and McCabe (1984) provide a comparison between laboratory values of
thermal conductivity and a best-fit rock mass thermal conductivity for
basalt. The value for the rock mass (1.7 W/mK) is within the range for the
laboratory data (1.6 to 2.2 W/mK); no discussion of the data is provided.

Hardin et al. (1982) describe the in situ testing of a large (8 M3)

block of biotite gneiss. Field values of thermal conductivity, thermal
diffusivity, or both, were derived by numerical modeling of the temperature
field produced by the heaters in the block. No direct comparison of these in
situ data with laboratory data was made.

Thermal expansion coefficients determined from in situ tests also
compare well with corresponding laboratory values. The thermal expansion
behavior observed in basalt agreed quite well with that predicted with a
laboratory-determined thermal expansion coefficient (Gregory and Kim, 1981).
Hardin et al. (1982) report that the thermal expansion coefficients derived
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from field measurements on biotite gneiss are consistent with laboratory-
determined coefficients for other granitic rocks (Stripa and Climax gran-
ites). In contrast, Cook et al. (1983) found that the ratio of field-to-
laboratory values for the thermal expansion coefficient of Stripa granite was
approximately 0.68. This latter observation appears to conflict with the
data from other rocks, but no error bands or experimental ranges are provided
with which to analyze the discrepancy.

2.5.2 THERMAL AND THERMOMECHANICAL PROPERTIES OF ROCK AT THE SITE

2.5.2.1 Thermal conductivity

The in situ thermal conductivity of tuff has been determined during the
G-Tunnel heated-block experiment. Measured values ranged from 1.53 to 1.63
W/mK over a temperature range of 18 to 800C (Zimmerman et al., 1986). These
values are consistent with data obtained in the laboratory.

In addition to the in situ values, an approach slightly different from
that used in analyzing the in situ tests in Section 2.5.1 was used. Labora-
tory data for thermal conductivity and heat capacity were used in the calcu-
lation of the temperature fields to be expected in the tuff surrounding the
heaters. A comparison of these predicted temperatures with those actually
observed indicated that when laboratory data for the thermal properties were
used in the calculations, the measured temperatures were within 6 percent of
the predicted values in 2 tests (Zimmerman, 1983), whereas measured tempera-
tures were 12 percent less than predicted values for a third heater test
during the heating phase (Johnstone et al., 1985). The discrepancies in the
last test were attributed to the modeling of the heat source and the water
transport, because predicted and measured temperatures were almost identical
during cooldown (Johnstone et al., 1985).

The results obtained to date in tuff suggest that little additional in
situ testing of thermal conductivity is required for welded tuffs above the
water table to determine the rock mass thermal conductivity for use in far-
field or room-scale calculations. Additional evaluations will be made in
tests conducted in the exploratory shaft to increase confidence in the values
of thermal conductivity used in the heat transfer analyses for repository
design (Section 8.3.1.15).

The effects of joints or fracture porosity on the in situ thermal con-
ductivity of devitrified welded tuffs have been estimated, assuming a frac-
ture porosity of 3 percent (Lappin et al., 1982). This assumption ignores
the possibility of joint closure resulting from overburden pressures or from
the thermal expansion of the rock and, therefore, is assumed to provide an
estimate of the maximum change in thermal conductivity attributable to the
presence of joints. In addition, in situ fracture porosity is expected to be
much less than 3 percent. Although no direct data are available for the
Topopah Spring Member, estimates of fracture porosity for units in the
saturated zones by Erickson and Waddell (1985) for tuffs below the water
table are on the order of 10-4 to 10-3. For both other rock types (Sec-
tion 2.5.1) and similar rocks from the NTS (Sections 2.5 and 2.1.1) effects
of jointing on thermal conductivity were not discernible.
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The thermal conductivity of the rock mass of the Topopah Spring Member
will be examined in tests in the exploratory shaft facility (Sec-
tion 8.3.1.15).

2.5.2.2 Thermal expansion

The attempt to measure directly the thermal expansion of welded tuff in
situ during the earliest heater test (Johnstone et al., 1985) was unsuc-
cessful. However, the measurement of thermally induced stresses was at least
partially successful. In this test, measured thermally induced stresses were
approximately 40 percent of expectations on the basis of thermomechanical
modeling using laboratory-derived expansion values.

Data taken during the thermal-cycle testing of the heated-block test
yielded in situ values for the thermal expansion coefficients ranging from
5.0 to 8.7 x 10-6K-1 (Zimmerman et al., 1985). This range compares favorably
with the range in mean values from laboratory tests, 6.4 to 8.0 x 10-6K-1

(Lappin and Nimick, 1985b).

The approximate equivalence of laboratory and rock mass thermal expan-
sion coefficients determined for the Grouse Canyon Member of the Belted Range
Tuff suggests that the discrepancy between predicted and measured thermal
stresses observed by Johnstone et al. (1985) is attributable to differences
between laboratory and in situ elastic moduli.

2.5.3 RELATIONSHIP BETWEEN INTACT ROCK AND LARGE-SCALE PROPERTIES

The results of the in situ heater tests in G-Tunnel described above
indicate that the laboratory measured thermal conductivity can be used in
successfully modeling temperatures observed in field tests. Thus, as a good
approximation, the values of rock mass thermal conductivity are assumed to be
the same as those for intact rock. The same approximation is made concerning
heat capacity and the coefficient of linear expansion. The latter will be
measured in situ in the exploratory shaft facility to examine the validity of
extrapolating laboratory values to the rock mass.

2.6 EXISTING STRESS REGIME

Designing the Yucca Mountain repository will require knowledge of the
magnitude, direction, and variability of the preconstruction in situ state of
stress, excavation-induced stresses, and thermally induced stresses. The
preconstruction state of stress is particularly vital to the determination of
site suitability. Design parameters (such as room dimensions and pillar
widths) can be varied to change the magnitude and direction of excavation-
induced stresses. Similarly, parameters such as gross thermal loading, waste
package dimensions, and emplacement orientations can be adjusted to modify
thermally induced stresses. Because the preconstruction in situ stress field
cannot be modified, the design analyses will treat the in situ stresses as an
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initialized stress state on which the excavation and thermal stresses must be
superposed. The magnitude, direction, and variability of principal stresses
are of importance in the analysis and design of stable underground openings
as well as in the prediction of rock mass deformation for both long and short
times and the resulting applications to performance assessment calculations.
Subsurface openings must be designed to provide stability from construction
through permanent closure.

This section reviews the current understanding of the state of stress at
Yucca Mountain and its vicinity. Regional geologic studies, field measure-
ments at Yucca Mountain and nearby Rainier Mesa, and finite-element calcula-
tions of the overburden-induced component of in situ stress are presented to
summarize the state of knowledge.

Detailed results of in situ stress measurements in tuffs at Yucca
Mountain or at Rainier Mesa are contained in several references (Hooker
et al., 1971; Haimson et al., 1974; Tyler and Vollendorf, 1975; Ellis and
Ege, 1976; Ellis and Magner, 1980; Warpinski et al., 1981; Zimmerman and
Vollendorf, 1982; Stock et al., 1984). These references also discuss details
of testing techniques and potential limitations and errors. Additional
discussion of some of the results is provided in Chapter 1, along with
information on regional geologic studies relevant to the stress state.

Two methods were used by most of the workers cited in the previous
paragraph for measuring in situ stress: overcoring and hydraulic fracturing.
With the overcoring technique (Hooker and Bickel, 1974), changes in strain
are measured in a small borehole before, during, and after overcoring with a
larger core barrel. As such, the rock around the overcored region is strain
relieved. The complete state of stress can be calculated from such strain
relief measurements in three nonparallel drillholes by using the appropriate
equations (Jaeger and Cook, 1979). Triaxial cells have been developed that
(see for example, Leeman, 1964; Doe et al., 1981) allow the measurement of
principal stresses by overcoring in a single hole. The advantage of the
overcoring technique is that it allows for an estimation of the full stress
tensor. A limitation of the method is that the deformation modulus of the
rock must be known to obtain the stresses from the measurements.

For the hydraulic fracturing technique, the borehole is assumed to be
parallel to a principal stress. First, a selected section of a borehole is
sealed off with packers. Then, fluid pressure is increased within the sealed
section until the rock at the borehole wall fractures. Theory predicts that
at a high enough borehole pressure, the rock will fail in tension. For a
borehole that parallels a principal stress direction, the fracture that forms
at the borewall is generally perpendicular to the minimum horizontal stress,
and the pressure required to hold the fracture open provides a reasonable
estimate of the minimum horizontal stress (Stock et al., 1984). (If the
borehole axis does not coincide with a principal stress, the testing will
provide a measure of the stresses normal to the borehole rather than the
principal stresses.) The maximum horizontal stress can be calculated if
other properties can be acquired (Stock et al., 1984). Borehole televiewer
or impression packers are required to determine the orientation of hydraulic
fractures at the borehole wall and, hence, the orientation of the minimum
stress acting normal to the borehole. It is possible, with the hydraulic
fracturing technique, to make stress measurements anywhere that a borehole
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exists. A limitation to the technique is that the results may be difficult
to interpret in heavily fractured or otherwise permeable rock.

It is apparent that both measurement techniques could be used at a
particular site to minimize the limitations and to maximize the advantages of
each technique. Overcoring can provide an indication of the validity of
assuming that a borehole used for hydraulic fracturing is parallel to a
principal stress. Hydraulic fracturing measures the in situ stress state on
a larger scale than does overcoming. Satisfactory correlation has been
observed between the measurement techniques when used together in the past
(Miller, 1976; Doe et al., 1981; Haimson, 1981; Doe et al., 1983). However,
Dischler and Kim (1985) point out that overcoring results from experiments on
closely jointed rocks show great variability, making the stress measurements
difficult to compare with those from other techniques. Both techniques gen-
erally assume an isotropic, elastic material. As discussed in Section 2.1,
these two assumptions are probably reasonable for the intact tuffs at Yucca
Mountain.

Numerical modeling (finite elements) has been used to estimate the
overburden-induced component of in situ stress at Rainier Mesa. Using linear
elastic behavior and isotropic material properties within each tuff layer,
plane-strain approximations of the gravity-induced component (including
surface topography) of the in situ stress agree rather well with in situ
measurements (Holland and Bauer, 1984). Used in combination with in situ
stress measurements, this technique will permit a better understanding of the
contributions of each stress component. Furthermore, if applicable, this
technique can assist in understanding the spatial variations in the state of
in situ stress.

2.6.1 STRESS REGIME IN REGION OF THE SITE

2.6.1.1 Tectonic and geologic evidence

Tectonic and structural evidence for stress orientation at the Nevada
Test Site (NTS) has been summarized by Carr (1974) and more recently by Stock
et al. (1985). Synthesis of tectonic and structural data, combined with
seismic data and limited stress and borehole deformation measurements,
suggests that the minimum principal stress in the NTS region is horizontal
and in a northwest to west-northwest direction. This is also reflected in
the orientation of borehole breakouts in large-diameter test holes in Yucca
Flat (Springer et al., 1984) and is consistent with regional stress trends
summarized by Zoback and Zoback (1980). An analysis of regional geologic
structures indicates that the stress state within the Great Basin, in which
the NTS lies, has changed from crustal shortening to crustal extension in the
last 20 to 30 million years (Section 1.3.2.3).

Seismicity studies during the 1970s included strain-release analysis of
two small earthquakes at the NTS. One had a compressive axis of N.23 0E. and
a corresponding extensional axis at N.670W. The compressive axis for the
second event was approximately N.501E. (Fischer et al., 1972). A compilation
of focal mechanisms for the NTS region by Stock et al. (1985) indicates that
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most movement is strike-slip along steeply dipping planes that strike north
to northeast.

Fractures, interpreted to be tensile, in a playa at the NTS have strikes
of approximately N.500E., suggesting relative extension in a N.400W., direc-
tion (Carr, 1974). Dimensional changes of vertical boreholes in the alluvium
of the playa, determined by borehole caliper, indicate an average direction
of drillhole elongation of N.600W., consistent with the relative extension in
this direction (Carr, 1974; Stock et al., 1984).

2.6.1.2 Overcoring measurements

Limited stress measurements in tunnels in mesas at the NTS, made using
overcore techniques, have been summarized (Ellis and Magner, 1980). In
overcore measurements made at nine locations, the average bearing for the
minimum principal stress was N.560W. for seven of the nine locations, which
is in good agreement with the data of Carr (1974).

Overcore measurements in welded and nonwelded tuff at Rainier Mesa have
provided results that indicate that in situ stress may exhibit considerable
spatial variation. The differences may be attributed to the contrasting
mechanical properties of the different tuffs (Warpinski et al., 1981).
Rainier Mesa consists of many layers of tuff of varying thicknesses and
properties. The welded tuff unit that was measured is relatively thin
(13 m), has a relatively high Young's modulus and a low Poisson's ratio, and
lies between nonwelded tuffs with low elastic moduli and higher Poisson's
ratios. The layers are stacked, well bonded, and appear to be predominantly
gravity loaded. The net result is a vertical compressional loading with an
apparent tendency for the layers to extend laterally toward the free surface
of the mesa wall because of Poisson's effect. The nonwelded tuff units
having the higher Poisson's ratio appear to deform readily toward the free
surface, whereas the stiffer welded tuffs resist the gravity-induced defor-
mation and then are extended by the deforming nonwelded tuffs (Ellis and
Swolfs, 1983). This phenomenon is well illustrated by the distinctly low
minimum horizontal stress measured in the welded tuff unit. This hypothesis
is further supported by hydraulic fracturing measurements in adjoining welded
and nonwelded tuffs and by finite-element calculations.

2.6.1.3 Hydraulic fracturing studies

G-Tunnel in Rainier Mesa has been the location of a number of hydraulic
fracture studies. Tests in nonwelded tuff along the length of the tunnel
have been reported by Smith et al. (1981). One result of these tests was the
observation that the orientation of the fractures tended to tilt toward the
edge of the mesa at test locations nearer to the sloping mesa walls. The
trend or strike of the outermost fractures tended to be parallel with the
mesa edge. This observation agrees with that made by Ellis and Magner (1980)
regarding topographical influences on in situ stresses measured with the
overcoring technique.
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Vertical hydraulic fracture studies in Rainier Mesa (Warpinski et al.,
1981) document the vertical variation in minimum stress, which has been
correlated to the vertical variation in material properties. Minimum
horizontal stresses tend to be lower in the welded tuffs, which have high
values of Young's modulus and low values of Poisson's ratio, and higher in
the nonwelded tuffs, which have lower Young's moduli and higher Poisson's
ratios.

2.6.1.4 Finite-element calculations

Using a two-dimensional finite-element model of Rainier Mesa, the
stresses resulting from gravity loading and elasticity of the rocks have been
calculated (Holland and Bauer, 1984; Bauer et al., 1985). The calculations
assumed plane strain conditions and linear elastic material response. The
material properties were assumed to be different for welded and nonwelded
units. The ground surface was assumed to be a free surface, whereas the
remaining boundaries were sufficiently far from the region of interest as to
have no effect on the calculational results. These analyses, which incor-
porated topographical and stratigraphic effects but neglected tectonic and
residual stresses, appear to account for the vertical variation in stresses
reported by Warpinski et al. (1981).

2.6.2 STRESS REGIME AT THE SITE

2.6.2.1 Field observations

The preceding discussions have focused on observations and measurements
of stress fields at the NTS as a whole and under Rainier Mesa. The evidence,
which is discussed in greater detail in Chapter 1, suggests a dominating
regional stress field in which the minimum principal stress is oriented
approximately along the axis N.651W. to N.700W. (USGS, 1984). The maximum
principal stress in the region is generally also horizontal indicating a
strike-slip regime, whereas at Yucca Mountain the maximum stress axis is
vertical as is discussed below. The mean value for the magnitude of the
vertical stress, determined by the product of overburden, density, and
gravitational acceleration is 7 MPa at 300 m depth. A discussion of ranges
in this value is given in Section 6.1.2.2.2.

Hydraulic stress measurements and borehole televiewer observations in
drillhole USW G-2 (Stock et al., 1985) indicate an orientation of N.60 to
65*W. for the direction of least horizontal stress and a minimum horizontal
stress (Sh) to vertical stress (S,) ratio of S0.84 at a depth of 295 m
decreasing to 0.47 at 1,209 m (Figure 2-21). The inequality on the first
ratio listed is based on discussion by Stock et al. (1984, 1985), which
suggests that the values calculated for the minimum horizontal stress from
the measurements may be greater than the actual values for this stress in the
unsaturated zone.

In situ stress data from drillhole USW G-1 are also shown in
Figure 2-21; in this drillhole, all data are from tests in the saturated
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Figure 2-21. Least horizontal and vertical principal stress values and pore pressure plotted against depth.
Modified from Stock et al. (1984).
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zone. Ratios of Sh to S, in drillhole USW G-1 are approximately 0.3 to 0.5,
and are consistent with ratios for tests in the saturated zone in drillhole
USW G-2. Televiewer observation of drillholes has indicated the presence of
drilling-induced hydraulic fractures in the shallow parts of drillholes
USW G-1 and USW G-2 (Stock et al., 1985). These fractures have orientations
consistent with the orientations measured by hydraulic fracturing tests.

The magnitude of the maximum horizontal stress (SH) was estimated by
Stock et al. (1985) to be approximately halfway between Sh and Sv. This
conclusion was based on calculations from hydraulic fracturing data combined
with observations of well bore spalling in drillholes USW G-1 and USW G-2.
The relative magnitudes of the three principal stresses are consistent with a
normal faulting regime (Stock et al., 1985), and differs from the strike-slip
regime that is typical of the NTS region.

The possibility that movement on favorably oriented fault planes may
occur under the existing stress regime has been mentioned by the USGS (1984)
and Stock et al. (1985). Further discussion of this topic is presented in
Section 1.3.2.3.

The in situ stress at Yucca Mountain has also been measured in drill-
holes UE-25p#l, USW GU-3, and USW G-3. Data from these tests are being
reduced and analyzed. In addition, some data will be obtained during
exploratory shaft activities (Section 8.3.1.15).

2.6.2.2 Finite-element calculations

Finite-element calculations similar to those described in Sec-
tion 2.6.1.4 for Rainier Mesa have been performed to estimate the gravity-
induced component of in situ stress at Yucca Mountain (Bauer et al., 1985).
At the 300-m depth range, gravity loading alone produced a ratio of Sh to S,
of approximately 0.3. Since the maximum value measure in drillhole USW G-2
for this ratio was 0.8, the gravity load can account for at least 38 percent
of the minimum horizontal stress and may account for more if the ratio from
field data is actually less than 0.8. The remainder of the minimum hori-
zontal stress comes from tectonic stresses, residual stresses, or both.

Another analytic calculation of the stress state at Yucca Mountain has
been described by Swolfs and Savage (1985) who also conclude that gravity
plays a major role in determining the in situ stresses. In addition, they
suggest that the distribution of near-vertical fractures and faults causes
transverse anisotropy in rock mass elastic properties, which in turn affects
the relative stress magnitudes.

The two studies mentioned in the preceding paragraphs have attempted to
provide a general understanding of stress distribution with depth at Yucca
Mountain. Although the two studies took somewhat different approaches, both
explained the limited available measurements. Neither modeling effort con-
sidered all the possible relevant parameters. Bauer et al. (1985) assumed
that each tuff unit was isotropic, in contrast to the transverse anisotropy
examined by Swolfs and Savage (1985). Swolfs and Savage (1985) did not
consider the variation in elastic properties between differing lithologies.
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Bauer et al. (1985) found a model that incorporated variable elastic
properties to be more successful at reproducing measured data at Rainier Mesa
than a model using homogeneous properties. In addition, both studies assumed
instantaneous gravity loading rather than the sequential loading imposed by
normal depositional processes. This last deficiency may lead to results that
differ from the theoretically correct calculated stresses (Goodman and Brown,
1963).

Nevertheless, finite-element calculations have the potential to be a
useful tool in estimating the two- or three-dimensional distribution of in
situ stresses for use in repository design or performance-assessment cal-
culations. Care must be taken to understand the limitations of such an
estimate and to incorporate measured data into the calculation to the degree
possible.

2.7 SPECIAL GEOENGINEERING PROPERTIES

Two special geoengineering considerations are recognized to be of
potential importance for evaluating the effects of waste emplacement in Yucca
Mountain tuffs: thermally induced degradation of the rock mass and thermally
induced dewatering (water migration). Both of these phenomena were hypothe-
sized because of the varying porosity, permeability, and degree of satura-
tion, coupled with the geologically instantaneous thermal loading. Addi-
tional phenomena or processes requiring study may be identified during site
characterization. Performance assessment work will determine the sensitivity
of repository performance to all identified processes.

Thermally induced degradation was considered because of its potential
impact on the mechanical and transport properties of the rock mass. Concep-
tually, the high thermal expansion of water relative to that of most sili-
cates conceivably could lead to very-near-field rock mass degradation. This
degradation would result from high fluid pressures developed during heating,
particularly if the hydro-thermomechanical state were such that localized
high pressure could not be relieved.

The effects of thermally induced water migration were considered because
the thermal and mechanical properties of tuff are affected by the state of
saturation and because thermally driven dewatering might result in fluid
fluxes into underground workings and thus might affect ventilation require-
ments. Thermally induced water migration is judged to be possible and will
be evaluated in light of tests to be performed in the exploratory shaft
facility (Section 4.2).

2.7.1 ROCK MASS DEGRADATION

The results of investigations performed to date to define the potential
for, and the effects of, rock mass decrepitation and thermal dewatering are
summarized in the following sections.
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2.7.1.1 Near-field decrepitation

Emplacing hot nuclear waste in relatively cold (25*C), partially sat-
urated tuff produces a geologically instantaneous load on the rock-water
system. Both the temperature and the temperature gradient change (in rock
these temperature changes are interdependent (Johnson and Gangi, 1980)) with
resulting development of thermal strains, stresses, or both. A number of
phenomena, including mineral phase changes, dehydration, and mineral and
water expansion, contribute to the reaction of the rock mass to the changes
in the temperature field. The total effect has been quantified by numerous
thermal expansion measurements (Lappin, 1980a). Each of these phenomena can
promote intergranular thermal stresses resulting from the differential
thermal expansion of adjacent minerals. However, in tuff thermal cracking
per se is expected to be minimal (as in other materials) because of the fine
grain size of tuff (Kuszyk and Bradt, 1973; Kingery et al., 1976; Bauer and
Handin, 1983).

A nonuniform temperature change (temperature gradient) will generate a
stress field in a solid whenever differential thermal expansion or contrac-
tion cannot proceed freely. With a uniform temperature change, the effects
are constrained by the stress field present (in part determined by the tem-
perature gradient), whereas the effects resulting from a temperature gradient
are influenced by the intrinsic rock properties. (Rock properties like
Young's modulus could be altered by the introduction of thermal cracks.)
These two types of temperature change are clearly interdependent.

The potential for fluid-induced fracturing resulting from temperature
increases in welded tuff below the water table (Bullfrog and Tram members)
has been investigated in a series of calculations simulating waste emplace-
ment (Eaton et al., 1981). The results can be applied to assess the
potential for thermally induced degradation of the partially saturated
Topopah Spring Member

To bound the potential effects, three assumptions were made that led to
the calculation of maximum fluid pressures. First, a rigid matrix was
assumed, so that thermal expansion of the silicate framework and the con-
tained porosity were ignored. Second, the calculation did not treat the
capillary movement of water or dehydration at temperatures below the boiling
point of water. Finally, fully saturated conditions were considered, making
analytical results conservative in that the highest possible fluid pressures
were calculated.

The effects of fracture spacing, fracture orientation, and thermal
loading on pore fluid pressures were evaluated. The results showed that in
unfractured rock the maximum fluid pressures will occur within a few days of
waste emplacement. The calculated pore pressures decreased significantly
with an increasing number of fractures in the host rock. In a partially
saturated, heavily fractured rock such as the Topopah Spring Member, ther-
mally induced pore pressures would be expected to be low. Thus, the
potential for thermally induced degradation of the Topopah Spring Member
should be small.

An experiment was conducted in which the amount of thermal decrepitation
resulting from the rapid heating of unconfined, fully saturated samples of
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Topopah Spring Member from ambient temperature to 2250C was quantified by
measuring the relative changes of the moisture content between pre- and
post-thermal treatment measurements (Nimick, 1987). No measurable changes in
the moisture content were observed. It was concluded that (1) if new void
spaces (cracks) were induced in the rock, they were of insufficient magnitude
to be measured and (2) if new cracks were induced, they did not act to
enhance interconnectivity to previously isolated void space. From these
conclusions it was further speculated that, when the saturated rock was
heated, no anomalously high pore pressures from water trapped in voids (on
the order of the tensile strength of grain boundaries as a maximum) were
generated. This means that either all pore spaces were initially well
interconnected or high temperatures facilitated fluid flow (by decreasing
water viscosity and opening preexisting cracks), or both. This experiment
and analysis together imply that changes in microstructure resulting from
realistic thermal loading do not occur, and thus alteration of mechanical and
transport properties (thermal degradation) in the very-near-field is not
predicted. The effects of elevated temperature on the mechanical properties
of intact Topopah Spring Member will be measured, as mentioned in Sec-
tions 2.1.2.2 and 2.1.2.3.1.3, and discussed in more detail in Sec-
tion 8.3.1.15.1.

Expected stratigraphic variations in the potential for rock mass degra-
dation can be qualitatively assessed and extended on the basis of the results
of work performed to date. Increases in thermal conductivity should decrease
the potential for degradation at any given thermal loading because very-
near-field temperatures and thermal gradients decrease when thermal conduc-
tivity increases. Partial saturation of the rock mass should decrease the
degradation potential because it would provide additional free volume for
fluid expansion. Increasing fracture frequency should decrease the degra-
dation potential because the path lengths to be traversed by the fluid to
achieve pressure release would be shorter. Finally, decreasing the thermal
loading of a repository should decrease the degradation potential because the
volume of rock that experiences sufficiently rapid heating will be smaller.

Because of these considerations, the degradation of tuffs in general is
considered improbable. Degradation of the Topopah Spring Member is consid-
ered extremely improbable because of the high fracture frequency (Sec-
tion 1.3.2.2) and partial saturation (65 percent) (Montazer and Wilson,
1984). In addition, no evidence of degradation has been observed in the
walls of heater holes in three heater tests conducted in G-Tunnel in both
welded (two tests) and nonwelded tuff. No additional tests are planned
specifically for obtaining data on thermal degradation, but the response of
the Topopah Spring Member to elevated temperatures will be observed during
exploratory shaft facility testing.

2.7.2 THERMALLY INDUCED WATER MIGRATION

Formation of convection cells of liquid water is not expected to occur
in a partially saturated host rock above the water table because of the lack
of global continuity of the liquid phase. The thermal gradients produced by
the emplaced waste allow the possibility of vapor convective cells to be
produced. Fractures in partially saturated systems are considered to be
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generally unsaturated because water they might contain is drawn into the rock
matrix by capillarity (Montazer and Wilson, 1984). The fractures therefore
have relatively high vapor conductivity and exert a strong effect on both
moisture movement and convective heat transfer. The discussion in the
following two paragraphs pertains to a conceptual model for thermally induced
moisture movement in a continuum.

Water movement is generally recognized to occur because of a
vaporization-condensation mechanism (Gurr et al., 1952; Somerton, 1982). As
the boiling point is reached in the partially saturated rock matrix, liquid
water vaporizes and tends to move down the temperature gradient away from the
emplaced waste. The phase change produces a gas pressure that drives vapor
away from the location of boiling. Vapor moves in the direction of a poten-
tial gradient that is a function of static pressure and temperature. Gas
pressure might also drive the movement of liquid water away from the emplaced
waste although it is anticipated to be a smaller flux than the vapor trans-
port (Gurr et al., 1952). Vapor will condense at the leading edge of the
dewatered region around the borehole, causing a locally increased level of
saturation.

The gas pressure equilibrates rapidly with the flow of displaced liquid
water. A dewatered region around the emplacement borehole develops that
expands with time, and produces a gradient in the liquid saturation. The
liquid potential is a function of saturation as well as temperature and
static pressure. The saturation gradient tends to drive liquid water toward
the emplaced waste. Even in the simplest form of this conceptual model, the
magnitudes and directions of the liquid and vapor fluxes depend on many
parameters including the permeability of the medium, in situ saturation, the
hydraulic characteristics of the unsaturated matrix, and the specific heat
source.

Pruess et al. (1984) formulated numerical models of the thermal migra-
tion problem in fractured tuff, using both an explicit representation of
idealized discrete fractures, and an equivalent continuum approach that
included some of the effects of fractures. The results of this work show
that thermally induced water migration will produce a saturation front pro-
file that is qualitatively similar to the one shown in Figure 2-22. This
figure was generated using a model of an infinite linear array of waste con-
tainers in a partially saturated, fractured porous medium, simulated by an
equivalent continuum. The front moves outward from the container array with
time until the heat can no longer support the vaporization of water.

The velocity of the evaporative front, as well as the volume of the
dewatered region, will depend on the saturation of the host rock, the degree
of fracturing, the relative permeabilities of the liquid and vapor, the waste
emplacement scheme (vertical or horizontal), and the type of waste emplaced.
Although the waste emplacement scheme will affect the temperature field and
moisture movement, the liquid water velocity for any of the schemes is
expected to be small, on the order of 10-6 to 10-10 m/s (Mondy et al., 1983).
As the rock cools with time, water begins to condense and move back into the
dewatered region under the influence of the saturation gradient.

The effect of fractures, as demonstrated in the explicit, discrete
fracture model of Pruess et al. (1984), is to attract much of the vapor
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Figure 2-22. Simulated liquid saturation profile near a container in tuft (t = 160 days. initial saturation = 80
percent). Modified from Pruess et al. (1984).
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mobilized from the boiling region, and conduct it outward to a region of
condensation. The liquid condensate is then drawn into the matrix by
capillary action, and tends to flow down the saturation gradient back toward
the boiling region. The vapor flux exceeds the liquid return flux, so the
dewatered region expands around the borehole. If the fracture character-
istics are adjusted to permit liquid movement in the fractures, then the
saturation gradient drives liquid back toward the boiling region along the
fractures. A vapor-liquid counterflow develops, which accounts for much of
the heat flow away from the borehole. Movement of the boiling front in the
matrix is accordingly reduced.

Preliminary design specifications associated with the work of Pruess
et al. (1984) indicate that a dried-out, dewatered region forms around the
waste emplacement holes in less than a year, so that the possibility for
liquid transport of radionuclides is apparently reduced. The majority of
mass transport of water at early time after emplacement is expected to occur
in the vapor phase. Heated vapor will be introduced into the drifts, and
ventilation requirements must be considered.

Field experiments in granite and tuff indicate that water movement is an
induced response that can be expected upon heating a rock mass. In many
instances, water has entered heater and instrumentation holes, thereby
affecting instrumentation longevity as well as the temperatures resulting
from simulated waste emplacement (Carlsson, 1978; Lappin et al., 1981;
Johnstone et al., 1985). In tests in the Eleana argillite and in the water
migration experiment carried out in G-Tunnel above the water table, most, if
not all, the water entering the instrumentation and heater areas was pore
fluid removed from the surrounding rock mass as a result of heating. An in
situ heater experiment carried out in the G-Tunnel underground facility
(Johnstone et al., 1985) yielded amounts of water that, as shown in Fig-
ure 2-23, are in qualitative agreement with predictions by an evaporation-
front model in which water vapor moves in response to local gradients in the
partial pressure of water in air. The results showed that the convection of
the water vapor and capillary forces in the matrix were important factors in
the transport of water in a low permeability material, such as densely welded
tuff.

No detailed numerical modeling of the thermally induced water migration
occurring in these experiments has been done at this time. The test results
indicate a dried-out zone occurring around the heaters, consistent with
generic modeling results (Pruess et al., 1984). The modeling results of
Pruess et al. (1984) have not shown the potential for water movement into the
heater hole, probably because of the one-dimensional geometry. In situ
experiments are inherently at least two-dimensional because the heater does
not approximate an infinite line source. Detailed two-dimensional modeling
must be done to more fully evaluate the results.

Two small-diameter heater experiments also were performed in the
G-Tunnel underground facility (Zimmerman, 1983) in which a 10.2-cm-diameter
heater was placed successively in two vertical 12.7-cm-diameter boreholes for
heating periods of about 30 days. The first test was conducted in welded
tuff, and the second in nonwelded tuff. Only small amounts of liquid water
(less than 2.5 cm deep) were detected in the bottom of the borehole

2-94



DECEMBER 1988

200- I I ._

0 EXPERIMENTAL DATA

160 VAPOR TRANSPORT MODEL

(120

z
0

40-

z 0

0 8 16 24 32 40 48 56 64

TIME (days)

Figure 2-23. Comparison of measured and calculated water inflow rates in tuff water migration/heater
experiment. Modified from Figure 31 of Johnstone et al. (1985).
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(and that occurred only at the start of the test). Once the rock wall
temperatures exceeded 940C (the boiling temperature at ambient pressure in
G-Tunnel), convective water transport mechanisms appeared to dominate. This
was evidenced by the presence of vapor in the warmer air around the heater
and condensate in the cooler region at the bottom of the boreholes. Differ-
ences between the two experiments in the quantities of water collected in
cooler regions of the borehole suggest that some vapor may have moved through
the fractures in the welded tuff.

Additional evaluations of water migration phenomena were made as part of
the recently completed heated-block test, again carried out in G-Tunnel
(Zimmerman et al., 1984a). Those measurements were intended primarily to
evaluate changes in local saturations or pore pressures upon heating.
Documentation of the saturations as a function of temperature is provided by
Zimmerman et al. (1985). The moisture content as a function of temperature
was monitored at one location for more than 8 months using a neutron moisture
probe. The moisture content began to decrease at approximately 801C and
continued to decrease to the measurement limit of 15 percent saturation,
attained at a temperature of approximately 1501C. When coupled with the
temperature measurements, these results should aid in understanding thermally
induced flow and its effect on material properties-(primarily thermal
conductivity).

From the results of heated-borehole experiments in a granitic rock mass
monitored for nearly 2 yr, it was concluded that the induced temperature
field caused stress in the rock mass that closed fractures and cracks (Nelson
and Rachiele, 1982). The water contained in the openings was forced to
migrate as pore and crack space was reduced. When the heat was turned off,
the cracks ceased closing, and the flow of water into the instrumented bore-
holes was reduced or stopped. It should be noted that in a partially sat-
urated, fractured rock mass like the Topopah Spring Member, the fractures are
expected generally to be in a condition of very low saturation because of the
strong capillary forces of the matrix (Montazer and Wilson, 1984). There-
fore, the closing of fractures by thermal strain should not be a significant
cause of water migration in the Topopah Spring Member.

Additional evaluations of thermally induced water migration phenomena
are planned as part of laboratory testing (Section 8.3.4.2). Thermally
induced water migration phenomena will also be observed in association with
in situ testing in the exploratory shaft facility. These tests are intended
to examine both the mechanisms of thermally induced water movement and the
effect of thermal dewatering on the thermal and mechanical properties of the
rock mass.

2.7.3 GEOENGINEERING PROPERTIES OF SURFACE MATERIALS

Ongoing studies to select a site for the major surface facilities of a
repository at Yucca Mountain are concentrating on locations in which the
surface material is alluvium (Neal, 1985). A general description of this
material is provided in Chapter 1. A more site-specific description is given
in this section, along with the available geoengineering data pertinent to
the design of the surface facilities.
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2.7.3.1 Lithologic description of alluvium

K...> Limited preliminary investigations, consisting of surface observations
and exploratory borings, were completed in six areas selected as potential
sites for central surface facilities (Neal, 1985). Preliminary stratigraphic
information has been developed from the exploratory boreholes. The total
depth of the alluvium at the proposed location of the central surface facili-
ties (designated site 3 by Neal (1985)) is about 90 ft (27.4 m); however,
because the bedrock surface is sloping, the thickness of alluvium may be more
or less than this value, depending on the final location of surface
structures.

In general, the alluvium is a light tan-to-gray, silty-to-sandy gravel,
with numerous blocky cobbles and boulders. These rock particles, which are
derived from nearby bedrock sources, consist mostly of welded or partly
welded volcanic ash-flow tuffs. Test pits excavated at several of the sites
studied showed well-developed soil horizons in the upper portions of the
alluvium. The top 1 or 2 ft (0.3 or 0.6 m) (A and B horizons) are loose and
fine grained; this soil will be removed during construction. The underlying
material typically is partly cemented with calcite (caliche) to a depth of
about 8 ft (2.4 m). Below a depth of 8 ft (2.4 m), the soil is not appre-
ciably cemented or may be cemented only locally. Figure 2-24 provides a
description of the material observed in test pit SFS-3, located at the site
proposed for the surface facilities.

K> 2.7.3.2 Physical properties of alluvium

The physical properties of alluvium that have been measured are index
properties and compaction characteristics. The techniques for the measure-
ments are in accord with American Society for Testing and Materials (ASTM)
procedures, as discussed by Ho et al. (1986).

Three samples were obtained from the lower two horizons shown in
Figure 2-24 and the minus 3-in. fraction was subjected to sieve analysis; the
results are shown in Figure 2-25. Most of the material is sandy gravel, with
up to 7 percent silt. However, considering the mode of deposition of desert
alluvial deposits, considerable variation in grain size and gradation
characteristics is possible, both laterally and vertically.

The specific gravity of the alluvium samples appears to vary somewhat
with grain size. The specific gravity of larger particles (retained on #4
sieve) averaged about 2.35, whereas the average specific gravity of the finer
particles was about 2.50. The lower specific gravity of the larger particles
may result from the presence of noninterconnected void spaces in the larger
particles, which is common for these rock types (ash-fall and ash-flow
tuffs). The average specific gravity is given as 2.43.

In situ densities, which were measured by the sand-cone method (ASTM
D1557, Method D (ASTM, 1978)) and nuclear density tests, range from 101 to
nearly 112 lb/ft3 (1.62 to 1.79 g/cm3), for samples from test pit SFS-3.

i> These densities were found to be about 93.5 to 100 percent of the maximum dry
density.
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Figure 2-24. Geologic log of test pit SFS-3. Modified from Ho et al. (1986). Samples described were bulk
samples from sand cone and nuclear density tests.
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Table 2-15. Summary of physical and engineering properties of alluviums

PHYSICAL PROPERTYb

Soil classification
Natural moisture content
In situ density

Percent of maximum dry density
Specific gravity of soil solids
Void ratio

GP and GM presenta
5.1-9.2%
101-112 pcf

(1.62-1.79 g/cm3)
93.5-100%
2.43
0.37

ENGINEERING PROPERTYd

Young's modulus

Poisson's ratio
Modulus of subgrade reaction

Cohesion I
Angle of internal friction
Allowable bearing pressure

10,000-20,000 psi
(0.7-1.4 GPa)

0.30-0.35
200-300 pci

(5,536-8,304 g/cm3)
0
33-37 0C
6 ksf (0.3 MPa)

aSource: Ho et al. (1986).
bValues and ranges of physical properties are from samples taken from

test pit SFS-3.
cGP classification is poorly graded gravels, gravel-sand mixtures, and

little or no fines. GM classification is silty gravels, and gravel-sandsilt
mixtures, which may be poorly graded.

dEstimated from index properties.
'For footings wider than 4 ft, subject to verification that settlement

will be tolerable in the case of very large structures.

2.8.1 EXCAVATION CHARACTERISTICS OF SIMILAR ROCKS

Excavation characteristics of other rock masses are considered explic-
itly in the extensive data base used to develop and evaluate both of the rock
mass classification techniques discussed in the following section. There-
fore, no explicit list of the characteristics of other formations is provided
here.
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2.8.2 EXCAVATION CHARACTERISTICS OF ROCK AT THE SITE

2.8.2.1 G-Tunnel experience

For definition of the mining methods to be used in the repository, the
most applicable data come from experience gained in the development of
G-Tunnel at the NTS. G-Tunnel experience in the Grouse Canyon Member and
planned excavations in Yucca Mountain are similar in many ways:

1. Overburden loadings, opening dimensions (up to 5-m span), and
excavation methods will be similar.

2. The degrees of saturation are similar for geoengineering purposes
(0.65 in the Topopah Spring Member (Montazer and Wilson, 1984)
versus 0.6 to 0.9 in the Grouse Canyon Member (Zimmerman et al.,
1984b)), however, for hydrologic purposes these differences may be
significant.

3. The thermal, mechanical, and bulk properties of the tuffs are
similar (Table 2-16).

4. The degree and nature of fracturing are similar (Langkopf and Gnirk,
1986).

Because of these similarities, the data obtained from tests and observations
in G-Tunnel can be used in conceptual and preliminary design and analysis for
a repository in the Topopah Spring Member at Yucca Mountain.

In 1961, the development of G-Tunnel was started, and since that time
about 3,500 m of drift have been excavated into the tunnel beds (informal
units of nonwelded to moderately welded tuffs in Rainier Mesa). These beds
are similar to the tuffaceous beds of Calico Hills in Yucca Mountain and are
substantially weaker than the welded Topopah Spring Member, yet they have
remained stable with minimal support for more than 20 yr. Currently a
mechanical mining machine (Alpine miner) is being used to excavate the tunnel
bed tuff. No formal investigations have been performed to quantify the
damage to the rock produced by this mining technique, but an examination of
the ribs and roof reveals very little visible damage. In the initial few
hundred meters of excavation, steel sets and lagging were used for support.
Since then, roof bolts and wire mesh have been used successfully to stabilize
the openings.

As part of the Yucca Mountain Project, about 130 m of drift have been
excavated in the welded tuff of the Grouse Canyon Member of the Belted Range
Tuff, which is similar to the nonlithophysal portion of the Topopah Spring
Member at Yucca Mountain. In general the welded tuff in G-Tunnel was
excavated using controlled drilling and blasting techniques. An examination
of the ribs and roof appeared to indicate more damage to the finished rock
surfaces in the welded tuff than occurred during excavation of the portions
of G-Tunnel in the tunnel beds, a series of nonwelded tuffs underlying the
Grouse Canyon Member. However, since the Grouse Canyon Member is more highly
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Table 2-16. Comparison of properties of Topopah Spring
and Grouse Canyon members

G-Tunnel Yucca Mountain
Grouse Canyon Topopah Spring

Property Member Member

Matrix porosity (00/0) 6-24a 6-19a

Grain density
(g/cm3) 2 . 5 7 -2. 6 3 b 2.51-2.58b

Saturation 0.6-0.9a 0.65C

Saturated thermal 1.6-2.0a 2.1-2.5a
conductivity (W/mK)

Dry thermal 1.0-1. 6b 1.5-2.1b
conductivity (W/mK)

Coefficient of linear 7.8-10.6a 7.3-14.1a
thermal expansion
(10-6 K-1),

Young's modulus (GPa) 22-28& 24-38a

Poisson's ratio 0.16-0.32a 0.12-0.32a

Unconfined compressive 64-142a 55-287a
strength (MPa)

aZimmerman et al. (1984b).
bNimick and Lappin (1985).
CMontazer and Wilson (1984).

fractured than the nonwelded material, it is more difficult to assess whether
damage to finished rock surfaces is the result of the mining technique. A
mechanical miner was used successfully to cut the welded tuff and to level
the floors, although relatively rapid wear of the picks attached to the
rotating drum was noted. The spans of G-Tunnel openings in the welded
material (Figures 2-2 and 2-3) range from 3.4 to 5 m. The experiment drift
identified is 5 m wide and 5 m high, approximately the dimensions being con-
sidered for repository drifts. At one time during the excavation of the
extensometer drift, miners were unavailable to install roof supports immedi-
ately after seven blasting rounds had been shot. This left a 14-m length of
roof unsupported for 1 to 2 months. During this time no deterioration of

C roof material was evident. Following this hiatus, roof bolts and wire mesh
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were installed successfully in the roof. A nearly vertical fault with 1 m of
vertical displacement was encountered during mining activities in the welded
Grouse Canyon Member in G-Tunnel. The conclusion drawn by Tibbs (1985) is
that crossing the fault did not result in the need for special ground support
in excess of the standard methods used in the drift where no faulting
occurred.

2.8.2.2 Rock mass classification of Yucca Mountain tuffs

Rock-mass classification systems have been used to assess the excavation
characteristics and support requirements for mined openings in Yucca
Mountain. Two rock mass classification systems were used: the Norwegian
Geotechnical Institute (NGI) system proposed by Barton et al. (1974a) and the
South African Council for Scientific and Industrial Research Geomechanics
(CSIR) system proposed by Bieniawski (1976). Both systems use data on rock
quality, as determined from core observations, and information on joint char-
acteristics such as the number of joint sets, the nature of joint surfaces,
and the ground-water conditions in the joints. In addition, the NGI system
considers in situ stress conditions, and the CSIR system includes information
on the orientation of structural features and the strength of the rock.
These classification systems are mainly used for single tunnels but have been
applied to multiple underground openings with pillar dimensions of about 15 m
with extraction ratios of 25 to 50 percent. A summary of evaluations of the
tuff units studied by the Yucca Mountain Project is presented in the
following discussion.

Before the recommendation of a repository horizon was made, several
Yucca Mountain stratigraphic units were classified by these systems. These
included the nonlithophysal Topopah Spring Member, the upper ash flow of the
tuffaceous beds of the Calico Hills, the welded devitrified portion of the
Bullfrog Member, and the welded devitrified portion of the Tram Member. The
tunnel beds and the welded portion of the Grouse Canyon Member in G-Tunnel
also were rated for comparison (Tillerson and Nimick, 1984). The classifi-
cations have been updated since the unit evaluation study based on additional
information on the units from Yucca Mountain (Langkopf and Gnirk, 1986).

Comparative ratings for the Topopah Spring Member and the two units from
G-Tunnel are presented graphically in Figure 2-26. The scales for the two
classification systems have been correlated according to Bieniawski (1976).
The ratings are taken from Langkopf and Gnirk (1986). In general the ratings
for the three units are similar. This observation, combined with the long-
term stability of G-Tunnel with minimum support, suggests that an excavation
in the Topopah Spring Member would be stable for long periods of time without
extensive support.

2.8.2.3 Estimated support requirements based on rock mass classification

The Norwegian Geotechnical Institute Rock Mass classification system is
based upon approximately 200 case histories of tunnels (including 2 cases in
tuff) (Barton et al., 1974b). This method was used to develop preliminary
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Figure 2-26. Rock mass classification values for various tuff units. (CSIR = South African Council for Scientific
and Industrial Research Geomechanics, NGI = Norwegian Geotechnical Institute, NTS = Nevada Test Site)
Modified from Lankopf and Gnirk (1986).
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estimates of support requirements for excavations in tuff at Yucca Mountain
and in G-Tunnel (Table 2-17). Despite the variation in rock mass classifi-
cation for the various units, the support estimates indicate that either
untensioned grouted rock bolts with shotcrete or tensioned grouted rock bolts
with shotcrete should suffice in most instances. These estimates are based
both on an assumed span width of 5 m and on an excavation support ratio (ESR)
consistent with permanent support similar to that required for underground
power stations, major road and railway tunnels, and civil defense chambers,
which somewhat exceed the support required for a permanent mine opening. For
the tunnel beds and the Grouse Canyon Member, the actual support requirements
are at the lower end of the range of estimated support requirements. Actual
support for these members consists of tensioned rock bolts (grouted) and wire
mesh, without shotcrete being necessary.

More detailed studies and evaluations of requirements for permanent
support systems will be made in the exploratory shaft facility. Additional
discussion of support considerations in the design process is provided in
Section 6.2.6.3.6.

Table 2-17. Estimated support requirements based on the Norwegian
Geotechnical Institute (NGI) Rock Mass Classification
System

Classification Suggested support
Unit Location value (Q) requirements

Nonlithophysal Yucca Mountain 53.3 to 1.46 (a),(b)
Topopah Spring
Member

Tunnel bed 5 G-Tunnel 46.5 to 0.24 (c),(a),(b)

Welded Grouse G-Tunnel 34.0 to 3.08 (c),(a),(b)
Canyon Member

aUntensioned grouted rock bolts with unreinforced shotcrete.
bTensioned grouted rock bolts with wire mesh-reinforced shotcrete.
cNo support requirements.

2.8.2.4 Estimates of ground-water inflow

As expected above the water table, there is no spatially continuous flow
of water into any of the drifts in G-Tunnel. An unmeasured but presumed
small quantity is removed by the ventilation system. Observed water flow is
limited to seepage from saturated faults or fractured zones oriented more or
less vertically. The quantities of water are estimated to be approximately
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15 gal/day (Fernandez and Freshley, 1984) and are removed by routine pumping
of a small sump area.

It is expected that ground-water inflow in the Topopah Spring Member in
Yucca Mountain will be even less than that at G-Tunnel and that dewatering
requirements will be minimal. This conclusion is based on the lower degree
of saturation in the Topopah Spring Member, on the lack of significant inflow
during the drilling of drillholes through the unsaturated zone at Yucca
Mountain, and on the lesser precipitation and smaller frequency of snow cover
on Yucca Mountain as compared with Rainier Mesa.

2.8.2.5 Excavation methods

The conclusions that are drawn from the observations made in G-Tunnel as
related to repository design in the Topopah Spring Member are as follows:

1. Controlled drilling and blasting mining techniques can be used
successfully for excavating welded tuff.

2. Because the welded tuff was cut successfully (during floor leveling)
with a mechanical mining machine, tunnel-boring machines and
mechanical miners could be used.

2.8.3 CHANGES IN GEOENGINEERING PROPERTIES RESULTING FROM EXCAVATION

Underground excavation causes changes in rock mass properties in the
vicinity of the excavation. The changes result from stress changes caused by
the removal of material and also from fracturing induced by the excavation
process. Few studies distinguish between these two mechanisms. Excavation-
induced stress changes may either open or close preexisting fractures,
depending on fracture orientations relative to the underground opening and to
the preexisting in situ stresses. Kelsall et al. (1982) point out that
stress relief resulting from excavation primarily will open preexisting
fractures, whereas the excavation process will cause additional fractures.
The effect of each of these on rock permeability (and, by inference, on the
geoengineering properties sensitive to fracture aperture) is approximately
equal if controlled blasting is the excavation technique (Kelsall et al.,
1982).

Three excavation methods for the repository have been considered:

1. Drilling and blasting.
2. Mechanical mining.
3. Tunnel boring.

The mechanical fracturing induced is different for the three different
methods of excavation.

Fracturing induced by drilling and blasting may extend up to 3 m ahead
of and around the opening (Svanholm et al., 1977); major disturbance is
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generally limited to within 1 m or less of the tunnel wall (Kelsall et al.,
1982). The fracturing induced in more competent and uniform rock will extend
a shorter distance away from the charge. Careful planning, careful shothole
spacing, and proper selection of the charge-and-firing sequence can minimize
the thickness of the zone of increased fracturing.

Mechanical mining machines cause fracturing for a distance of only
several centimeters into the rock (Agapito et al., 1984). Slow, deep, and
straight cuts with the mechanical miner minimize the specific energy of the
process and also the collateral fracturing.

Tunnel-boring machines using disk cutters create a zone of increased
fracturing in rock up to 30 cm thick (Nishida, 1982). Optimization of the
specific energy for the specific in situ circumstances reduces the collateral
fracturing.

Regardless of the excavation technique used, a zone of increased frac-
turing will exist in which rock properties will differ from those in the
surrounding rock mass. This zone will be more intensely fractured than the
remainder of the rock and may have reduced saturations resulting from the
ventilation of the adjacent openings. The characterization of this zone is
one of the goals of some tests planned for the exploratory shaft (Sec-
tion 8.3.1.15).

The mechanical properties of the rock in the zone of increased frac-
turing, especially the strength and deformation modulus, will be reduced from
values in the surrounding rock. The magnitude of the reduction will depend
on the extent of fracturing in the zone. Section 2.3.3 discusses the
qualitative effects of fracturing on mechanical properties.

The volumetric heat capacity in the zone of increased fracturing will be
lower than rock mass values because of the higher porosity and the lower
water content (Section 2.4.2.2). The coefficient of thermal expansion will
be lowered by the presence of more fractures, but the deviation from the
thermal expansion coefficient of the rock mass will decrease as the fractures
are closed by expansion during the initial portion of the temperature rise
around a repository.

The presence of excavated openings will change the distribution of
stresses in the vicinity of the openings. The importance of this stress
change in affecting geoengineering properties depends primarily on the magni-
tude and the direction of the resultant deviatoric stress. Factors that may
affect the resultant deviatoric stress include opening size and shape, the in
situ stress field and its anisotropy, and the spatial distribution of
fractures. The effects of these factors are discussed in Chapter 6.
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2.9 SUMMARY

2.9.1 SUMMARY OF SIGNIFICANT RESULTS

This section summarizes the important results from Sections 2.1
through 2.8. Individual sections should be consulted for additional details.

2.9.1.1 Geoengineering properties

The development of the data base of geoengineering properties for use in
technical decisions related to a repository at Yucca Mountain is well under
way. At present, the data base consists primarily of the results of labora-
tory tests on core samples, but it is enhanced by initial results from field
observations and tests being made in G-Tunnel at Rainier Mesa. The selection
of the Topopah Spring Member as the target horizon for the repository was
based mostly on the average thermal and mechanical properties (for each of
the four horizons considered) defined from approximately 600 bulk-property
measurements, 75 thermal conductivity tests, 95 thermal expansion tests, 35
mineralogic-petrologic analyses, 60 mechanical tests on jointed-rock samples,
and 190 unconfined and 50 mechanical-property triaxial tests. Definition of
the properties to be expected in the candidate repository horizons relied on
combining the measured thermal and mechanical property data with the
corresponding bulk properties (porosity and grain density) to produce average
thermal and mechanical properties for thermal and mechanical units. The
thermal and mechanical units can be defined in the exploration holes drilled

C...> to date, although individual layers vary in thickness and, in places, do not
coincide with identified lithologic tuff units. The preliminary values of
geoengineering properties for the thermal and mechanical units to be used in
design and performance assessment work have been summarized in Tables 2-7,
2-9, and 2-14.

Studies of the mechanical properties of intact samples from Yucca
Mountain indicate that observed variations between the four horizons studied
for horizon selection depend mainly on porosity. Preliminary assessments
have been performed of the effects of water, temperature, confining and fluid
pressure, loading time, lithophysae, and anisotropy. Additional testing is
being focused almost entirely on the Topopah Spring Member. Large-scale
laboratory tests (sample diameters up to 30 cm) have been performed to
evaluate lithophysae effects, and similar testing is under way to examine
parameter effects (temperature, confining pressure, strain rate, saturation,
and sample size) on mechanical properties. Assessment of the lateral
variability of properties will rely partly on material from the lateral
boreholes or drifts planned for the exploratory shaft facility.

Studies of the mechanical properties of discontinuities (e.g., joints,
bedding planes, and faults) have focused on the mechanical properties of
simulated joints precut in samples of tuffs from the Grouse Canyon and the
Prow Pass members. These results are included in this report because of the
physical and mechanical similarities of these units to the Topopah Spring
Member. Variations in the mechanical properties of simulated joints
resulting from the effects of displacement rate, water saturation, and time-
dependent behavior have been quantified for use in predicting the mechanical
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response of the rock mass. Testing is under way to determine the properties
of natural and artificial joints in samples of the Topopah Spring Member. In
addition to providing data on the selected horizon, such testing will enable
an evaluation of the application of results from other welded, devitrified
tuff to the Topopah Spring Member. The type, spacing, orientation, and
properties of discontinuities at the repository level will be characterized
in the exploratory shaft facility.

To date there has been no large-scale testing of the tuffs from Yucca
Mountain. The heated-block test performed in G-Tunnel has provided some data
for the rock mass modulus of deformation. These data can be used with the
laboratory results for the Grouse Canyon Member to estimate how much the
intact rock Young's moduli of Yucca Mountain units need to be reduced to
describe the rock mass. Currently, it is estimated that the in situ modulus
of deformation will be about half the Young's modulus measured in the
laboratory. The pressurized-slot tests fielded in G-Tunnel will provide
additional data on the in situ modulus of deformation.

When underground access to the Topopah Spring Member becomes available,
large-scale in situ tests will be performed to measure directly rock mass
mechanical properties and to evaluate whether rock mass response can be
predicted using numerical analysis codes. These tests will be designed and
positioned to be representative of the rock mass, including discontinuities.
Plate-bearing tests, strength tests, and the Yucca Mountain heated-block
measurement will emphasize properties evaluations. Shaft and drift defor-
mation monitoring during excavation along with the canister-scale heater test
will assist in the design approach by evaluating the construction and thermal
effects of waste emplacement on a larger scale than in the properties tests.

The thermal conductivities of saturated and dehydrated samples are
variable and show dependence on variations in porosity and grain density
(mineralogy). Studies indicate that the effects of layering (fabric
anisotropy) on the thermal conductivity of welded and nonwelded tuffs are
negligible. It appears that the effects on conductivity of air-filled
lithophysae that occur within the Topopah Spring Member can be modeled as
additional air-filled porosity. However, the distribution of these voids
remains poorly defined, and the above assertion requires further confir-
mation. The presence of fractures is expected to have a negligible effect on
in situ rock mass thermal conductivity.

The calculated values of volumetric heat capacity for the tuff strongly
depend on porosity and degree of saturation and somewhat depend on mineralogy
(grain density). A series of measurements of the heat capacity of some of
the thermal and mechanical units at Yucca Mountain is planned to provide
confirmation of the calculated values.

The laboratory measurements of the thermal expansion of samples from
Yucca Mountain indicate that because of the presence of variable amounts of
hydrous phases, three temperature ranges must be defined for the thermal-
expansion behavior of Yucca Mountain tuffs: pretransitional, transitional,
and posttransitional. Studies indicate that the effects of bedding and
textural anisotropy on matrix thermal expansion behavior of densely welded
tuffs are negligible. The presence of thermally induced or preexisting
fractures is expected to reduce thermally induced rock mass stresses to below
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those predicted using thermal and mechanical properties measured in the
laboratory, primarily because of the lower elastic moduli in the field.

An examination of in situ stress at the NTS and at Yucca Mountain indi-
cates that measurements at Yucca Mountain are consistent with other measure-
ments in the region. Measurements and calculations have provided reasonable
bounds on the magnitudes of in situ stresses at Yucca Mountain.

For a repository in the Topopah Spring Member, analyses predict that the
partial saturation, relatively low porosity, and the presence of prevalent
fractures preclude thermally induced decrepitation of the rock mass. Lab-
oratory tests of thermally induced water migration will be made to estimate
its effect on ventilation requirements in a repository and on the effective
thermal conductivity of the rock mass. In addition, these tests will provide
a better understanding of the mechanisms and magnitude of water movement in
tuff subjected to a changing temperature field. Observations of thermally
induced water migration will also be made in engineered barrier system design
tests planned for the exploratory shaft facility.

Because tuffs at Yucca Mountain and Rainier Mesa are similar, G-Tunnel
experience indicates that controlled-blasting techniques can be used to
excavate the welded tuff. In addition, roof bolts and wire mesh should be
sufficient to stabilize the openings. Control of water flow should not be a
significant factor in the repository design. The excavation characteristics
of tuffs from Yucca Mountain have been evaluated by using several empirical
approaches with borehole and core sample data. These empirical correlations
suggest that no unusual support systems will be required during the exca-
vation of the exploratory shaft or the repository in the Topopah Spring
Member. Confidence in the predictions was gained by applying them to the
nonwelded tuffs in tunnel bed 5 and the welded tuffs in the Grouse Canyon
Member at Rainier Mesa.

2.9.1.2 Relationship of data to performance objectives

The data required to analyze the performance objectives have been
identified through the definition of information needs. These information
needs and their relationship to specific performance objectives are discussed
in Section 8.2. The data in Chapter 2 that apply to performance objectives
are presented in Section 2.9.3. The performance objectives to which the
analysis of geoengineering data contribute are briefly discussed in this
section.

Performance objectives for the geologic operations area are described in
10 CFR Part 60. Those objectives to which information in Chapter 2 are most
relevant are discussed in the following paragraphs.

Part (b) of 10 CFR 60.111 (retrievability of waste) is the performance
objective for which geoengineering data provide the most information. To
satisfy this objective, the Yucca Mountain Project position is that all
underground openings, including waste emplacement holes, drifts, and access
ramps from the surface must remain stable through the retrievability period
(Flores, 1986). For emplacement drillholes, there must be reasonable
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assurance that the walls will not deteriorate to an extent that would
preclude removal of waste containers. The data summarized in this chapter
demonstrate that both mechanical and thermal properties of the Topopah Spring
Member are similar to correlative properties of the Grouse Canyon Member
where, even at high temperatures, heater tests have not resulted in any
damage to the heater-hole walls (Zimmerman, 1983).

A similar statement can be made about drifts in the Topopah Spring Mem-
ber. G-Tunnel, which penetrates tuffs similar to the Topopah Spring Member,
has required minimal support over its lifetime and has remained a stable
opening. The additional factor of the elevated temperatures expected in the
Topopah Spring Member, as a result of waste emplacement, must be treated with
thermal and mechanical calculations such as those discussed in Chapter 6.

The data in Chapter 2 also may be used in an assessment of the perform-
ance objective for particular barriers after permanent closure (10 CFR
60.113). The analysis of the mechanical stability of the emplacement hole
and of the expected environment (e.g., moisture content and temperature) must
demonstrate that the waste package portion of the engineered barrier system
will isolate the waste for the specified time (10 CFR 60.113(a)(1)(ii)(A))and
that radionuclide release rates from the engineered barrier system will be
less than or equal to the limits specified in 10 CFR 60.113(a)(1)(ii)(B).

The conceptual models representing tuffs at Yucca Mountain were
described briefly in the introduction to this chapter and are discussed in
more detail in Chapter 6. Descriptions of alternative conceptual models for
the process of heat transfer, and mechanical constitutive models for
Theological behavior and material properties of the tuff units at Yucca
Mountain, are presented in Section 8.3.1.15. All the data necessary to
implement the models have been identified and either have been obtained or
are part of the test program discussed in Chapter 8. Specific items that are
either data or boundary conditions for which information is incomplete are
presented in the following paragraphs.

The data summarized in Chapter 2 are insufficient for complete site
characterization in the following specific areas:

1. The effects of the parameters (temperature, confining pressure,
strain rate, saturation, and sample size) on the mechanical
properties of welded, devitrified Topopah Spring Member.

2. The measurement of properties of joints in the Topopah Spring
Member.

3. The confirmation that data obtained to date are representative of
material to be characterized during underground testing in the
exploratory shaft.

4. In situ measurement of geoengineering properties including thermal
and mechanical rock mass properties, fracture properties, and in
situ stress.

The data discussed in this chapter are of good quality (i.e., were
obtained following detailed test procedures and using calibrated instruments
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under controlled test conditions); the experimental uncertainties are
approximately 10 percent for thermal properties and 3 percent for mechanical
properties. The data still to be gathered should be of at least comparable
quality. Section 8.6 discusses quality assurance as related to test
procedures to be used in future data collection.

2.9.1.3 Preliminary evaluation of data uncertainty

The test programs for rock characteristics (Sections 8.3.1.4 and
8.3.1.15) express data needs in terms of qualitative ranges of acceptable
uncertainty at a specified confidence level. This type of confidence level
analysis is not provided in Chapter 2 because it would be premature. The
availability of samples and the scope of testing have been limited before
.site characterization, in such a way that sampling uncertainty is still high,
and confidence requirements expressed in the aforementioned test programs
have not been reached. However, the requirements have been structured with
respect to the available data such that (1) the requirements have already
been attained (based on preliminary data) for a number of parameters,
including bulk physical properties (porosity, grain density, and in situ bulk
density), Poisson's ratio, and heat capacity (inferred from geochemistry) or
(2) the requirements are probably attainable. But if certain requirements
are unattainable because of sampling uncertainty then the requirements can be
relaxed as part of performance assessment.

2.9.2 RELATION TO DESIGN

The information discussed in the preceding sections of Chapter 2 applies
directly to the design process. The strength of the rock allows the calcu-
lation of factors of safety through comparison with the stress field around
openings. The stress field, in turn, is a function of the preexisting
stresses and of the stresses induced in the rock by the presence of the
openings and of the heat produced by the waste canisters. The location,
size, and orientation of openings will be a function of the stress field and
of the expected mechanical behavior of the rock mass. The thermal field
generated by a repository is a function of the preexisting temperatures and
of the thermal conductivity and heat capacity of the rock. The allowable
thermal loading and the distribution of the waste within the repository will
be a function of the thermal properties and the predicted thermomechanical
response of the rock mass. All these relationships between rock properties
and the design of a repository are discussed in more detail in Chapter 6.

The rock properties are also relevant to the design of waste containers
appropriate for waste emplacement in tuff. Thermal conductivity, heat
capacity, and bulk density are the parameters that determine the rate at
which heat is removed from the vicinity of the waste container; thus they
affect the temperatures to which the containers will be subjected. The
mechanical response (deformation modulus for an elastic medium) and the
coefficient of thermal expansion help to determine the thermal stresses that
will occur in the rock surrounding the waste container, so that the borehole
stability can be estimated. Knowledge about thermally induced water
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migration behavior provides information on the expected chemical environment
to which waste container materials will be subjected. These topics are
presented in more detail in Chapter 7.

2.9.3 IDENTIFICATION OF INFORMATION NEEDS

This section provides a synopsis of information needs for which data in
Chapter 2 are relevant. Geoengineering data pertinent to each listed infor-
mation need are also provided. Table 2-18 is a summary of the information
discussed in Chapter 2. A complete listing of information needs and
investigations, including those for which geoengineering data are not
pertinent, is provided in Section 8.2. Individual information needs and
investigations and the strategies to be used in acquiring the necessary data
are discussed in Section 8.3.

A general list of geoengineering information needed to complete site
characterization was given in Section 2.9.1. The remainder of this section
sets preliminary priorities on the geoengineering information required.
These priorities are based on the discussion in Chapter 6.

The data needs discussed in Sections 6.3 and 6.4 show that data on the
mechanical properties of fractures in the Topopah Spring Member are the most
important deficiency in the existing data base. These properties are an
important part of the mechanical behavior of the rock mass, as well as a
factor in decisions about the size, shape, and orientation of the mined
openings of a repository.

Detailed knowledge of in situ stress at Yucca Mountain and its spatial
variation is also lacking. This information is also important in the design
process and plays a large role in determining the suitability of the site in
terms of seismic and tectonic stability.

A third area where more data are required is that of the mechanical
properties of the matrix of the Topopah Spring Member. Specifically, more
information is needed on the effects of parameter variation (temperature,
pressure, saturation state, and sample size) on the mechanical properties so
that these properties can be estimated for the varying conditions expected
during the life of a repository. Also, the mechanical properties of
lithophysae-rich Topopah Spring Member must be better understood so that the
volume of usable material can be better defined and so that allowance can be
made in the design process for the presence of such material within the
repository horizon.

2.9.4 RELATION TO REGULATORY GUIDE 4.17

The following discussion is based upon an examination of NRC Regulatory
Guide 4.17 (Revision 1), Part A, Section 2 (NRC, 1987). The discussion is
intended to identify requirements from this document that do not apply to
geoengineering properties for the Yucca Mountain site.
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Table 2-18. Relationship of geoengineering data to issues, information needs and investigations

(page 1 of 3)

Information need
or investigation Description Pertinent geoengineering data Relevant section of Chapter 2

a:>

0

x1

'00

1.1.1

1.6.1

Site information needed to calculate
the releases of radionuclides to the
accessible environment (Section
8.3.5.13.1)

Site information and design concepts
needed to identify the fastest path
of likely radionuclide travel and
to calculate the ground-water travel
time along that path (Section
8.3.5.12.1)

Porosity 2.4.3

Porosity 2.4.3

1.6.5

n11

1.7

Boundaries of the disturbed zone
(Section 8.3.5.12.5)

Determination that the subsurface con-
ditions encountered and the changes
in those conditions during construc-
tion and waste emplacement operations
are within the limits assumed in the
licensing review [10 CFR 60.43(b),
60.74, 60.140(a)(1) and 60.141(b)]
(Section 8.3.5.16)

Effect of excavation methods on
rock properties

Ambient stress conditions
Porosity
Density
Thermal conductivity
Heat capacity
Thermal expansion
Compressive strength
Tensile strength
Elastic moduli
Joint properties

2.8.3

2.6
2.4.3
2.4.3
2.4.2.1, 2.5.2
2.4.2.2, 2.5.2
2.4.2.3, 2.5.2
2.1.2.3.1, 2.3.2, 2.3.3
2.1.2.3.2, 2.3.3
2.1.2.2, 2.3.2, 2.3.3
2.2

1.11.1 Site characterization information
needed for design (Section 8.3.2.2.1)

All properties in Chapter 2 2.1-2.8

1.11.6 Predicted thermal and thermomechanical
response of the host rock surrounding
strata, and ground-water system
(Section 8.3.2.2.6)

Ambient stress conditions
Porosity
Density
Thermal conductivity
Heat capacity
Thermal expansion
Compressive strength
Tensile strength
Elastic moduli
Joint properties
Thermally induced water migration

2.6
2.4.3
2.4.3
2.4.2.1, 2.5.2
2.4.2.2, 2.5.2
2.4.2.3, 2.5.2
2.1.2.3.1, 2.3.2, 2.3.3
2.1.2.3.2, 2.3.3
2.1.2.2, 2.3.2, 2.3.3
2.2
2.7.2



Table 2-18. Relationship of geoengineering data to issues, information needs and investigations
(page 2 of 3)

Information need
or investigation Description Pertinent geoengineering data Relevant section of Chapter 2

>i1

D

0

*0

8.3.1.2.2

8.3.1.2.3

8.3.1.3.4

8.3.1.3.6

Description of the unsaturated zone
hydrologic system at the site

Description of the saturated zone
hydrologic system at the site

Radionuclide retardation by sorption
processes along flow paths to the
accessible environment

Radionuclide retardation by dispersive/
diffusive/advective transport proc-
esses along flow paths to the
accessible environment

Porosity

Porosity 2.4.3

2.4.3

Dry bulk density

Porosity

2.4.3

2.4.3

I-A
8.3.1.15.1 Spatial distribution of thermal and

mechanical properties
Thermal conductivity
Thermal expansion
Heat capacity
Compressive strength
Elastic.moduli
Joint properties
Tensile strength

2.4.2.1, 2.5.2
2.4.2.3, 2.5.2
2.4.2.2, 2.5.2
2.1.2.3.1, 2.3.2, 2.3.3
2.1.2.2, 2.3.2, 2.3.3
2.2
2.1.2.3.2, 2.3.3

8.3.1.15.2 Spatial distribution of ambient stress
and thermal conditions

8.3.1.6.4 Potential effects of erosion on the
hydrologic and geochemical
characteristics at Yucca Mountain

8.3.1.8.5 Potential effects of igneous and
tectonic activity on rock
characteristics

8.3.1.9.3 Potential effects of exploiting
natural resources on hydrologic,
geochemical, and rock characteristics

Ambient stress conditions

All of Chapter 2

All of Chapter 2

All of Chapter 2

2.6

2.1-2.8

2.1-2.8

2.1-2.8

2.4.1 Site and design data required to
support retrieval (Section 8.3.5.2.1)

Thermal conductivity
Thermal expansion
Heat capacity

2.4.2.1, 2.5.2
2.4.2.3, 2.5.2
2.4.2.2, 2.5.2

( ( (
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Table 2-18. Relationship of geoengineering

(page 3 of 3)
data to issues, information needs and investigations tb

C)

D

A,

I.-A

-j

Information need
or investigation Description Pertinent geoengineering data Relevant section of Chapter 2

2.4.1 Joint properties 2.2
(continued) Compressive strength 2.1.2.3.1, 2.3.2, 2.3.3

Tensile strength 2.1.2.3.2, 2.3.3
Elastic moduli 2.1.2.2, 2.3.2, 2.3.3

2.7.1 Site information needed for design All of Chapter 2 2.1-2.8
(Radiological protection) (Section
8.3.2.3.1)

4.2.1 Site and performance assessment All of Chapter 2 2.1-2.8
information needed for design
(Section 8.3.2.4.1)

4.4.1 Site and performance assessment All of Chapter 2 2.1-2.8
information needed for design
{Section 8.3.2.5.1)

8.3.1.14.2 Soil and bedrock properties of Geoengineering properties of surface 2.7.3
potential locations of surface materials
facilities

8.3.1.15.1 Spatial distribution of thermal and Thermal conductivity 2.4.2.1, 2.5.2
mechanical properties Heat capacity 2.4.2.2, 2.5.2

Thermal expansion 2.4.2.3, 2.5.2
Compressive strength 2.1.2.3.1, 2.3.2, 2.3.3
Elastic moduli 2.1.2.2, 2.3.2, 2.3.3
Joint properties . 2.2
Tensile strength 2.1.2.3.2, 2.3.3

8.3.1.15.2 Spatial distribution of ambient Ambient stress conditions 2.6
stress and thermal conditions
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Regulatory Guide 4.17 requires that an analysis of elastic and inelastic
behavior be included in the section on the mechanical properties of the rock
matrix (NRC, 1987). As discussed in Section 2.1.2.3.1.4 of this report,
inelastic deformation of the matrix of the Topopah Spring Member is con-
sidered unlikely at Yucca Mountain. However, linear creep and nonlinear
creep have been identified as alternative hypotheses for conceptual
mechanical constitutive models of rock mass behavior as described in Sec-
tion 8.3.1.15 and Table 8.3.1.15-2. Additional experimental work is ongoing
to examine the validity of this position, as discussed in Section 8.3.1.15.

A description of special geoengineering properties is required to be
present in a site characterization plan. Of the examples of such properties
listed in NRC Regulatory Guide 4.17 (NRC, 1987), brine migration is not
relevant to the Yucca Mountain site. Section 2.7.1 has predicted that
thermal degradation and thermally induced water migration will not be
significant. The latter conclusion is being examined in more detail during
in situ testing in the exploratory shaft.
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