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ABSTRACT

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project is
currently evaluating volcanic tuffs at the Yucca Mountain site, located
on and adjacent to the Nevada Test Site, for possible use as a host rock
for a radioactive waste repository. The behavior of tuff as an
engineering material must be understood to design, license, construct,

‘and operate a repository. Geocengineering evaluations and measurements

are being made to develop confidence in both the analysis techniques for
thermal, mechanical, and hydrothermal effects and the supporting data
base of rock properties. The analysis techniques and the data base are
currently used for repository design, waste package design, and
performance assessment analyses. This report documents the data base of
geoengineering properties used in the analyses that sided the selection
of the waste emplacement horizon and in analyses synopsized in the
Environmental Assessment Report prepared for the Yucca Mountain site.
The strategy used for the development of the data base relies primarily
on data obtained in laboratory tests that are then confirmed in field
tests. Aversge thermal and mechanical properties (and their anticipated
variations) are presented. Based upon these data, analyses completed to
date, and previous excavation experience in tuff, it is anticipated that
existing mining technology can be used to develop stable underground
openings and that repository operations can be carried out safely.
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INTRODUCTION

The Mevada Nuclear Waste Storage Investigations (NNWSI) Project is
currently evaluating volcanic tuffs on and adjacent to the Nevada Test
Site (NTS) for possible use as a host rock for a radiosctive waste
repository. The NNWSI Project is directed by the Waste Hanageﬁent
Project Office (WMPO) of the Department of Energy (DOE) in Las Vegas,
Nevada. After completing a screening activity that considered numerous
possible repository locations (Sinnock and Fernandez, 1982), the NNWSI
Froject has focused its attention on evaluating the tuffs beneath Yucca
Mountain (see Figure 1) in southeastern Nevada. Based oﬁ a
unit-evaluation study (Johnstone, Peters, and Gnirk, 1984) of four
geologic units potentially useful for waste disposal, the welded tuff
idéntified,as the Topopah Spring Member of the Paintbrush Tuff (see
stratigraphy in Figure 2) is now considered the reference unit for
location of an underground repository.

The behavior of tuff as an éngineering material must be understood to
deslgn. license, construct, and operate a repository. The uniqueness of
a repositoryldesign (when compared to mines or tunnels) :gsults mainly
from the addition of heat to the rockmass. The heat, produced by the
canisters of radioactive waste, changes the temperature field and imposes
additional stresses on the rockﬁass.A Geoengineering evaluations are
being conducted to develop confidence both in the anal&sis techniques for
thermal, mechanical, and hydrothermal effects and in the supporting data
base of rock properties. Both must be sufficient for repository design,

waste package design, and performance assessment analyses. This report
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documents the status of the data base of rock properties that were
available for the unit evaluation and analyses supporting the
Environmental Assessment Report issued in accordance with the Nuclear
Waste Policy Act of 1982.

In order to set the stage for the discussion of specific properties

or parameters, the remainder of this Introduction is devoted to:

. Identifying quantities that must be predicted to evaluate
thermal, mechanical, and hydrothermal phenomena. Several of the
design parameters that will be established and decisions that
will be made based in large part upon the predicted quantities
will also be identified.

. Identifying specific properties or measured values needed to make
or evaluate the required predictionms.

. Describing the strategy being used to develop the data base of
geotechnical properties.

. Summarizing the sample selection logic and status of the

geotechnical measurements activities.

Predicted Quantities

Detailed analyses of candidate repository and waste package designs
relative to thermal, mechanical, and hydrothermal concerns during the
emplacement, retrieval, and long-term isolation and containment periods
necessitate the prediction of temperatures, stresses, strains, and
displacements of the rockmass as well as thermally-induced water flow

(quantities and directions).
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Predictions of rock teﬁpératures are required for establishing (from
a heat transfer viewpoint) the spatial extent of the tuff in the Topopah
Spring acceptable for emplacing waste, for establishing the acceptable
gross thermal loading within the disposal horizon, and for evaluating the
ability of the waste emplacement area and waste package designé to meet
very-near-field, near-field, and far-field temperature éonstraints.
Temperature predictions are also an important prerequisite to

e the evaluation of the stability of pillars, waste emplacement

holes, and drift intersections,

v a determination of the waste package environment,

D the establishment of ventilation requirements, and

- design trade-off studies such as horizontal versus vertical

emplacement, waste package sizing, canister spacing, and drift
spacing.
For example, predicted rock temperatures allowed calculations of
thermomechanical responses that were used to compare four poteﬁtlal
emplacement zones in the unit eéaluation activities, contributing to the
selection of the Topopah Spring Member as the most‘appropriate unit for
the waste emplacement area.

Stress, strain, and/or displacement predictions are needed for
detailed analyées of drift size, shape, spacing, and support requirements
and for evaluating emplacement hole stability (including liner
requirements, if any). Stress, strain.'ahd/or displacement predictiéns
are also needed for determining £he spatial extent of the dispésal
horizon acceptable for waste emplacement (of particﬁlar conéern are

lithophysae content and gross thermal loading), for evaluating shaft



designs with respect to opening stability and liner loading, and for
evaluating the amounts and consequences of far-field deformation and
subsidence.

Predictions of water migration quantities and mechanisms are
important in accurately calculating rock temperatures, in establishing

ventilation requirements, and in defining the waste package environment.

Properties/Parameters Required

Specific tuff properties or in situ parameters that are important to
the accurate prediction of temperatures, stresses, strains, displacements,
and thermally-induced water movement have been identified. The most
important properties and in situ parameters identified to date are the
following:

» For temperature predictions:
—-- thermal conductivity, saturated and dry
—- in situ saturation,
—- in situ temperature and thermal gradient,
~- heat capacity, and
-—- latent heat of vaporization for tuff pore water.
« For stress, strain, and displacement predictions:
—- rock matrix elastic properties (Young's modulus and Poisson's
ratio),
-~ rock matrix thermal expansion,
-- rock matrix strength properties (compressive strength, tensile
strength, cohesion, and angle of internal friction),

—— analogous rockmass elastic and strength properties,
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—- Jjoint properties (joint cohesion, joint stiffness, coefficient
of friction for joint slip initiation), and
-- in situ stress state
* For water migration predictions:
- chargctgristic curves relating hydraulic conductivity and state
of rock saturation to pore pressures,
— in situ degreg of saturation, and

-~ rockmass permeability and porosity (including fracture effects).

in tuff materials, these properties often depend on fluid end
confining pressure, degree of saturation, time, orientation, or
temperature. In addition, several other properties or in situ parameters
must be measured. For example, density, porosity, and mineralogical
variations from drill hole core as well as borehole logging dats must be
obtained in order to understand the spatial variability of many of the
previously listed parameters. Similarly, empirical approaches to . the
evaluation of opening stability and support requirements rely upon
fracture spacing and condition data, rock quality indices based on core
quality, and groundwater flow conditions.

This report ¢oes not attempt to discuss each of the required
geoengineering parameters. Rather, concentration is on those parameters
for which personnel at Sandia National Laboratories (SNL) are obtaining

data in support of the NNWSI Project.
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Data Base Strategy

A strategy for the development of the geoengineering properties data
base needed for technical decisions has been developed and implemented in
the NNWSI Project. The strategy relies primarily upon data obtained from
laboratory tests. The relationship of laboratory data to in situ data is
evaluated and confirmed in field tests in G-Tunnel, a test facility in
Rainier Mesa located on the NTS (Figure 1) and also will be evaluated in
tests which will be conducted in the exploratory shaft (ES).

Laboratory data will consist of test results on samples from areas
identified in Figure 1:

. boreholes drilled in Yucca Mountzain,

. G-Tunnel,

. Topopah Spring Member outcrop at Busted Butte, and

. the ES (including the exploratory lateral boreholes).

Rainier Mesa data are included because the thermal and mechanical
properties of the welded and nonwelded tuffs in G-Tunnel are similar to
those measured for Yucca Mountain tuffs. Closely spaced samples of both
welded and nonwelded tuff were taken to evaluate the effects on tuff
response of changes in such variables as fluid and confining pressure,
sample orientation, temperature, strain rate, degree of saturation, and
joint behavior. By taking very closely spaced samples, the
sample-to-sample variability (hence the number of required tests) was
minimized. Thus, in a test series designed to identify strain-rate
effects, considerations of sample-to-sample variability in grain density
or porosity could be neglected in interpreting the data. In addition,

the data are presented because they, along with the results of the KNWSI

-8-
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Project's G-Tunnel experiments, form the basis for early determination of
the relationship of intact rock and rockmass properties.

Now that the Topopah Spring Member has been selected as the reference
emplacement unit, testing is being completed on samples from the outcrop
of the Topopah Spring Member at Busted Butte. targe samples (about 0.5
m3) have been cored (up to 30-cm diameter cores), primarily for
measuring the effects of lithophysae on thermal and mechanical péoperties
and for establishing the effect of sample size on thé measured strength
of the Topopah Spring Member.

Tests will be performed on samples from long horizontal boreholes and
from larger cores obtained in the ES. These data will be used to assess
effects found to be important in previous tests and to confirm
anticipated vertical gnd lateral variability of the Topopsh Spring Member.

An important aspect of the laboratory testing is obtaining confidence
in the quality of the data peipg used to make design analyses and
performance assessments. Quality assurance procedures (QAPs) have
therefore been prepared for all of the more routine (nondevelopmental)
tests. Procedures have been written, approved, followed, and audited_for
thermal expansion, tﬁermal conﬁuctivity. bulk and grain density, and
uniaxial and trisxial compression testing. Where applicable, ASTM
Standard Test Procedures (see Table 1) have been compared to QAPs. 1In
several areas (particularly sample handling techniques, natural-state
saturation effects, and instrumentation for lateral displacement
measurements), more stringent requirements than those in the ASTM
procedures are being used. These requirements are evident from the data

sheets and experiment procedures provided in the QAPs. In developmental

-9-



TABLE 1

APPLICABLE ASTM TEST PROCEDURES

Measurements Test Procedure*
Uniaxial Compressive Strength ASTM-D-2938-79
Triaxial Compressive Strength ASTM-D-2664-80
Tensile Strength (Brazilian Test) ASTM-D-3967-81
Elastic Properties (Static) ASTM-D-3148-80
Elastic Properties (Dynamic) ASTM-D-2845-69

{(reapp. 1976)
Thermal Conductivity ASTM-C-202-71
(reapp. 1977)
Thermal Expansion ASTM-E-228-71
(reapp. 1979)
Specific Heat ASTM-C-351-61
(reapp. 1973)
Bulk Density ASTM-C-97-47
(reapp. 1977)

- Paraffin-coated specimens ASTM-C-118-71

Grain Density - Water pycnometer ASTM-C-135-66
- Helium pycnometer ASTM-C-604-79

*Complete citations are provided in the references at the end of this
report.

-10-
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tests, suchras those for the measurement of either time-dependent thermal
expansion coefficients or jeint slip, docﬁmentation of the test
procedures is provided as an important product of the testing.

A second part of the data base development is the field testing
program currently under way in welded and nonwelded tuff in G-Tunnel.
Underground openings in the G-Tunnel facility have been developed as part
of the NNWSI Project rock mechanics program in both welded and nonwelded
tuff. The data from the experiments and observations in the welded
Grouse Canyon Member in G-Tunnel are especially valuablevto the currgnt
design evaluation of the emplacement horizon in the Topopsah Sprlng Member
because |

. bulk, thermal, and mechanical properties of both Hembers are
similar,*

. the overburden loadings (about 425 m in depth) and opening
dimensions (up to a 5-m span) are similar,

. fracture characteristics are similar, and
. the degrees of saturation (0.8 to 0.95) are similar.

Site-specific field data (thermal conductivity, elastic moduli,

strength, support requirements, drift and borehole stability, joint motion.

and water migration) obtained in G-Tunnel will be used to support site
evaluations and the conceptual designs of both the waste emplacement area

and the waste package. The G-Tunnel tests will also allow development of

measurement techniques and instrumentation evaluations before testing in the

ES begins.

*Lithophysae are, however, not present in the Grouse Canyon Member welded
tuff in G-Tunnel; a detailed comparison of properties is presented later
in this report.

-11-



Finally, the last part of the data base development approach is the
field observations made during construction of and testing in the ES.
These tests will increase confidence in the design of the emplacement
area by providing both a direct measurement of rockmass properties and an
opportunity to evaluate the thermal and structural codes used in the
prediction of the coupled behavior that results from mechanical and
thermal loadings. The specific tests are currently being planned And
evaluated.

Data gathering and interpretation activities are planned to provide
recommended values for material properties on which to base the decisions
that must be made throughout the design of the emplacement area. 1In the
future, these data will reflect steadily increasing levels of site- and
horizon-specific information. To an increasing degree, data will be
obtained directly from the rockmass instead of inferring rockmass data
from laboratory measurements on cores.

As an example of the implementation of the data base development
approach, consider the timing and contribution of various laboratory and
field tests to the development of recommended values for the elastic
properties of the host rock (see Figure 3). The data base reported here
consists only of laboratory tests on samples from holes UE-25a#l, USW
G-1, and USW G-2 and from Rainier Mesa and initial field test results
from G-Tunnel. Activities are being completed that add results from
laboratory tests of samples from USW GU-3 and USW G-4 and from outcrops
of tuff containing lithophysae. Future input will include additional
interpreted data from field tests conducted in G-Tunnel and from

laboratory tests on cores obtained by lateral drilling in the ES. The

-12-
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interim products of this work will be recommended rockmass properties
based on data available at the time the design need is expressed. The
final product of this work will be recommended rockmass properties (and
their uncertainties) that have been confirmed by in situ tests and

observations made in the emplacement horizon during ES testing.

Sample Selection Logic

The procedures and logic used in sample selection for laboratory
testing of cores from Yucca Mountain are important in assessing how well
the data base represents the in situ material. 1In the NNWSI Project,
this logic has evolved with time. Both the inherent sampling limitations
(procedural and lithological) and the progression of the logic are
described below.

Because the primary objective of every cored hole at Yucca Mountain
has been to determine the stratigraphic relationships within the cored
interval, sections of core near stratigraphic contacts were unavailable
for thermomechanical testing. This procedural limitation has little
impact on testing of relatively thick units, such as the lower
devitrified portion of the Topopah Spring Member, but could affect
testing in thinner layers. Lithologic limitations caused by fracture
spacing and lithophysal content result from the concern that core samples
selected for testing be representative of the interval from which they
are taken. To determine thermal and mechanical properties, sample
lengths of 5.1 cm or greater are needed. Therefore, tested samples can,
at best, be representative of that material which is recovered from

coring operations in pieces at least 5.1 cm in length. 1In addition, the

~14—



size of the lithophysae causes core to break into small pieces in
portions of the Topopah Spring Member. Cores containing lithophysae can
only be obtained if the lithophysae are small; therefore, it cannot be
guaranteed that samples of lithophysal tuff collected during drilling are
representative of in situ material.

The laboratory testing program was initiated in 1979. Rather than
obtaining samples from evenly spaced vertical intervals, emphasis was
placed on tests on core samples taken from below the water table
(particularly from the Bullfrog Member) in UE-25a#l and on limited
samples from other units.

During the testing of samples from USW G-1 (mid-1981 through
mid-1982) and the initial tests made using USW G-2, USW G-3, and USW GU-3
core, two important events took place. First, the concept of a
functional stratigraphy was developed. Each zone in the functionél
stratigraphy represents an interval for which average thermal and
mechanical properties (and their anticipated variations) are defined.
Zone boundaries reflect regions in which potentially significant changes
in thermal and mechanical properties are anticipated. These boundaries
do not always reflect the changes in formal stratigraphic divisions
defined in geologic studies. Bulk property data obtained from samples
taken at evenly spaced intervals are needed for definition of boundaries
between the functional zones. Second, the tuffs in the zone above the
static water level began to receive serious consideration for waste

disposal. At this stage, sample selection requirements were based on two

-15-




assumptions.

. Given sufficient thermomechanical measurements and bulk property
data from evenly spaced samples, it is possible to predict with
sufficient accuracy the thermomechanical properties of layered
tuff units.

. The properties of anomalous zones, the presence of which is
indicated by bulk property measurements, can be predicted
adequately from the correlation curves. -

As a result, the completeness of the sampling and the evenness of the
sampling intervals, especially with respect to bulk properties, are much
better in USW G-1 and subsequent drill holes. Sample depths and
intervals at which bulk property samples were to be collected were
specified in drilling criteria that were established for each drill hole
before drilling began. Any bias has been toward maintaining an even
spacing of samples rather than toward selection of the best material in

each interval.

Current Data Base

The current data base consists primarily of measurements on cores
with relatively small diameters. Thermal and mechanical properties have
been defined for the four units (Topopah Spring Member, Tuffaceous Beds
of Calico Hills, Bullfrog Member, and Tram Member) initially considered
for waste emplacement in Yucca Mountain. The data base consists of
approximately 75 thermal conductivity tests, 95 thermal expansion tests,
35 mineralogical/petrological analyses, and 120 unconfined and 50

pressure-dependent mechanical properties tests. Most of the data are

~16-




from UE-25a#1 and USW G-1; in some cases, samples from USW G-2 and
Rainier Mesa have been included.

Interpfetations of the thermal and mechanical properties and tﬁeir
statistical variation ha&e relied heavily Qn the use of the bulk
properties date and minefalogical analyses to establish correlation.
These data, coupled wiﬁh observations of corelquality and G-Tunnei
opening stability and support requ;rements. were the basis for thermal
and mechanical evaluations in the unit evaluation analyses aﬁd forA
analyses cited in the Environmental Assessment Report. The unit
evaluati#n analyses led to the conclusion that stable openiﬁgs coulgrbe |
developed in a;l four potential disposal units. This conclusion
contributed to the selection of the foéopah Spring Member #s ﬁhe
preferabié unit.

Data-gathering efforts have now been directed primarily at evaluating
the behavior of the Topoﬁah Spring Hembef. primafily emphasizing_lateral
variability, lithophysal effects.'joint properties and temperature,
pressure, and sample size effects on compressive strength and elastic
moduli. An updated version of the properties discussed in this report
will be prepared for inclusion in the Site Characterization Plan if the

Yucca Mountain site is approved for site characterization.

-17-



SECTION 1. MECHANICAL PROPERTIES OF INTACT ROCK

Intact, unfractured, homogeneous rock can be considered to be a
continuum. Data on the intact rock mechanical properties of the volcanic
tuffs in Yucca Mountain are required: (1) For direct use in analysis and
design of mined openings, shafts, and boreholes; (2) To determine the
spatial distribution of rock properties in the Yucca Mountain tuffs; and
(3) To predict (in conjunction with fracture effects) rockmass or in situ
mechanical properties. The values obtained from mechanical testing of
samples from each of the four initial candidate emplacement horizons (the
Topopah Spring Member of the Paintbrush Tuff, the Tuffaceous Beds of
Calico Hills, the Bullfrog Member of the Crater Flat Tuff, and the Tram
Member of the Crater Flat Tuff) are presented in this section. These
data have been used in disposal unit evaluation studies (Johnstone,
Peters, and Gnirk, 1984) and in analyses that are reported in the

Preliminary Repository Concepts Report (PRCR) (Jackson, 1984).

Definition of Terms

Elastic Constants

In the design, modeling, and analysis of openings, elastic constants
are required to predict how rock surrounding the subsurface openings may
elastically deform after excavation and emplacement of wastes. Young's
modulus and Poisson's ratio are used to characterize the elastic
deformation (strain) of rock under load (stress). Young's modulus is

defined as the slope of the linear portion of the longitudinal (axial)

-18-




stress strain curve. Poisson's ratio is the ratio of lateral
(transverse) strain to longitudinal strain. Both of these elastic
constants are measured in uniaxisl or triaxial compressive tests or in
tensile tests. In addition, for an isotropic material, any of the other
elastic constants (e.g., shear modulus or bulk modulus) can be calculated
directly from Young's modulus and Poisson's ratio.

Strength

Compressive and tensile strengths are measures of the ability of rock
to resist failure when subjected to externally applied compressive and
tensile forces, respectively. Uniaxial compression tests (i.e.,
laterally unconfined) yield the unconfined compressive strength and are
the most common method for determining strengths of intact laborsatory
test specimens. Confined compressive strength and Mohr Coulomb
parameters (the angle of internal friction and cohesion) are determined
in tests run in triaxial compression. The tensile strength of a rock
sample may be determined by simple extension to fallure in a uniaxial
tension test. Because this test is difficult to perform, indirect means
of testing have been devised. One such test, the Brazilian tensile test,
has been found to provide a reasonable measure of the tensile strength
(Mellor and Hawkes, 1971).

Each of the above-mentioned strength parameters is utilized in
analysis and modeling of in situ rock strength and stability for design
of subsurface openings. The strength parameters are required to assess
whether in situ stress conditions, as modified by excavation and thermal

loading, will cause instability in the vicinity of underground openings.
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The strength and stress/strain characteristics of intact samples
represent the upper-limit values of the strength and stiffness of the in
situ rockmass. The reductions in strength and stiffness reflected in the
actual values for the rockmass are functions of the frequency and nature
of existing discontinuities.

Physical Properties and Mineralogy

The physical properties of rock include grain density, bulk density,
porosity, and water content. The physical properties and mineralogy of
rock specimens are used in the characterization and analysis of field and

laboratory strength and stress/strain test results.

Equipment and Procedures, Limitations, and Error Analysis

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, Jones, and Nimick, 1982; Price and Nimick, 1982; and Price,

1983). The reports also include detailed discussions of sample
treatment, equipment, experimental procedures, and calibrations.

The large majority of samples tested were right circular cylinders
with diameters of 2.54 cm and a length-to-diameter ratio of approximately
2:1. The specimen size allowed the number of samples available for
testing to be maximized to compensate for the limited amount and size
{approximately 6 cm in diameter) of raw core material. 1In the large
majority of samples, grain and flaw (pore) sizes were less than one-tenth
of the diameter of the sample, thus minimizing the effects of grain and

pore size on the bulk mechanical properties. Using the 2:1
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length-to-diameter ratio, end effects (i.e., interaction of the sample
and loading piston) ﬁttenuate within the sample such that strain
measurements near the midsection of the sample are unaffected. The 2:1
ratio also minimizes the production of bending'moments. which occur more
frequently when higher ratios are used. 1In addition, the 2:1 ratio is
commonly used in mechanical teﬁts on other rocks; thus, its use allows
the results of tests on tuff to be gompared to those for other rock types.
Calibrations of force and displacement gages before each experimental
series have shown that errors in these measurements are in all cases less
than three percent. Any major dlfferencés in mechahical properties
exhibited in adjacent tuff samples must, therefore, be & result of sample
variability (mineralogy, porosity, grain density, etc.) or test

conditions.
Mechanical Properties of Other Potential Repository Host Rocks

A list of mechanical property ranges for three other rock types which
are also being considered as repository host rocks is presented in Table
2. Corresponding ranges of properties for tuffs are 11.7 to 176.6 MPa
for unconfined compressive strength, 2.5 to 40.8 GPa for Young's modulus,

and 0.03 to 0.38 for Poisson's ratio (Price, 1983).
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TABLE 2

RANGE OF MECHANICAL PROPERTIES OF OTHER POTENTIAL REPOSITORY HOST ROCKS

Unconfined
Compressive Young's Poisson's Reference
Strength Modulus Ratio
Rock Type (MPa) (GPa)
Basalt 22.1-359.0 19.6-183.0 0.09-0.35 Carmichael, 1982
Granite 107.0-229.0 15.7-87.6 0.19-0.30 Carmichael, 1982
Rock Salt 19.4-27.7 28.3-39.2 0.23-0.39 Price et al., 1981

Mechanical Properties of Tuff

Detailed results of individual laboratory mechanical property tests
on samples both from drill holes in Yucca Mountain and from G-Tunnel at
Rainier Mesa are contained in numerous reports (Olsson and Jones, 1980;
Blacic et al., 1982; Olsson, 1982; Price and Jones, 1982; Price, Jones
and Nimick, 1982; and Price, 1983). These references contain data from
about 120 unconfined compression tests, 20 indirect tensile tests, and
50 triaxial compression tests. Where possible, statistical evaluations
of the data have been made. In addition, the results of all compression
experiments performed to date in Yucca Mountain tuff have been compiled
(Price, 1983).

Test results are summarized below for the elastic properties and the
compressive and tensile strengths of Yucca Mountain tuffs. 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 are described.
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Elastic Properties

Young's modulus and Poisson's ratio data have been collected for
Yucca Mountain tuffs for use in structural response modeling of the
emplacement drifts, emplacement boreholes, and shafts. Data are all from
experiments run on fully saturated samples at atmospheric pressufe
(unconfined), a nominal strain rate of 10_S s-l. and ambient
temperature.

Statistical analyses to determine the correlation among the elastic
properties and porosity, grain density, and mineralogy have been
performed to assess the possibility of extending such a relationship to
other tuffs on which mechanical testing has not been performed. Data for
the analyses were taken from unconfined tests on samplés of the
Tuffaceous Beds of Callico Hills and the Bullfrog and Tram Members. Test
results from the Topopsh Spring Member were not available at the time
that the analyses were performed, but the results appear to be consistent
with the statistical fits discussed by Price (1983) and summarized later
in this report.

The data on elastic properties. porosity, and'grain density were

fitted by two models.

MODEL 1. log Y = B
where X = effective porosity or grain density,

+ Bllog X,

Y = Young's modulus or Poisson's ratio,

and Bo. B, = fitting parameters;

|
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MODEL 2. log ¥ =B, + Bllog Xl + leog X

0 2’
where xl = effective porosity,
'Xz = grain density,
Y = Young's modulus or Poisson's ratio,
and Bo. Bl’ B2 = fitting parameters.

The results of the analyses are summarized in Table 3. The fitting
parameters were obtained using results from tests performed at SNL. The
fits were calculated using an effective porosity defined as the actual
porosity plus the volume of clay estimated to be present in each sample.
Because clay is a relatively compliant material, it was considered
appropriate to include its volume in the effective porosity.

Furthermore, the statistical analyses indicated that better correlation
was achieved by including clay in the effective porosity (Price, 1983).

The statistical evaluation indicates that the Young's modulus values
can be predicted on the basis of the effective porosity of the samples,
while Poisson's ratio values correlate better using both the effective
porosity and the grain density. The data used for the analysis of
Young's modulus and the best-fit line for the data are shown in Figure 4.
None of the data used in the statistical evaluation has been obtained
from welded tuff samples with less than twenty percent effective
porosity. Future tests concentrating on samples from the target
emplacement zone in the Topopah Spring Member in USW GU-3 and USW G-4
should therefore significantly increase confidence regarding the response
of the low-porosity material and the ability of the statistical

correlations to predict the response.
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TABLE 3

MODEL FITS TO SELECTED MECHANICAL PROPERTIES DATA FROM
YUCCA MOUNTAIN TUFES

Index of

X Hodel Standard Determination

(n,pg) (1,2) B, B, B, Error of Y R?
Young's Modulus (GPa)
n 1 3.641 -1.800 - 0.124 0.676
~ poisson's Ratio
n, g 2 -3.932 0.676 5.560 0.169 0.229
Unconfined Compressive Strength (MPa) -
n 1 4.103 -1.724 - 0.155 0.553

Model 1 log Y = Bg + By log X3
Model 2 log Y = Bg + B log K + By log X3

X1 = n = effective porosity (%)
X; = pg = grain density (g/cm3)
(Source: Price, 1983)
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One preliminary study (Olsson and Jones, 1980) has shown that the
elastic moduli of the tuff are anisotropic. Study results indicate &
correlation between degree of welding (i.e., amount of porosity) and
degree of anisotropy. Although welded tuff is stiffest in the direction
perpendicular to bedding (approximately vertical), the nonwelded tuff is
stiffest in the direction parallel to bedding (approximately
horizontal). A discussion of tests planned to further investigate
anisotropic elastic response and strength anisotropy in Topopah Spriﬁg
Member is presented later in the report,

Compressive Strength

Ultimate stress values have been documented (Olsson and Jones.'1980;
Olsson, 1982; Price and Jones, 1982; Price, Jones, and Himick, 1982;
Price and Nimick, 1982; and Price, 1983) for a wide range of tuff samples
from Yucca Mountain. The same sets of unconfined. constant strain rate,
ambient temperature experiments discussed above were also studied to
determine whether the uniaxial strength could be related to the effective
porpsity or grain density. Both the logarithmic modéis and the sources
of data ere identical to those described in‘the preceding section. The
resultant model parameters are given in Table 3. The results show that
changes in compressive s;tength between samples can be correlated with
changes in effective porosity. The fit to the data is statistically
significant, with a relatively low standard error: The data and the
best-fit line are shown in Figure S.

Effect of Water Saturation. Because water has been found to reduce
the strength of most silicic rocks, & series of drained uniaxial

compression tests was run to quantify such a reduction in tuff (Olsson
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and Jones, 1980). Closely spaced samples were obta#ned from the Grouse
Canyon Member (a formation similar to the Topopah Spring Member at Yucca
Mountain) exposed in G-Tunnel. Eighteen water-saturated and oven-dried
samples were deformed at atmospheric pressure, room temperature, and
nominal strain rates of 1072, 10~%, and 10°® s1. The results
are presented in Figure 6. At each strain rate, the resulting data
reveal that the average strengths of the saturasted specimens are
approximately thirty percent lower than the average strengths of the
corresponding dry samples. Four experiments were run on samples of the
Tuffaceous Beds of Calico Hills (Price and Jones, 1982) at approximately
the same test conditions (unconfined, strain rate 107> s-l. room
temperature). In this study, two test specimens were fully saturated and
two were room-dry. The average sample's strength decreased approximately
23 percent when the samples were water-saturated rather than sir-dried.
These results are similar to those from the Grouse Canyon Member study.
The results summarized in the preceding paragraph indicate that
water-saturated tuff is expected to have & lower compressive strength
than is tuff in which the saturation is less than 1.0. Using strengths
measured on saturated samples as input to calculations in support of the
design process thus should 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.
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Effects of Confining and Fluid Pressure. Numerical analyses of the
structural stability of mined openings, boreholes, and shafts require the
use of failure criteria for the rbék. The Coulomb feilure criterion has

been selected to represent the failure of the tuff matrix:

T = Co 4+ o tan ¢

where
T = shear stress on the failure plane at the onset of failure,
o = normal stress on the failure plane at the onset of failure,
c, = cohesion, and .
¢ = angle of internal friction.

Uniaxial and triaxial compression tests are used tb deternine fhese
parameters. 7

Thirteen sets of triaxial compression tests on 51 tuff samples have |
been run (Olsson and Jones, 1980; Olsson, 1982; Price and Jones, 1982;
Price, Nimick, and Zirzow, 1982). Five of these test seés h;ve been run
with rooﬁ-dry éamples. The experimental resu1t§ have been fit-usihg the
Coulomb criterion. The data illustrate a relatively small range of
cohesion values (10.2 to 17.5 MPa) and a large réngé of friction angles
(25.0 to 67.0°). Three sets of fully saturated samples from the
Tuffaceous Beds of Calico Hills were deformed, but with pore fluid
constrained to remain in the samples during the codrse'of £he teéts. The
resulting ranges and‘magnitudes of Coulomd p#éameters aée-quite small,
with cohesion and friction angles‘ranging from 9.7 to 13.2 MPa and 4.8°

to 7.8°, respectively. Thé ihree remaining test series were performed

-31-



saturated and drained, with two sets at ambient temperature and one set
at 200°C.

Data on the effects of confining pressure are recognized as being
both limited in quantity (thirteen sets of data covering five units) and
covering a wide range of experimental conditions. 1In general, both the
cohesion and the friction angle are inversely related to sample
porosity. Therefore, changes in the porosity of tuff samples can be used
to estimate the anticipated range of cohesion and friction angle expected
in the tuffs from Yucca Mountain. Additional testing is being focused on
evaluating the cohesion and friction angles for the Topopah Spring Member.

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 of the Bullfrog Member deformed at
200°C and a nominal strain rate of 10—4 s_l. Four samples were
tested in a dry state at 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. Although
data are available from only these seven tests, the results indicate that
the concept of effective stress developed for other porous rocks (Handin

et al., 1963) may also hold for tuff.

Bffects of Elevated Temperature. The strength of most engineering
materials (metals, plastics, concretes, rocks) decreases with an increase
in temperature. Limited experimental data on tuff at elevated
temperatures are available (Olsson and Jones, 1980; Olsson, 1982; Price,
1983). Data from the fifteen tests completed to date are inconclusive in

quantifying strength changes. Variations in not only temperature but
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also other test conditions (pressure, strain‘rate. and confining
pressure) and intrinsic rock properties (density and porosity) are
present. A test series on samples from the Topopah Spring Member has
been initiated to evaluate the strength of'éamples ét 23, 100 and 200°C.

Time-Dependent Behavior. Three series of experiments on
site-specific tuffs (Price and Jones, 1982; Price and Nimick, 1982,
Price, Nimick, and Zirzow, 1982) and two series on Rasinier Mesa tuffs
(Olsson and Jones, 1980) have been performed to examine strain rate
effects. Three of the test series have resulted in average strength
decreases of three to six percent for every factor-of-10 decrease in
strain rate. The sequence of experiments on the Topopeh Spring Member
resulted in virtually no rate effect on strength. 'Howevér. this result
may reflect the physical and mineralogical variability of the samples
tested. Because of a lack of adjécent samples, the core used was from‘an
interval ranging from 371.3 to 390.0 m in depth (USW G-1) and therefore
probably had & range of physical and mineralogicél characteristics.

To predict nonlinear time-dependent rock behavior, a preliminary
model (Costin, 1983) has been developed based on the assumption tﬁat
time- and stress-dependent microcrack growth is responélble for the
deformation observed in mechanical tests on low-porosity (less than
fifteen fercent) welded tuffs. The evolution of microcrack density is
estimated by extrapolating the experimentally déte;mined behavibr of
single cracks to that of & random ensemble of ﬁicfocr&cks. Stress -
corrosion is assumed to be the dominant mechanism of time-dependent crack
growth. The model therefore assumes an initial population of microcracké

that has been modified by the stress history.
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As a test of the model's capability, model simulations of uniaxial
compression tests were performed at various strain rates over the range
10} to 1071° 571, The material parameters of the model were
chosen to match those of the previously tested Grouse Canyon Member
(0lsson and Jones, 1980). The results of the model simulation are
compared to the mechanical data in Figure 7.

For strain rates between 10 2 and 10~ ° s—l, the model
predictions show a reasonable agreement with the limited experipgental
data available. At lower strain rates, the model predicts that the
strength decrease with strain rate is much less than a linear
extrapolation from the experimental data would indicate. Since in situ
strain rates are expected to be lower than the lowest experimental strain
rate, determination of the most realistic trend in strength decrease is
important in order to perform realistic calculations during the design
process. Additional testing is planned to acquire data to determine
whether the linear or the nonlinear model is a better representation of
actual conditions.

The possibility of creep closure of openings in the Topopah Spring
Member can also be examined using information obtained for other rock
types at the pressures and temperatures expected to occur in situ.
Because creep closure depends on temperature and shear (deviatoric)
stresses, preliminary calculations of the thermomechanical behavior of
the Topopah Spring Member near the prospective repository site
(Johnstone, Peters, and Gnirk, 1984) were examined to determine predicted

maximum temperatures (on the order of 250°C) and maximum deviatoric

stresses (approximately 30 MPa). At this temperature, which is less than
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one-third of the melting temperature of most rock-forming silicates, the
silicates are brittle, and creep can occur only at stresses greater than
about one-half their short-term breaking strength (Handin and Carter,
1981). The predicted maximum stress is, however, only on the order of
one-third of the short-term breaking strength, clearly below the
threshold beyond which significant creep deformation can occur even over
geologic time (Griggs, 1939). Consequently, based on these conditions, a
preliminary conclusion has been drawn that the Topopah Spring Member is a
brittle, essentially elastic solid in which creep deformations can be
ignored. This conclusion, if correct, would support the non-linear model
of time-dependent tuff deformation.

Effects of Lithophysae. The effects of lithophysal cavities (voids

formed by vapor-phase activity during the cooling of a thick ash-flow
tuff) on strength are important in determining the thickness of the
Topopah Spring Member that is acceptable for waste emplacement. Of the
four repository horizons studied in Yucca Mountain, only portions of the
Topopah Spring Member have been observed to contain abundant
lithophysae. Samples containing significant lithophysae have not yet
been deformed in mechanical tests. A test series on samples containing
small cavities has been planned. This series will test ten samples that
are 0.27 m in diameter in uniaxial compression. The samples are being
obtained from the outcrop of Topopah Spring Member at Busted Butte
(Figure 1). Confirmation testing on large samples from the ES is
planned. Lithophysae are expected to decrease the strength of the tuff
in a manner similar to that created by the effects of smaller pore spaces

reported earlier.
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Anisotropy. To date, 21l mechanical experiments have been performed
on samples in which the loading axes are parallel to the originai coring
direction (i.e., approximately vertical and therefore spproximately
perpendicular to the bedding). To determine whether mechanical
snisotropy should be investigated in detail, & test series is planned on
adjacent samples oriented parallel to, perpendicular to, and at three
intermediate orientations to the core axis. A test series on samples of
the Topopah Spring Member tsken from the outcroﬁ at Busted Butte will be
conducted to quantify the degree of anisotropy of the elastic and
strength properties.

Sample Size Effects. All tests completed to date have been performéd
on samples that have a diameter of 2.5 cm and & length of 5.0 cm.
Because of defects (inhomogeneities and fractures) inherent in the rock
sanples, size effects are antlcipated 1ﬁ both the strength and
deformation behavior of the tuff. -Sample size effects are expected to
result in measurement of,léwerfrock strengths and moduli for the larger
samples (Bieniawski‘and Vaﬁ Heerdeﬁ. 1975). A series of 24 unconfined
compression tests Qili be performed on samples with diameters of 2.5, S,
8.7, and 12.5 cm to quantify the sample size effects in the Topopah
SPring.Hember and to determine whether sdditional laboratory measurements
on large samples are warranted.

Tensile Strength

Tensile strengths weré'balculatedhfrom Brazilian (1ndireé£ tensile)
tests on twenty samples from all four lithologic units (Blacic et al.,
1982). The relationship between tensile strength and porosity is

approximately linear, as shown in Figure 8. This functional relationship
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may be used for first-order approximations of the tensile strength of any
tuff from Yucca Mountain for which physicsal properties have been
determined. Additional tests éré‘plaﬁﬁed to measure the tensile‘étrength‘

of the Topopeh Spring Member.
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SECTION 2. MECHANICAL PROPERTIES OF DISCONTINUITIES

Discontinuities such as joints, faults, and bedding planes cause the
mechanical response of the rockmass to be different from that of the
unfractured intact rock. 1In general, the strength and deformation
modulus of the rockmass will be lower than that of the matrix material.
In conventional mine design approaches, the effects of fractures are
approximated by assuming that the effective rockmass strength is some
selected percentage (based on experience in similar rocks) of the
strength measured for intact material. More detailed stress analyses use
frictional properties of joints (cohesion and coefficient of friction),
orientation, and spacing to determine if slip can occur along the
discontinuities and to evaluate the impact of the slip on support
requirements or usability of the opening. The unique aspect of
repository analyses and testing is that temperature-induced changes in
the joint properties need to be bounded in order to evaluate the
stability of openings at the temperature expected to be found in the rock
before repository closure. Analyses to bound the possible conditions in
the tuff will be made to determine whether it is likely that regions will
be encountered in which significant support will be required to maintain
a stable opening. The data obtained from laboratory tests on jointed
tuff, which form the basis of current detailed stress analyses, are
discussed below.

Laboratory-derived mechanical properties of joints are believed to be
representative of mechanical properties of faults and bedding planes

{Barton, 1973; Byerlee, 1978). Therefore, current investigations are
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concentrating on}the froééétiésiaf'jéints. Initialriésts have‘been
conducted using simulated joints (precut) in about siktyxsamrles of bothu |
welded and nonwelded tuffs to determine the coefficient of friction of
the joints and to compare the results to those for other rock types. A
few additional tests are bélﬁg~cbﬁdﬁcted oh samfles with both naﬁﬁrél
and, 1n'somelcases, sihuléiéd:joinﬁﬁl Thé'dat&>di§cus;ed below
constitute an initisal data Sa;e for concéptual design and férformaﬁcé-
assessment modeiing stﬁdiéé;lfhe afplicabllity of these data will
ultimately be determined b§ compéfisén to data from lérgeésbale in sliu

tests.
Definition of Terms ..

The shear strength of joints, bedding planes, and other
discontinuities is & measure of the ability of the discontinuities to
resist externally applied shearing forces. Compressive normal stress can
be transm1t£ed acrbés 8 joihﬁ. but £he amount of shear étreés transmitted
will dependionfthe 1nhe}ent shear strength (coheéibﬁ) and the frictional
properties of thé joint'éndloE joiht'infillins. YThe sheﬁr;strengtﬁ (1)
of jointed“rock fits the relation t = C + o ten ¢ where C is the
cohesion, ¢ is the ffictidn angle, tan ¢ is the coefficient of
friction, and d;féithe ﬁﬁpiied normal stress. The shear streng@ﬁ
parameters C and ¢ are“requifed to assess whether»ia;sitﬁ Qtress
conditions.vmddifiéd Sy excavaﬁion‘énd tﬂermal stresses; ﬁiil'éaﬁse
instability or'slidlng aloﬁg jéints. bedding planes;’énd"faults within

the excavated rockmass. Insufficient shear resistance along unfaéorably
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oriented discontinuities can be a major cause of instability in drifts

and other subsurface openings.
Equipment and Procedures, Limitations, and Error Analysis

In the laboratory tests performed on joints (natural and sawcut),
specimens were deformed in triaxial compression at confining pressures to
40 MPa, axial displacement rates from 10—2 to 10_6 cm/s, and
temperatures to 200° C (Olsson and Jones, 1980; Teufel 1981). Because
neither the American Society for Testing and Materials (ASTM) nor the
International Society of Rock Mechanics (ISRM) has published standard
procedures for jointed rock testing, these reports include detailed
discussions of the test apparatus, instrumentation, sample preparation

techniques, and test procedures.
Mechanical Properties of Discontinuities-General

The magnitude of shear stress that can be transmitted across a joint
depends on the cohesion and the frictional properties of the joint and/or
joint infilling. Shear strength parameters for discontinuities in
similar rock types have been reviewed and summarized to allow comparison
to tuff properties presented in the remainder of this section.

The coefficient of friction is generally independent of rock type and
increases only with increasing surface roughness (Barton, 1973). 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

exhibiting extreme variations in surface roughness have shown that the
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coefficient of friction cen vary from 0 4 to 10 at normal stresses less
than 10 MPs (Barton. 1973) At higher normal stresses. surface roughness
becomes less significant because asperities are sheared off and |
incorporated into gouge along the sliding surface. Quasi-static test
measurements of coefficients of friction for joints of differing surface

roughness in & wide variety of rock types have been compiled (Byerlee,

1978). These studies indicate a coefficient of friction range of 0.4 to

1.0 at normal stresses greater than 10 MPa. The results of an
experimental study (Teufel 1981) on simulated joints in welded tuff are
consistent with Byeriee s compilation in that the normal stresses across
the joints were 8 to 70 MPa, and all measured values of the coefficient
of friction were less than i 0. o

The cohesion of jointed rock does not show strong dependence on rock
type or surface roughness (Byeriee. 1978), and generaily the cohesion is
less than 4 MPa. For jointed/welded tuff with smooth joint surfaces.

i

cohesion was found to be less_thanvl MPa (Teufel. 1981).

Mechanical Properties of Discontinuities in Tuff

t < :

Existing mechanicai properties data on discontinuities in tuff are

generally limited to studies of simulated Joints (Olsson and Jones. 1980' )

Teufel, 1981). 1In thesevstudies. simulated_joints were precut.in sampies
of the Grouse Canyon Henher‘from Rainier Mesa and of the froy Pass Hemher
from Yucca Mountain. Resuits are'inciuded here because these samples are
physically and mechanically similar to welded portions of.the :PPQPéhf

Spring, Bullfrog, and Tram Hembers at Yucca Hountain."a summary of
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mechanical test results on discontinuities in tuff is presented in the
following paragraphs.

At present, no data have been measured to quantify the normal
stiffness of joints in tuff. Tests are in progress to obtain these data.

Mechanical Properties of Simulated Joints

The shear strength in triaxial compression of a simulated joint in
welded Grouse Canyon Member as a function of confining pressure,
displacement rate, temperature, and water saturation has been determined
by Teufel (1981). The Grouse Canyon Member in Rainier Mesa has
mechanical properties similar to those of the Topopah Spring Member in
Yucca Mountain. Joints were simulated by using a right cirecular cylinder
with a polished precut inclined at 35° to the cylinder (load) axis.

Tests were conducted at ambient temperature and at confining pressures
from 5 to 40 MPa, axial displacement rates from 1072 to 1078 cn/s,
under both dry and fully saturated conditions.

The shear strength of a simulated joint in welded tuff fits the
linear relation v = ¢ + otang. The coefficient of friction at the
initiation of slip was found to be independent of the normal stress, with
a value of 0.64 at a displacement rate of IO—A cm/s (Figure 9).

Similar results (tan ¢ = 0.59) were obtained for partially welded tuff
(Prow Pass Member) at a displacement rate of 10_3 cm/s (Olsson and

Jones, 1980) (Figure 10). 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).
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Effects of Water Saturation. The Topopah Spring Member is above the

water table, but experience at G-Tunnel suggests that very limlteq
smounts of water may flow through some fractures. The effects of water
saturation on simulated jointts were investigated by Teufel (1981). The
céefficient of friction of a water-saturated precut joint is 1ndependeht
of normal stress (and thus of moderate fluid pressures within the: V
fracture by virtue of the effective stressrprinéiﬁxé),’and £hé éhear
sgrensth fits the linear relation described earlier. However, the
coefficient of friction for the water-saturated precut is nine percent .
greater than for dry precdts.'wiﬁh 2 value of 0.70 (Figute'li).* The
behavior is attributed to a larger effective conta;t are#u§16n5>the joint
resulting from‘inc;eased localized failure of the matrix material whenA
sééurated, i.e., localized asperities became flatter. Although this
pﬁenomenon has been observed previously, no clear pattern of change ini
jéint strength with saturation state is evident in tests reported on
other rocks (Paterson, 1978). Based on the tuff data obtained to date
aﬁd on observations made in tunnels in Rainier Mesa, it is not
anticipated that variations in joint strength thatdreéult from local
changes in the degree of saturation will lead to major'changesvin loca;
sﬁppo:;_;eqp;rgments.

Tiﬁe-bégendent Behavior. Time-dependent effects on joint Strength
were addressed 1n'£§o ways; Constant strain-rate tests provi&e insight
into the éffect of changes in sliding velocity on the sliding coefficient
of friction. .ﬂold t;més ip thg;e gg§;s prgvidera preliminary evsluation
of fhefincréése in £he static coefficient of friction of the joint as a

function of time. The data were taken in an attempt to quantify the
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amounts of joint strength increases that occur with time for use in
evaluating maximum in situ joint strength.

To determine the effect of sliding velocity on the coefficient of

- friction of a precut joint, a series of ambient-temperatufe tests were

~ conducted at 10 MPa confining pressure and axial displacement rates from

-2

1072 to 10°°

cm/s (Teufel, 1981). With decreasing 41sp1acemeht rate, .

the coefficient of friction for oven-dry samples increased from 0.62 at
2

1072 em/s to 0.66 at 10~° cm/s, as shown in Figure 12. ‘These results

are consistent with the work of Dieterich (1978) end Teufel and Logan
(1978) on granites and sandstones, respectively. Displacement rate

effects on friction are very small —- only a six percent increase in the

. coefficient of friction is produced by a decrease of four orders of

magnitude in the displacement rate. For>water-saturaﬁed joints, the

, displacement rate effects are slightly greater. However, the effect is
~ small, with only & nine percent increase in the friction coefficient

_ produced by a decrease of four orders of magnitude in the displacement

rate (Figure 12). As noted in the previous section, over the observed

" range of displacement rates, the coefficient of friction for

water-saturated precuts is slightly greater than for dry precuts.

To evaluate time~dependen£ joint strength 1n¢feases. the time
dependence o0f the frictibhaléshear stréngth of'oven—drled‘and
water-saturated weldedrtuff from the Grouse Canion Member ﬁas
investigated in trlakialycbmﬁression b& examinlngwéhe response of 35°
precuts. A cpnfining pressure»ofilo MPa was used. The test procedure

was slightly different from that used in the previous quasi-static
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tests. In the tests of time-dependent behavior, axial load was increased
until slip occurred along the precut st a constant sliding velocity of
1,2 x 10"3 cm/s. The test was stopped for a given time under load and
then started again at the same sliding velocity. This procedur; was
repeated for several different durations of contact time. A plot of the
change in shear stress as & function of displacement (Fiéure 13) shows
that, when a test was stopped for 60 seconds and then started again,
there was an abrupt increase of approximately 0.4 MPa in the shear stress
necessary for slip. This increase was followed by a drop back to the
former stress level as slip continued at the previous sliding velocity of
1.2 x 10"2 cm/s. With an increase in the time of stationary contact
(2,400 seconds), both the stress rise required to initiate slip and the
corresponding 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 14) shows tﬁat. as the time of
contact increased, there was a consistent increase in the friction
resisting the initiation of sliding. Also, the time-dependent increase
in friction is enhanced with water saturation (Figure 12). The increased
time dependence of the frictional resistance of the water-saturated tuff
is attributed by Teufel (1981) to hydrolytic weakening and to
time-dependent stress corrosion of asperity contacts on the sliding
surface. -

Effects of Tempersture. Studies of the éffects of temperature on the

mechanical properties of joints énd other discontinuities in tuffs have
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not yet been made. Donath, Fruth, and Olsson (1972) found that increasing
the temperature from 25 to 300°C increased the coefficient of friction for
sandstone only from 0.62 to 0.68. If temperature significantly affects
the coefficient of friction for tuff, and if these effects prove to be
potentially significant in the evaluation of the stability of waste
emplacement holes or drifts, additional tests will be performed on samples
with natural joints taken from the ES.

Mechanical Properties of Natural Joints

The mechanical properties of natural joints are currently being inves-
tigated. Three types of natural joints are present at Yucca Mountain:
healed joints with mineralized surfaces; unhealed joints with no infill-
ing; and unhealed joints with infilling. Preliminary results show that
the healed joints approach or exceed the strength of the intact rock.
Unhealed joints with no infilling have a higher coefficient of friction
than simulated joints as the result of roughness effects. The coefficient
of friction varies for unhealed joints with no infilling from about 0.85
to 1.0. Joints with infilling or gouge have been observed, but the qual-
ity of cores has been inadequate for representative laboratory tests. It
is anticipated that joints or faults containing gouge or other infilling
will have a lower coefficient of friction than clean, unfilled joints
(Byerlee, 1978). Frictional behavior will depend on the composition of
the gouge. The coefficient of friction for typical saturated gouges
generally ranges from 0.2 to 0.6 (Morrow et al., 1982), while the coeffi-
cient of friction for dry clay gouges has a range of 0.2 to 0.5 (Sﬁimamoto
and Logan, 1981). Joint infilling materials at Yucca Mountain are

expected to have coefficients of friction within the same range.
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SECTION 3. MECHANICAL PROPERTIES OF THE ROCKMASS

Rockmass mechanical properties (elasticity and strength) from in situ
tests are useful in performing analyses in support of repository design.
They also are used for establishing and confirming scaling techniques by
which data measured in laboratory tests are extrapolated to represent the
rockmass response to excavation and thermal loads.

Strength and elastic modulus measurements performed on intact
unfractured rock samples in the laboratory are upper bound values for the
in situ rockmass. Where joints are widely spaced in situ, field moduli
and strengths may approach moduli and strengths for intact laboratory
specimens. AHowever, as the degree of jointing becomes more pervasive, as
it does in welded tuffs, laboratory measurements become less
representative of field values. Handbook methods for making estimates of
the degraded properties in the rockmass are widely used in the mining
industry. However, these methods are imprecise and have not beeg
developed for use to evaluating the effects of thermal stress. it is
therefore necessary to verify the gpplicability of these methods for use
in repository design where the effect of thermal stresses on the rockmass
must be taken into account. Because the strength and deformation
characteristics of the rockmass are controlled by existing
digcontinuities and defects, representative estimates of or bounds on
strength and moduli for'the'rockmass will be determined by large-scale in
situ tests. These field tests will also provide an opportunity for
evaluation of the vglidity of the coupled thermal/ mechanical models

being used for thermomechanical analyses.
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Rockmass properties for the NNWSI Project will be measured in field
tests in G-tunnel (heated block and pressurized slot) and in in situ
tests in the exploratory shaft (enhanced heated block test, plate-loading
measurements, and the canister-scale heater test). Currently available

data and plans for large-scale testing are summarized below.
Definition of Terms

Definitions of mechanical properties, including elastic constants,
strength parameters, and physical properties, are given in Section 1.

An important design consideration for subsurface openings is the
unloading of rock as a result of stress release caused by excavation. A
parameter that is useful in describing this process is the ratio of
stress change to total strain change (elastic and inelastic) in repeated
load-unload-load tests. This parameter is called the modulus of
deformation, and is taken to be the tangent modulus. When the modulus of
deformation is defined in this manner, it is a function of stress. While
this modulus is based on total measured strains, the modulus of
elasticity from such tests is based only on the ratio of stress to
elastic strain change (see Figure 15). Both the modulus of deformation
and the modulus of elasticity are used to predict how rock surrounding

the opening deforms after excavation.
Equipment and Procedures, Limitations, and Error Analysis

Before 1984, field measurements of the mechanical properties of tuffs
were limited to measurements of modulus of deformation made in G-Tunnel

using the Goodman borehole jack technique (Zimmerman and Vollendorf,
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1982). The jack is a mechanical device with two diametrically opposed
platens, each of which exerts radial pressure over a 90° section of a
borehole wall. Displacement transducers monitor the radial displacement
of the curved steel platens during loading and unloading. The ratio of
changes in pressure to changes in displacement is used to compute the
modulus of deformation. In general, only joints within one or two
borehole diameters of the borehole wall are influenced by jacking
pressures, which limits the volume of rock represented by this test.
Deformation modulus values can be corrected for platen bending using the
method described by Heuze and Salem (1977). Corrections for
platen/borehole radius mismatch or contact angles can be made using a
method described by Hustrulid (1976). These corrections were not made
during the G-Tunnel testing because the changes attributable to the
corrections are minor when comparing in situ moduli to laboratory values.
Large-scale studies planned or underway in G-Tunnel include heated
block tests and pressurized slot experiments. Standardized test
procedures do not exist for either the heated block or pressurized slot
tests, so a thorough evaluation of the limitations of the instrumentation
and data will be made to define in detail the procedures for testing in

the ES.

Mechanical Properties of Other Jointed Rock

Available large-scale mechanical properties data in other jointed
rocks have been reviewed to allow assessment of the relative magnitude of
typical in situ and laboratory-scale moduli values and to enable future

comparison to tuff properties. These data are presented in Table 4.
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TABLE 4

LARGE-SCALE MECHANICAL PROPERTIES OF OTHER JOINTED ROCKS

z Corresponding
Average Laboratory
) Field Modulus Modulus of
- Field of Deformation Elasticity
Rock Type Test Hethod (GPa) (GPa) Reference
Granite Borehole 25 70 Heuze et al., 19681
jack
Basalt Flatjack 40 87 Lanigan, et al.,
‘Borehole jack 20 1983
Quartz Block Test 3.0 3.7-4.5 Pratt et al., 1972
Diorite (2 Meter)
Granodiorite Block Test 22.8 37.9—57.9 Pratt et al., 1972
(2 Meter)

-
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Mechanical Properties of Tuff - Large Scale

Measurements of modulus of deformation have been made in two NQ-size
boreholes in G-Tunnel using the borehole jack. The average modulus of
deformation for the twenty measurements obtained is 12.1 GPa. This value
is uncorrected for the possible errors that result from the mismatch of
the interfaces between the platen and the rock surface (Hustrulid, 1976;
Heuze and Salem, 1977).

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., 1984). Figure 16 shows the setup for the test.
Flatjacks 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 an effective
coefficient of thermal expansion.

A modulus of 14.2 GPa was the average value determined during the
ambient temperature testing at stresses ranging from 3.1 to 10.6 MPa.
The value is considered to be representative of the material under in
situ stress conditions. The modulus of deformation would be expected to
be lower near excavated surfaces because of joint relaxation.

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. 1In this test
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(Figure 17), a flatjack is inserted in a relatively narrow slot and
pressurized. As in the borehole jacking test, the displacement of the
flatjack is monitored during loading and unloading so that the resulting
data can be used in determining the deformation modulus of the rockmass.
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 will be fielded in 198S.

Tests for in situ evaluation of rockmass strength are currently being
evaluated with respect to geometry, loading techniques, fracture spacing,
and mining requirements. To date, individual tests have not been
selected.

Measurements of large-scale rockmass properties will be made in
several of the tests planned in the ES. Plate-bearing tests and the
enhanced block measurements will provide direct measurement of the
modulus of deformation. The shaft convergence measurements,
pillar-monitoring data (stress, permeability, roof bolt loads,
displacements), and the motion observed in the canister-scale heater test
will be used to evaluate the degree to which complicated rockmass
response can be understood with the aid of available numerical analysis

codes, assuming that the rockmass properties are known.
Relationship of Laboratory Scale to Existing Field Test Results

Laboratory data include biaxial elastic modulus measurements taken on

thirteen cores 14.3 cm in diameter that were strain-relieved during
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overcoring (Zimmerman and Vollendorf, 1982). An average modulus of 31.3
GPa was obtained. One of the cores subjected to biaxial measurements had
a fracture running nearly parallel to its axis. Measurements parallel
and perpendicular to the plane of the fracture indicated that the
fracture responded nonlinearly to normal pressure and appeared to close
with increasing normal pressure up to 10 MPa. The modulus normal to the
plane of the fracture was considerably less than the modulus parallel to
the fracture.

Values for the elastic moduli of the G-Tunnel welded tuff were also
obtained during unconfined compressive strength tests in the laboratory.
Olsson and Jones (1980) determined a value of 27.8 GPa on samples of the
Grouse Canyon Member, while an average value of 26.0 GPa was obtained in
more recent tests. This latter value is considered to be a more
realistic value for the modulus of the intact rock than is the value
obtained from biaxial testing. Comparison of the laboratory-determined
modulus to the field value measured at stresses between 3.1 to 10.6 MPa
suggests that a representative value for the field modulus of deformation

Y

is about 55 percent of the intact rock modulus.
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SECTION 4. THERMAL AND THERMOMECHANICAL PROPERTIES

An understanding of the temperatures and stresses that result from
radiogenic heating is important in selecting the disposal horizon and
establishing the underground design (drift size and spacing; emplacement
hole orientation, size, and spacing; and the thermal output of the waste
package) of the repository at Yucca Mountein. The thermal and
thermomechanical properties that determine temperatures and thermally
induced sgresses in the rockmass for a given design are thermal
conductivity, thermal expansion, and heat capacity (including the latent
heat of vaporization).

This section contains & summary of the results obtained to date that
describes the thermal conductivity, thermal expansion, and heat capacity
of tuff. Descriptions §f tests plenned fof further evaluation and field
confirmation of current data are also included.

The present data base consi#ts almost exclusively of data from
laboratory measurements made on core samples. These laboratory studies
were conducted for two purposes. (1) To develop & data base which
defined the spatial variations in thermal properties of tuffs encountered
at Yucca Mountain, and (2) To correlate the measured thermal properties
with measured physical propertiesv(such as porosity, grain density, and
bulk density) in order.to allow development of functional thermal
conductivity and thermal expansion stratigraphies for use in heat
transfer anQ thermomechanical stress gnalyses. This development'relled

on esteblishing correlations between the measured thermal properties and
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measured physical properties (porosity, grain density, and bulk
density). These correlations allowed the extrapolation of the measured
thermal properties to regions of the boreholes for which only geophysical

logs and bulk properties data exist.

Definition of Terms

Thermal Conductivity

Thermal conductivity is a measure of the ability of a material to
transmit heat. With regard to radioactive waste disposal, thermal
conductivity relates to the ability of the host rock to conduct heat away
from waste packages. Thermal conductivity is thus one of the critical
input parameters for modeling the temperature field generated by the
emplaced waste. For a given thermal loading, waste emplacement
configuration, and rockmass thermal capacitance, higher thermal
conductivity means more rapid heat dispersal and lower temperatures in
the rock surrounding the waste package. Lower thermal conductivity
results in slower heat dispersal and higher temperatures in the waste
package and in the rock immediately surrounding the package.

Thermal Expansion

Thermal expansion is a measure of the tendency of a material to
undergo a volume or length change as a result of an imposed temperature
change. "Thermal expansion” is used here in a broader sense than that
used by most physical scientists because it is used in this report to
include all phenomena that affect material volume changes, including
simple expansion of constituent grains and dehydration-induced

contraction or pore collapse.
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A thermal expansion coefficient generally is used to describe a
volume or length change due to a temperature change for a temperature
range in which the volume or length change per degree change in
temperature is constant. The coefficient, uéualiy recorded as a change
in linear dimension per unit original length or és'a change in volume per
unit original volume, per unit temperature changé'can be either positive
or negative.

Heat generated by emplaced radioactive waste will raise ﬁhe
temperature of the host rock in the vicinity of the canister
significantly [by as much as 200°C at the edge of the waste emplacement
hole wall (Peters, 1983)]. If the host'rockmass expands or éontracts
excessively as a result of this temperature change, then thermally
induced stress fields may result in rock fracture or-displaéement that
could affect repository performance vis-a-vis waste emplacement hole and*
room stability dﬁrihg operational and retrieval periods.

Heat Capacity |

Heat capacity is a measure of the amount of heat energy required to
raise the témperature 6f a substance by a fixed amount. Thé heat
capacities of all silicate rock-forming minerals are essentially the
game: on the order of 0.84 J/gm°C. The heat capacity of water is
4.18 J/gm°C, and that of air is much smaller. The effective heét
capacity of the silicic tuffs in Yucca Mountain is thereforé strongly

dependent on both porosity and degree of saturation.
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Sample/Test Locations

Samples used in the thermal conductivity and thermal expansion
laboratory studies reported herein have been taken from core extracted
from three exploratory drill holes on Yucca Mountain: UE-25a#l, USW G-1,
and USW G-2. The locations of these holes are shown in Figure 1. Sample
numbers used herein denote depth in feet from which the sample was taken

(drilling records and core log data are reported in feet).

Thermal Conductivity

Thermal Conductivity Data for Other Potential Repository Host Rocks

Ranges and estimated means of published values of the thermal
conductivity of other rock types under study as potential disposal units
are presented in Table 5. Some of the data were measured at pressures
and temperatures above ambient; therefore, the upper limits of the ranges
are probably slightly higher than would apply at ambient conditions.
Equivalent ranges for the saturated conductivities of welded tuff and
zeolitized nonwelded tuff are 1.4 to 2.5 W/m°C and 1.2 to 1.9 W/m°C,
respectively.

Laboratory Studies

Laboratory measurements on samples from different locations are used
to determine the spatial variation of thermal conductivity in Yucca
Mountain tuffs and to determine how much parameters such as saturation,
anisotropy, and fractures affect the thermal conductivity of the tﬁff.

Equipment and Procedures, Limitations and Errors. Most thermal

conductivity measurements reported herein, both saturated and dry, were

made using the transient-line-source technique under controlled confining
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TABLE 5

THERMAL CONDUCTIVITY OF OTHER POTENTIAL REPOSITORY HOST ROCKS

Thermal Conductivity (W/m°C)

Rock Type Range Estimated Mesn Reference
Basalt 0.1 - 4.3 1.7 Gugowskl et sl., 1982
Salt 1.3 - 17.7 5.0 . : Tien et g8l1., 1983
Granite 2.2 - 3.8 3.0 This paper
(literature survey)

and fluld pressures (Lappin et al., 1982). Except at temperatures near
the boiling point of water (which is variable under the experimental
conditions used), these measurements of thermal conductivity appear to be
precise to +4 percent on fused silica samples (Lappin et al., 1982).
Because of transient heating effects, this technique results in an
spparent conductivity that is artificislly high for measurements near the
boiling point of water. Additionally, in reducing the data from these
tests, the heat flow (outward from the center of the specimen) is assumed
to be radially symmetric about the centerline of the sample. Hence, this
method is applicable only to materials that are thermally isotropic and
can be used only in orientations in which heat flow during testing is
parallel to layering. Precision appears to be on the order of
410 percent on actual samples of tuff (Lappin et al., 1982).

Measurements examining the possibility of thermal conductivity
anisotropy in tuff and those aimed at evaluating the effects of
lithophysae have been made using a thermal comparator (Moss et al.,

1982). This technique is based on steady-state thermal gradients. It
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has the advantage of enabling measurements in anisotropic materials and
in those containing irregular void spaces such as lithophysae. A
disadvantage is that 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 (Moss et al., 1982). Comparative
calibrations using fused silica indicate that, at ambient temperature,
thermal conductivities measured with the thermal comparator are about
eight percent lower than those measured using the transient line source
(Lappin et al., 1982; Moss et al., 1982).

The methods used to obtain the physical properties (e.g., saturated
bulk density, dry bulk density, and grain densities) generally are
consistent with ASTM procedures and are described in Lappin et al.,
1982. Porosities listed are total-calculated-void porosities. For the
purpose of comparing thermal conductivity measurements of tuffs of
different porosity, the results are back-calculated using geometric means
formalism (Woodside and Messmer, 1961; Lappin, 1980a; Lappin et al.,
1982). The thermal conductivity of tuff is sensitive to mineralogy.
Variable mineralogy is reflected in grain density changes. Though
variations in grain densities are not unambiguously sensitive to some
variations in mineralogy (Lappin, 1980a), the use of grain density
information does allow extrapolation of mineralogical results to define
unit boundaries.

Measured Thermal Conductivities

Saturated and dehydrated thermal conductivities are variable,

depending on variations in porosity and grain density (mineralogy).
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Average ssturated conductivities of nonzeolitized, welded, devitrified
material from the Bullfrog and Tram members of the Crater Flat Tuff, and
of nonlithophysal material from the Topépah Spring Member of the
Paintbrush Tuff, are essentiszlly the same within the limits of
experimental error of ten percent.

The dehydrated conductivities of these same tuffs appear to differ;
the Topopah Spring Member loses relatively little conductivity when
dried. The matrix porosities and grain densities of the samples from the
Bullfrog and Tram Members are nominally the same, while both porosity and
grain density of the non-lithophysal Topopah Spring Member are
significantly lower. The lower grain density in the Topopah Spring
Member is caused by the presence of cristobalite.’

Saturated and dehydrated conductivities, porosities, and grain
densities of all nonwelded to partislly welded zeolitized material
examined to date appear to be consistent and independent of stratigraphic
unit, depth, and hole location. The conductivities and grain densities
are lower than for corresponding nonzeolitized material, while porosities
are generally higher. The low grain densities of these materials reflect
the presence of zeolites.

Zero-porosity or matrix conductivity is the calculated conductivity
of the matrix in the absence of porosity and contained pore water.
Assuming that the influence of in situ fractures on thermal conductivity
can be treated in the same manner as porosity, the 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,
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saturation, and fracture density and aperture (Lappin, 1980a; Lappin et
al., 1982).

Thermal comparator measurements on welded tuff from the Grouse Canyon
Member of the Belted Range Tuff were undertaken to examine the potential
effects of layering anisotropy in welded tuffs (Moss et al., 1982). The
results indicate that there is no statistically significant anisotropic
effect of layering on matrix thermal conductivity of welded tuffs, even
in the fully dehydrated state. Because welded ash flow tuffs have the
strongest fabric anisotropy, it has been concluded that matrix thermal
anisotropy is also negligible in nonwelded ash flows.

Lithophysae are found in varying abundance in portions of the Topopah
Spring Member. Because the Topopah Spring Member in some localities
contains four or more distinct flows, lithophysal distribution cannot
currently be correlated reliably from hole to hole. In addition, the
thermal effects of lithophysae on conductivity are difficult to measure
because the void spaces, which are up to 5 cm or more in diameter, are
large relative to usual laboratory specimen sizes.

Measurements of the thermal conductivity of lithophysal material have
been made on two fully dehydrated samples with diameters of 10 cm which
were machined from loose blocks of tuff collected from a surface outcrop
of the Topopah Spring Member at Busted Butte. The conductivities were
measured by means of a guarded hot-plate technique, varying both sample
orientation and direction of heat flow. The measured results agree
(within the limits of experimental error) with the values of dehydrated
conductivity predicted by using the measured total porosities of the

samples, including pores and lithophysae, and the average matrix
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conductivity for nonzeolitized nonlithophysal Topopah Spring Member.
Based on these results, it has been concluded that measured
conductivities of nonlithophysal Topopsh Spring Member can be extended to
lithophysal zones by considering the lithophysae simply as additional
air-filled porosity. The potential reduction in thermal conductivity of
dehydrated rock has been calculated as & function of lithophysal
sbundance (Lappin et al., 1982).

The effects of thermally induced jointing or fracture porosity on the
in situ thermal conductivity of devitrified welded tuffs have been
estimated based on an assumed fracture porosity of three percent (Lappin
et al., 1982). This assumption ignores the possibility of the joint -
closure that may result from overburden pressures or from thermal
expansion of the rock. It is therefore assumed that the estimate is
éonservatlve. In the case of saturated tuffs below the water table, the
estimated reduction in the in situ thermal conductivity is well below
10 percent and is thus considered to be negligible.

The effect may not be insignificant in welded tuffs such as the
Topopah Spring Member, which are situated above the water table. In such -
a setting, it may be assumed that virtually all joints are air-filled
eveh though the matrix may be near full saturation. Under this
assumption, the fully saturated ambient-temperature conductivity of
nonlithophysal Topopah Spring Member may be reduced from 2.1 to 1.8 .
W/m°C, or by about 15 percent. A similar but smaller reduction in the

conductivity of the dehydrated rockmass is also possible.
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The potential effects of nontectonic fracturing on the in situ
thermal conductivity of zeolitized or nonwelded tuffs appear negligible.
Because these tuffs are often deposited as either ash-fall tuffs at
near-ambient temperature or as marginal envelopes to ash flow sheets,
such tuffs have undergone only very limited cooling in place. Thermally
induced jointing should therefore be negligible. 1In addition, formation
of zeolites alone may have greatly reduced any initial fracture
porosity. Thus, it has been concluded that the saturated rockmass
thermal conductivity of heavily zeolitized or nonwelded tuffs should be
near to that of intact material.

In Situ Studies

In situ studies have been planned to evaluate how well the thermal
conductivity data determined in the laboratory tests can represent the
rockmass conductivity, particularly when the effects of thermally induced
water migration are included.

Equipment and Procedures, Limitations and Error Analysis. One field

test has been completed from which information on in situ thermal
conductivity can be extracted. A small-scale cylindrical heater was
emplaced in a hole in the Grouse Canyon Member in G-Tunnel (Johnstone,
Hadley, and Waymire, 1984). By comparing the temperatures and
temperature gradients predicted by thermal modeling of this test to the
actual temperatures and gradients measured in situ, an assessment could

be made of whether in situ thermal conductivity can be accurately
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predicted from laboratory values. The following specific limitations or
uncertainties are inherent in such a test.

e Varisble and uncontrolled degrees of saturation may have existed
in the rockmass in which the heater is placed. Such variations
would affect thermal conductivity, amounts of fluid released, and
fluid movements during heating.

* Field instrumentation. Thermocouples in the heater emplacement
hole could not be fully shielded from thermal radiation between
heater and hole wall. As a result, these thermocouples
registered a temperature as much as 20°C too high during the
heating phase of the water migration experiment completed in
G-Tunnel.

¢ Thermocouples in instrumentation holes, although grouted in, were
placed at discrete intervals. In the test described here, the
10-cm-dizmeter of the heater required that the nearest
instrumentation within the rockmass be effectively beyond the
regioﬁ of steepest thermal gradients, creating considerable
uncertsainty in correlating postulated very-near-field thermal
conductivity changes with measured temperatures.

Comparison of In Situ Thermal Conductivity Data to Laboratory Dats.

Interpretation of the results of the one small-scale test described above
indicates that in situ thermal conductivity agrees with laboratory
measurements within the limitations of field instrumentation, current
knowledge of in situ saturation, and the degree of sophistication in the

heat transfer modeling calculations.
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In situ tests completed in granite at Stripa, Sweden, indicate that
fluid movement in the rockmass during heating gives rise to an effective
thermal conductivity greater than that seen in laboratory measurements.
The apparent magnitude of this effect appears to be minor, ranging from
five to ten percent of the measured laboratory value of 3.51 W/m°C
(Lundstrom and Stille, 1978). Although the matrix water content of
granite is much smaller than that of tuff, the Stripa granite is sited
below the water table, while the tuff heater experiment was conducted
above the static water level.

Results obtained to date in tuff suggest that little additional in
situ thermal conductivity testing is required in welded tuffs above the
water table to determine the rockmass thermal conductivity for use in
far-field or room-scale calculations. However, very-near-field
temperature prediction may be strongly affected by waste package design
and distribution and may require consideration of convection effects to
represent vapor transport. Some thermal conductivity measurements are
planned as part of the heated block test.

No additional in situ testing strictly for purposes of evaluating
changes in thermal conductivity in tuffs is planned. Rather, such
evaluations will be made as part of other tests conducted to evaluate
thermomechanical effects in order to increase confidence in the values of
thermal conductivity used in the heat transfer analyses that support

repository design.
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Thermal Expansion

Data on the thermal expansion of tuff are required for determining
the stresses and strains induced in the rockmass as a result of
radiogenic heating of the rock by the waste. These stresses, coupled
with the in situ and excavation-induced stresses, will be used to
evaluate the stability of heated underground openings and waste
emplacement boreholes.

Thermal Expansion Dats for Other Potential Repository Media

The expansion behavior described here for both the devitrified

Topopah Spring Member and for heavily zeolitized nonwelded to partially
i welded tuffs, including the bulk of the Tuffaceous Beds of Calico Hills,
. is nonlinearly related to tempersature. Most of the nonlinearity in the
g expansion behavior of the devitrified Topopah Spring Member occurs at

. temperatures above 200°C. The expansion behavior of the devitrified Tram
- and Bullfrog Members is approximately linear and qualitatively similar to
that measured for granitic rocks of similar bulk composition but of
greatly different grain size (Swan, 1978; Heard, 1980). The thermal
expansion behavior of basalts is variable, with linear expansion
coefficients beleow 200°C ranging from 4 to 7 x 10_61°c (Guzowski et
al., 1982). Little information is available for either granite or
basalt, regarding trends in behavior with increasing temperature or
dependence on mineraloglical variability. The linear expansion
coefficient of salt ranges from 36 to 55 x 10-6,.0 at temperatures

between 25°C and 200°C (Tien et al., 1983).
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Laboratory Studies

Laboratory measurements of thermal expansion are used to determine
the spatial variation of thermal expansion properties of Yucca Mountain
tuff. Tests also have been designed to quantify the effects of
mineralogy, bulk properties, confining pressure, and anisotropy on the
expansion of tuff.

Equipment and Procedures, Limitations, and Error Analysis.

Experimental equipment and analytical procedures for unconfined thermal
expansion measurements have been described (Lappin, 1980b). The
uncertainty in the measured expansion coefficients is considered to be

1x 10“6/°C for welded devitrified samples analyzed to date, the same
as for the fused silica standard.

Thermal expansion of welded devitrified tuffs is independent of
heating rate between 0.5 and 10°C/min, provided the sample size is small
enough to allow effective thermal equilibration during heating. The
major limitation in unconfined measurements on devitrified tuffs appears
to be that measured expansion coefficients increase with increasing
temperature more rapidly than would be predicted on the basis of
mineralogy (Lappin, 1980b), possibly because of formation of microcracks
during heating.

Unconfined thermal expansion measurements on zeolitized tuffs are
sensitive to additional variables (Lappin, 1980b). These tuffs, like
tuffs containing appreciable amounts of hydrated glass and/or expandable
clays, contract when dewatered. Thus, their behavior is sensitive to the
locally effective fluid pressure, which in laboratory tests is itself a

function of sample size, heating rate, and permeability. Unconfined

~78-



B i T N R ST SRR PR P ey B T a T

measurements on this type of tuff, which are made on samples 6 x 6 x

25 mm in size, indicate only maximum 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 time periods
of greater than 24 hours when held at constant tempersture. Times
required to reach stable length in situ at a given temperature might be
mech greater if the fracture spacing is large.

Because of the concern about possible effects of both microcracking
and variasble fluid pressures, & method has been developed to measure
thermal expansion under controlled confining and fluid pressures. At -
present, these tests are performed at Terra Tek, Inc., in Salt Lake City,
Utah. Test procedures and calibration procedures are detailed in their
Standard Laboratory Procedures TTRD-LP-3 and TTRD-CP-é (Van Buskirk a, b,
and c¢).

Multiple measurements on fused silica indicate that the precision and
accuracy of the confined testing apparatus at a confining pressure of 10 .
MPs are on the order of 1.5 x 10 °/°c.

Site-Specific Thermal Expansion Data. The results of earlier

unconfined thermal expansion studies (Lappin, 1980b) énd the results of
more recent confined measurements are briefly summarized in the following
paragraphs. 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
expandsble clays (neither of which can be assessed adequately in-
unconfined tests). Comparison of measured and calculated thermal

expansion behavior for zeolitic tuffs is difficult because of a lack of .
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data for pure phases. Data are currently being collected for pure
zeolite minerals to allow calculation of the thermal expansion behgvior
of zeolitic tuffs.

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, transitional, and posttransition. For
the welded, devitrified Topopah Spring Member, the transitional behavior
is caused by a mineralogic phase change, while mineral dehydration causes
the variation in tuffs containing significant quantities of hydrous
minerals. Transdehydration 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 caused by heating and
the temperature range over which dewatering (dehydration) takes place.

The three paragraphs that follow summarize the currently available
studies of thermal expansion behavior in silicic tuffs from Yucca
Mountain to document the data used in horizon selection analyses and to
provide data for evaluation of far field thermomechanical behavior. This
behavior is also illustrated in Figure 18 to allow comparison of the
response of the different tuffs.

The Bullfrog and Tram Members are devitrified welded tuffs, generally
found below the static water level. Because of the relatively uniform
mineralogy involved, expansion behavior of devitrified welded tuffs from
below the static water level is quite uniform, except for effects of
small amounts (generally less than five percent) of expandable clays

(Bish, 1982; Waters and Carroll, 1981). Confined and unconfined results
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are consistent and agree well with calculated behavior. The only appar-
ent effects of increasing confining and fluid pressures are to elevate
the temperatures at which dehydration takes place and to make expansion
at higher temperatures more linear than in unconfined tests. Thermal
expansion of these tuffs appears to be independent of porosity.

The devitrified densely welded tuffs of the Topopah Spring Member are
generally found above the static water level. The mineralogy of devitri-
fied welded tuffs above the water table locally reflects past vapor-phase
activity. The result has been deposition of variable amounts of second-
ary feldspar and cristobalite, with locally important amounts of quartz,
tridymite, and, possibly, expandable clay. The thermal expansion of
vapor-phase-altered tuffs changes above about 200°C because of the vari-
able content of cristobalite and/or expandable clays.- However, in
unaltered or slightly altered material, or at temperatures below 200°C,
this complexity can probably be ignored. Even at high waste emplacement
densities, this variability would be of potential concern only in the
very-near-field environment.

The expansion of welded tuffs from the Topopah Spring Member is qual-
itatively consistent with the calculated expansion behavior based on
reported mineralogical results. On the basis of confined measurements
made on lithophysal material, it appears that porosity, per se, and
lithophysal porosity, in particular, have no impact on the expansion

behavior of the densely welded Topopah Spring Member.
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Confined thermal expansion behavior of zeolitized nonwelded to parti-

glly welded tuff layers is more complex and variable than that of devit-

rified tuffs. Three distinct types of behavior have been noted.

Linear contraction upon dehydration of 0.2 to 0.3 percent to
temperatures as high as 300°C, with 0.2 percent contraction
generally occurring by about 150°C. This behavior is dominant
in quartz- and feldspar-poor, heavily zeolitized tuffsyllowef
curve in Figure 18B]).

Maximum linear contraction of 0.2 percent at temperatures near

- 150°C (unconfined), followed by expansion to near initial length

on additional heating. This type of behavior appears to be most
prominent in nonwelded or partially welded zeolitized tuffe from
below the static water level, which are richer in qugrtz and
feldspar than analogous tuffs higher in the section [middle
curve in Fisu:e 18EB}.

A very small amount of contraction at temperatures near dehydra-
tion, followed by expansion to greater than the initial length.
This type of behavior is prominent in the few relatively thin,
bedded, or reworked intervals identified in the stratigraphic

section at Yucca Mountain [upper curve in Figure 18B].

In confined tests (10 MPa confining pressure, 0.1 to 1.5 MPa fluid

pressure), all zeolitized tuffs expand continuously, until the onset of

dehydration, at rates ranging from 2 to 13 x IO.GI‘C. Detsiled corre-

lation of predehydration expansion with mineralogy is under way.

-83-




Influence of Textural Anisotropy and Jointing on Thermal Expansion.

Comparison of replicate unconfined expansion runs made parallel anq per-
pendicular to bedding in a densely welded devitrified sample (porosity =
0.15) from the Grouse Canyon Member indicates that there is no statisti-
cally significant variation in the unconfined matrix thermal expansion
behavior of densely welded tuffs as a function of textural anisotropy or
bedding (Lappin, 1980b). The effect of bedding orientation on confined
expansion behavior has not yet been studied.

In Situ Studies

To quantify the effects of heat on the rock, in situ measurements of
displacements and stresses that result from heating are planned. Evalua-
tion of thermal expansion and mechanical properties of the rockmass will
be made using both the data from these tests and the thermomechanical
analyses made to interpret the test results.

Equipment and Procedures, Limitations, and Error Analysis. Measure-
ments of in situ rockmass thermal expansion have been accomplished by
means of standard extensometers (wire and/or rod) (Lappin et al., 1981).
Techniques such as laser strain interferometry have been attempted
(Johnstone, Hadley and Waymire, 1984). 1In the case of rod extensometers,
especially in vertical orientation, convection of air within the extenso-
meter tube can affect results by changing the temperature distribution in
the rod. The test design includes features that should mitigate correc-
tion effects. Likewise, care must be taken to ensure that rods (even
Invar rods) are properly heat treated to have as reproducible an expan-
sion coefficient as possible and are calibrated carefully over the

temperature range of interest. Wire extensometers have not been proven
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to be stable for the lengths of time required for meaningful in situ

testing. In the case of the laser interferometer, the lack of a'sgitably
stable platform from which to make the measurement made dﬁta difficult to

interpret (Johnstone, Hadley and Waymire, 1984).

Comparison of In Situ Thermal Expansion Dats to Laboratogz Data. The

attempt to measure thermal expansion of welded tuff in situ using laser
interferometry, described by Johnstone, Hadley, and Haymire (1984), were
essentially unsuccessful. Ho&ever. measufement of thermally induced
stresses was at least partially successful. Measured stress changes were
approximateiy forty pefcent of thé changes calculated by using labora-
tory-derived expansion values. In field tests, measured stresses and
displacements that are smaller than those predicted using laboraﬁory-
measured thermal conductivity, expansion, and e13s£1c-modu11 are more
iikely attributable to differences between the rockmass deformation
modulus and the matrix elastic modulus than to thermal expansion differ-
ences. |

Similar reéults hﬁve Seen obtained in the in.siiu testing 1ﬁ grﬁnite
(Witherspoon et al., 1980). 1Initial results indicated displacements and
stresses about forty percent of ekpected values. Later, more detailed
laboratory work on the temperaturé dependence of thermalyexpansion, ther-
mal conductivity, Young's modulus and Poisson's ratio improved ﬁgreement
between measﬁred and calculated results but did not remove all of the

ambiguity.
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Heat Capacity

Heat Capacity Data for Other Potential Repository Media

Available data indicate that heat capacities of both basalt and
granite are near 0.84 J/gm°C (Guzowski et al., 1982; Pratt et al.,
1977). Measured heat capacity of granite from Stripa, Sweden (three
measurements) ranges only from 0.82 to 0.84 J/gm°C (Pratt et al., 1977).
Heat capacities for Hanford Reservation basalt range from 0.71 to 1.17
J/gm°C (Guzowski et al., 1982). The heat capacity of salt ranges from
0.79 to 0.96 J/gm°C (Tien et al., 1983). Calculated heat capacities for
the Topopah Spring tuff range from 0.84 to 1.30 J/gm°C, depending on
porosity and saturation and assuming a constant value of 0.84 J/gm°C for
the silicate mineral assemblage.

Laboratory Studies

No measurements of specific heat or heat capacity have yet been made
on tuffs as part of this project. Instead, it is felt that these vari-
ables can be calculated with acceptable accuracy (approximately +20 per-
cent) under most conditions, assuming a constant heat capacity for the
silicate mineral assemblage of 0.84 J/gm°C, water heat capacity of 4.18
J/gm°C, and air heat capacity of zero. Calculated values of the heat
capacity/density product (Table 6) indicate a broad range that depends
strongly on both porosity and degree of saturation. The high water con-
tent 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. Uncertainty in the

in situ temperatures and pressures expected near a repository lead to an
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TABLE 6

CALCULATED THERMAL CAPACITANCE AS
A FUNCTION OF POROSITY AND SATURATION

(pcp)bulk*(chma‘C)

pg = 2.65 gm/cmd

pPg = 2.38 gmlcm3

Porosity Satursated 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

*(pCplpulk =Pg(l-¢)Cp(silicates) + pnzos¢cp(water)

Cp = heat capacity (J/gm®C) = 0.84 for silicates,
4,18 for water, and

0.0 for gir.

pg = grain density (gm/cm3)
PH,0 = density of water = 1 gm/cm3

S = saturation
¢ = porosity
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uncertainty in the importance of this volatilization to heat transfer
calculations. This uncertainty in the calculations is felt to be greater

than any uncertainty that results from inaccuracies in calculated heat

capacities.
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SECTION 5. EXCAVATION CHARACTERISTICS OF THE ROCKMASS

Excavatien charaeteristics in tuffrwith respect to the dimensions of
mined openings, support regquirements for these openings, excavation methods,
damage to the rock that results from excavation, and water inflow are
reviewed in this Section. The data for this evaluation come from
observations and measurements made on cores from each of the horizons
considered for waste emplecement in Yucca Mountain coupled with data from
the mined openings in G—Tunnel. Additional evaluations will be made in the
ES in both the initial breskout room and in the planned drift—and-pillae

monitoring.
Excavation Characteristics for Other Rockmasses

Excavation characteristics of other rockmasses are considered explicitly
in the extensive data base used to develop and evaluate both ofithe rockmass
classification techniques discussed in the following paragraphs. Therefore,

no explicit list of the characgeristics of ether formations is provided.

Site-Specific Data on Excavation Characteristics

G-Tunnel Egperience
For definition of the mining methods to be used in the repository. the

most applicable data come from experience gained in the 6evelopment of an
adit (normally referred to as G-Tunnel) on the NIS. G—tunnel experience and
planned excavations in Yucca Mountain are sirilar in many ways.

s Depths (425 m), opening dimensions (span of up to 5 m) and

excavation methods will be similar.
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» Degrees of saturation are similar (0.8 to 0.95).
. Thermal, mechanical, and bulk properties of the tuffs are similar
(see Table 7).

. Fracture characteristics (spacing at 1 m or less in welded tuff) are

similar.

Because of these similarities, the data obtained from tests and
observations in G-Tunnel substantially increase confidence in the design and
analysis of a repository in the Topopah Spring Member.

In 1961, the development of G-Tunnel was started, and 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. Currently, a mechanical
mining machine (Alpine miner) is 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. Since then, roof bolts and
wire mesh have been used successfully to stabilize the openings.

As part of the NNWSI Project, about 130 m of drift have been excavated
in the welded tuff of the Grouse Canyon Member (which is similar to the
nonlithophysal portion of the Topopah Spring Member at Yucca Mountain). The
welded tuff in G-Tunnel was, in general, excavated using controlled
drill-and-blast techniques. An examination of the ribs and roof showed more
damage to the finished rock surfaces in the welded tuff than occurred in the

Tunnel Beds. However, because the Grouse Canyon Member is more highly
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TABLE 7

COMPARISON OF PROPERTIES OF TUFF FROM
YUCCA MOUNTAIN AND RAINIER MESA

- Yucca ' Yucca
G-Tunnel Mountain G-Tunnel Mountain
Grouse Topopah Tunnel Calico
Property Canyon . Springx Bed S Hills
Matrix Porosity 0.16 +£ 0,05 0.17 4 0.09 0.40 0.32 + 0.02
Grain Density (gm/cm3) 2.60 + 0.02 2.55 + 0.03 2.33 2.40 + 0.02
Saturation 0.6-0.9 0.8 - 0.9 - 0.90
Saturated Thermal - 1.82 £ 0.06 1.8 + 0.4 1.3 : 1.33 + 0.10
Conductivity (W/m°C)
Dry Thermal 1.44 + 0.09 1.6 + 0.4 0.4-0.6 1.0 + 0.05
Conductivity (W/m*C) . v
Coefficient of Linear 8.5 + 0.05  10.7 + 1.7 Not 6.7 + 3.7
T Thermal Expansion Available
' (10‘6_/'0) ‘ | .
Young's Modulus (GPa) 32.1 + 10 26.7 + 7.7 5.7 +£1.6 8.1 +2.3
Poisson's Ratio 0.13 + 0.04 0.14 + 0.05 0.18 4+ 0.07 0.16 + 0.06
Unconfined Compressive 136 + 49 95.9 + 35 21.9 + 8.0 30.6 % 11.1

Strength (MPa)

*Topopah Spring data are for materisl assumed to have 5% lithophysal porosity
- in addition to normal matrix porosity.

-91-




jointed than the nonwelded material, it is more difficult to assess
whether damage to finished rock surfaces is the result of the mining
technique. The mechanical miner was successfully used to cut the welded
tuff and level the floors. Relatively rapid wear of the picks attached
to the rotating drum was noted.

Spans of G-Tunnel openings in the welded material range from 3.4 to
5 m. The cross section of the experiment drift identified is 5 m wide by
5 m high, approximately the dimensions being considered for the drifts in
the repository. During the excavation of the extensometer drift, miners
were unavailable for one to two months after seven blasting rounds had
been shot, which left an unsupported roof along 14 m of drift. During
this time, no deterioration of roof material was evident. Following this
hiatus, roof bolts and wire mesh were successfully installed in the roof.
Rockmass Classification of Yucca Mountain Tuffs

Rockmass classification systems have been applied in an assessment of
excavation characteristics and support requirements for mined openings in
Yucca Mountain (Johnstone, Peters, and Gnirk, 1984). These
classification systems use rock strength data, rock quality designations
as determined from core observations, joint characteristics (spacing and
condition), and groundwater conditions. Two rockmass classification
systems were used: the NGI (Norwegian Geotechnical Institute)
Classification System proposed by Barton et al. (1974a) and the CSIR
(South African Council for Scientific and Industrial Research
Geomechanics) Classification System proposed by Bieniawski (1976). ERach
system emphasizes joint characterization. Barton's system also considers

a stress factor. These calculation systems are used mainly for single
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tunnels but have been applied to multiple underground openings that have
piller dimensions on the order of 15 m with extraction ratios of 25 to 50
percent. A summary of evaluations to date 1s presented below.

Before final selection of the disposal horizon, several Yucca
Mountain stratigraphic units'were classified using the systems described
above. These units included the nonlithophysal Topopah Spring Member,
the upper ashflow of the Tuffaceous Beds of the Calico Hills, and the
welded devitrified portions of the Bullfrog and Tram Members. The
Tunnel Beds and the welded portion of the Grouse Canyon Member in
G-Tunnel were also rated for comparison. The units from Yucca Mountain
must be rated on the basis of vertical information only, because no
horizontal cores are available.

COmparative ratings for each unit are presented graphically in
Figure 19.% The scales for the two classification systems have been
correlated according to Bieniawski (1976). It should be emphasized that
Bieniawski's system does not include a stress reduction factor. There-
fore, the classification value for the two deepest units, the Bullfrog
and Tram Members, is significantly lower in Barton's system than in
Bieniawski's system. Tunnel Bed 5 alsoc has a significantly lower rating
in Barton's system. Although the drifts in the Tunnel Beds are shallow

(420 m), the strengths of the units are low.

*Values for parameters have been chosen to span expected
characteristics. Calculated ratings should not be interpreted to imply
that there are areas of faulted or strongly jointed rock.
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Estimated Support Requirements Based on Rockmass Classificstion

Based on Barton's NGI Classification System and his study of
apbroximately 200 case histories of tunnels (Barton et sgl., 1974b),
preliminary estimates of support requirements were made (Table 8).
Despite the variastion in rockmass classification for the various units,

the support estimates indicate that either untensioned grouted rock bolts

TABLE 8

ESTIMATED SUPPORT REQUIREMENTS BASED ON BARTON'S
HGI ROCK CLASSIFICATION SYSTEM

Classification Suggested Support

Unit Value (Q) : Requirements
Welded Devitrified 0.99 to 0.01 ‘ b-d
Bullfrog Member
Welded Devitrified 1.05 to 0.01 b-d
Tram Member
Nonlithophysal 8.33 to 0.75 a-¢
Topopah Spring Member ‘
Tuffaceous Beds of 96 to 0.44 a-c¢
Calico Hills
Tunnel Bed No. 5 29.2 to 0.44 a-c
Welded Grouse 60 to 0.3¢ a-c¢

Canyon Member

= None.

Untensioned grouted rockbolts with unreinforced shotcrete.

Tensioned grouted rockbolts with wire mesh-reinforced shotcrete.

[~ S c T - G -
]

Cast concrete arches for swelling and squeezing 5rodnd.

~95-



with shotcrete or tensioned grouted rock bolts with shotcrete should
suffice in most cases. These estimates are based on an assumed span
width of 5 m. It is further assumed that the drifts need permanent
support similar to that required for underground power stations, major
road and rallway tunnels, and civil defense chambers (somewhat in excess
of the support required for a permanent mine opening). The actual
support requirements for the Tunnel Beds and the Grouse Canyon Member
approximate estimated support requirements. Actual support for these
members consists of patterned rock bolts (grouted) and wire mesh.

More detailed studies and evaluations of requirements for permanent
support systems will be made in the ES.

Estimates of Groundwater Inflow and Dewatering Requirements

As expected above the water table, there is no uniform flow of water
through any of the drifts in G-Tunnel except that quantity removed by the
ventilation system. Observed water flow is limited to downward flow in
locally saturated faults or fractured zones oriented more or less
vertically. Quantities of water are estimated to be less than 0.0009 L/s
(20 gal/day) and would be removed by routine pumping of a small sump area.

It is anticipated that similar behavior will be observed in the
Topopah Spring Member in Yucca Mountain and that dewatering requirements
will be minimal.

Excavation Methods

The following conclusions have been drawn from the observations made
in G-Tunnel as related to repository design in the Topopah Spring Member.

e Controlled drill-and-blast mining techniques can be successfully

used for excavating welded tuff.

-96-



e Because the welded tuff was successfully cut (during floor level-
ing) with‘a mechanical mining machine, tunnel-boring machipes and

advanced mechanical miners could possibly be used.
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SUMMARY

The development of thae data base of geoengineering properties
reguired for use in technical decisions related to the repository ﬁt
Yucca Mountain is well under way. At present, the data base consists
primarily of the results of laboratory 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 ho;izon for the repository was based in part on the average
thermal and mechanical properties defined (for each of the four horizons
considered) from approximately 75 thermal conductivity tests, 95 thermal
expansion tests, 35 mineralogical/petrological analyses, 60 mechanical
tests on jointed rock samples, and 120 unconfined and 50 pressure-depen-
dent mechanical properties tests. Definition of the properties to be
expected in the candidate disposal horizons relied upon combining the
" measured thermal and mechanical properties data with the corresponding
bulk properties (porosity and grain density) to produce functional ther-
mal and mechanical properties units. The units are consistent among the
exploration holes drilled to date, although individual layers vary in
thickness and, in places, do not coincide with identified lithologic tuff
units. The geoengineering properties (collectively summarized in Table
9) are provided both to document the data that was input to the horizon
selection decision and to identify the Topopah Spring Member data being
used in initial design trade-off analyses that are reported in Jackson

(1984).
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TABLE 9

RECOMMENDED THERMOMECHANICAL PROPERTIES OF THE TOPOPAH SPRING MEMBER,
TUFFACEOUS BEDS OF CALICO HILLS, AND TRAM AND BULLFROG MEMBERS

Topopah Tuffaceous
Variable Spring* Beds Bullfrog Tram

Porosity 0. 1740.09 0.32+0.02 0.2340.03 0.1940.03

Grain Density (gm/cm3) 2.554.003 2.4040.02 2,5940.02 2.6440.04

Saturation 0.8 1.0 1.0 1.0

Saturated Bulk Density 2.29 1.95 2.22 2.33
(gm/cms)

Dry Bulk Density 2.12 1.63 1.99 2.14
(gm/cm3) : ‘
Saturated Thermal 1.840.4 1.4 2.040.1 2.2+40.1
Conductivity

(W/m°C)

Dry Thermal Conductivity 1.640.4 1.040.05 1.440.2 1.640.2
(W/m*C)

Thermal Capacitance 2.18 2.72 2.64 2.59
(J/emeC)

Pretransition Linear 10.741.7 6.743.7 8.3+1.4 8.3+1.4
Expansion Coefficient
(10-60c-1)

Transitional 31.8 -56.0 -12.0 -12.0
Linear Expansion (to 300°C) (to 150°C) (to 125°C) (to 125°C)
Coefficient (10-60c-1)

Posttransition Linear 15.5+3.8 © -4.544.0 10.940.8 10.940.8
Expansion Coeficient (to 400°C) (to 300°C) (T>125°C) (T>125*C)
(10-60¢c-1)

Young's HModulus (GPa) 26.747.7 8.1+2.3 15.544.5 21.8+46.3

Poisson's Ratio 0.1440.05 0.16+0.06 0.19+0.08 0.1940.07

Unconfined Compressive 85.9+435.0 30.6+11.1 56.9+20.8 79.2428.9

Strength (MPa) '

Matrix Cohesion (MPa) 28.5 10.9 18.1 24.0
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TABLE 9 (Continued)

RECOMMENDED THERMOMECHANICAL PROPERTIES OF THE TOPOPAH SPRING MEMBER,
TUFFACEOUS BEDS OF CALICO HILLS, AND TRAM AND BULLFROG MEMBERS

Topopah Tuffaceous
Variable SpringX Beds Bullfrog Tram

Angle of Internal 26.0 15.6 22.1 24,7

Friction (degrees)
Tensile Strength of 12.843.5 0.1+3.5 7.743.5 11.143.5
Matrix (MPa)

Joint Cohesion (MPa) 1 1 1 1
Coefficient of Friction 0.8 0.8 0.8 0.8

for Initiation of
Sliding of Joints

*Topopah Spring data are for material assumed to contain 5 percent
lithophysal
porosity in addition to normal matrix porosity.

Studies of the mechanical properties of intact samples from Yucca Mountain
indicate that observed variations between the four horizons studied are pri-
marily a function of porosity. Preliminary assessments of the effects of
water, temperature, confining.and fluid pressure, loading time, lithophysae,
and anisotropy have been performed in order to enable estimates of the degree
of conservatism in values of properties used in modeling calculations. Addi-
tional testing is being focused almost entirely on the Topopah Spring Member.
Large-scale laboratory tests (sample diameters up to 30 cm) are being initi-
ated to evaluate the effects of lithophysae and of sample size on mechanical
properties.

Studies of tﬂé-mechanical properties of discontinuities (joints, bedding
planes, and faulté) have focused on the mechanical properties of simulated

joints precut in samples of tuffs from the Grouse Canyon and Prow Pass
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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 that result from
changes of displacement rate, water saturation, and time-dependent behavior
have been quantified for use in predicting rockmass mechanical response.
Characterization of the type, spacing, and orientation of discontinua at the
repesitory level will be done in the ES.

To date, there has been no large-scale testing of the tuffs from Yucca
Mountain and only one limited field study on the mechanical behavior of the
Grouse Canycn Member welded tuff in G-Tunnel. Both the heated block and pres-
surized slot tests to be fielded in G-Tunnel will provide data with which to
calculate the rockmass modulus. These data can be used with the laboratory
results for the Grouse Canyon Member to determine how much the intact sample
Young's modulus needs to be reduced to describe the rockmass. Currently, it
is estimated that the in situ modulus of deformation will be on the order of
one-half of the Young's modulus values obtained in the laboratory.

Once access to the disposal horizoen is availsble, large-scale in situ
tests will be performed to directly méasure rockmass mechanical properties and
to evaluate whether complicated rockmass response can be predicted using
available numerical analysis codes if the rockmass properties are known.

These tests will be designed and positioned to be representative of the rock-
mass, including discontinuities. Plate-bearing tests, borehole-jacking tests,
and the enhanced block measurement will emphasize properties evaluations.
Shaft and drift monitoring, along with the canister-scale heater test, will

assist in the design approach by permitting evaluation of the effects of
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construction and waste emplacement on a larger scale than in the properties
tests.

s - Saturated and dehydrated thermal conductivities show dependence on varia- ' *
tions 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 conducti-
vity of air-filled lithophysae that occur within the Topopah Spring Member can
be modeled as additicnal air-filled porosity. The presence of fractures is
expected to have a negligible effect on in situ, ambient-temperature rockmass
conductivity below the static water level. Within the target horizon and at
other locations above the static water level, fractures may decrease thermal
conductivity by as much as 15 percent.

Laboratory measurements of the thermal expansion of samples from Yuceca
Mountain indicate that because of the presence of variable amounts of hydrous
phases and cristobalite, three temperature ranges must be defined for the
thermal-expansion behavior of Yucca Mountain tuffs. At low temperatures (pre-
transition), expansion is approximately linear. During the transitional
interval (characterized by dehydration or by a phase change), either expansion
or contraction may occur, depending on the rock type, and behavior is non-
linear. At higher temperatures (posttransition), linear behavior again is
characteristic, and may be either expansion or contraction. 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 pre-existing fractures is expected to reduce thermally

induced rockmass stresses to below those predicted using thermal and
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mechanical properties measured in the lsboratory, primarily because lower

.elastic moduli are measured in the field.

*-The estimated heat capacity of the silicate minerals in tuff is
0.84 J/gm®°C. Calculated values for the tuff are strongly dependent on
porosity and degree of saturation and somewhat dependent on mineralogy (grain
density). However, it is felt that the accuracy with which the heat capacity
can be calculated (120 percenﬁ) is scceptable under mbst conditions because
uncertainty in the temperature range over which pore fluids will be
volatilized in situ is greater than uncertainties in the calculated heat
capacities.

Experience gained in G-Tunnel and the similarity of tuffs at Yucca

‘Mountain and Rainier Mesa indicate that controlled blasting techniques can be

used to excavate the welded tuff. In addition, it should be possible to
stabilize openings using only roof bolts and ;ire mesh. Control of water flow
should not be a significant factor in the design of a repository in the
Topopsh Spring Member. Evaluation of the excavation charéctefistics of tuffs
from Yucca Mountain has been completed using several empirical approaches with
information obtained from boreholes and core samples. These empirical
correlations suggest that no unusual support systems will be required to
construct the ES or openings in the disposal area in the Topopah Spring
Member. Confidence in the predictions by empirical methods was gained by
applying them to Tunnel Bed 5 (nonwelded) and Grouse Canyon Member (welded)

tuffs of Rainier Mesa, where there is substantial experience with excavations.
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CONCLUSIONS

The following conclusions can be drawn from the detailed discussions

and data presented.

. The development of the data base of geoengineering information is
well under way, and average thermal and mechanical properties
-(and their anticipated variations) in the tuffs from Yucca
Mountain have been defined.

. Field measurements that are appropriate to quantify thermal and
mechanical properties of the rockmass and to calibrate thermal
and structural analysis techniques are being made in G-tunnel and
will be made in the ES.

e It is anticipated that existing mining technology can be used to
develop stable underground openings in a repository in the
Topopah Spring Member, and that repository operations can be
carried out safely from the deginning of construction through
repository closure. This statement is based on over twenty years
of excavation experience in tuff, the rock properties determined
in laboratory measurements, and stress analyses that include the

effects of heating of the rockmass by the waste.
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