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ABSTRACT

Licensing of a nuclear-waste repository by the Nuclear Regulatory
Commission requires, among other things, demonstration of the long-term
usability of the underground portion of the repository. Such a
demonstration involves analysis of the thermal response of the rock to the
presence of heat-producing waste, which in turn requires data on the
thermal properties of the rock. This document describes (1) the rationale
for obtaining thermal-properties data; (2) the determination of specific
requirements for the data (e.g., number of samples, experiment conditions);
and (3) specific experimental plans for obtaining data on each thermal
property (bulk density, thermal conductivity, and heat capacity).
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1.0 INTRODUCTION

This Study Plan describes the experiments planned to obtain the data on
thermal properties of tuff units as required by repository design and per-
formance assessment to support the license application process. The data
base will contribute to the estimation of the thermal properties of the
rock mass, which in turn will be used in analyses of heat transfer in and
around a repository located in the lower part of the Topopah Spring Member
of the Paintbrush Tuff. These estimated thermal properties of the rock
mass will be compared, and in some cases combined, with information on
thermal properties of the rock m;ss obtained directly from in situ measure-
ments. In addition, the thermal property information will be used to
determine the temperature distributions required as input to thermal-stress

analyses.

To date, emphasis has been placed on properties that contribute to
conductive heat transfer because this mechanism is assumed to dominate heat
transfer in the unsaturated tuffs in which a repository would be located.
Therefore, this Study Plan is directed primarily toward plans to obtain
data on thermal conductivity (in some cases, effective thermal conductivity
because of incorporation of heat-transfer mechanisms such as latent-heat
transfer), heat capacity, and bulk density (thermal diffusivity, the ratio
of thermal conductivity to the product of density and heat capacity, can be
calculated from these properties). The possibility remains, héwever, that
other heat transfer mechanisms (e.g., radiation or convection) may be
locally significant in the rock mass in the vicinity of a repository. The
heat-transfer mechanisms will be studied during a number of in situ
experiments (discussed in other Study Plans as summarized in Table 1.0-1).
Mechanisms other than conduction are not discussed in this document except
in cases where effects on heat transfer are relevant to the main objective

of this Study Plan.

1.1 Objectives of Laboratory Thermal-Properties Study

The experiments discussed in the Laboratory Thermal-Properties Study
are intended to provide all of the data on thermal properties required by
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Table 1.0-1. Summary of In Situ Experiments Obtaining Information Related
to Data for the Thermal Properties of the Rock Mass

Study Plan Experiment

8.3.1.15.1.6 Heater Experiment in Unit TSwl
Canister-Scale Heater Experiment
Yucca Mountain Heated Block
Thermal-Stress Measurements
Heated-Room Experiments

8.3.4.2.4.4 Engineered-Barrier-System Field Tests

repository design and performance assessment that can be obtained in the
laboratory. Described in the Study Plan are experiments designed to

(1) determine the effects of variations in environmental parameters on
thermal properties; and (2) determine whether the thermal properties vary
as a function of spatial location, and if so, to obtain quantitative esti-
mates of the spatial variability. Estimates of rock-mass thermal proper-
ties will be made based on the intact-rock data obtained in the laboratory
and information to be obtained from other Studies (as described in Section
2.3.8) on fracture porosity, lithophysal-cavity abundance, mineralogy and
bulk chemistry, and the in situ saturation of the rock mass.

Laboratory data will be obtained for the following parameters: matrix
porosity, grain density, bulk density, heat capacity, and thermal conduc-
tivity. Data on matrix porosity and grain density will be obtained in
order to calculate in situ bulk densities at any given saturation state.
For each parameter, variability in the parameter as a function of lithology
and spatial location will be examined. Variability in parameters asso-
ciated with variations in environmental conditions will be studied, as

follows:

Thermal Property Variable Environmental Parameter(s)
Bulk density Saturation

Heat capacity Saturation, temperature

Thermal conductivity Saturation, temperature
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Stress/confining pressure is not expected to have a significant effect on
any of these thermal properties and so does not need to be considered as an

environmental variable.

An environmental condition which may change during the operational
lifetime of a repository but which has not been considered above is
mineralogic change within the tuffaceous rocks in response to elevated
temperatures, changing saturations, and long periods of time. Mineralogic
change might include (1) dissolution, precipitation, or both; or (2) con-
version of an initial assemblage of minerals to a different assemblage
(e.g., devitrification of glass, conversion of cristobalite or tridymite to
quartz). Such changes involve both the thermodynamics and kinetics of
mineral reactions; the changes considered to be of potential concern are
being evaluated for Studies 8.3.1.3.2.1 (Mineralogy, petrology and
chemistry of transport pathways) and 8.3.1.3.3.2 (Kinetics and thermo-

dynamics of mineral evolution).

Another potential change in environment is dehydration of glass,
zeolite, and clay resulting from drying of the rock by elevated
temperatures. Such dehydration is a kinetic process that depends on
temperature and time. Rather than attempting to evaluate the specifics of
the kinetics of dehydration for individual minerals, consideration of the
process will be included in procedures for any oven drying of samples that
is a part of the experimental plan. Any information about dehydration that
is obtained as a part of Study 8.3.1.3.2.1 (Mineralogy, petrology, and
chemistry of transport pathways) will be included in the development of

procedures when such information is available.
1.1.1 Use of Results of Laboratory Thermal-Properties Study

The principal requirements for information for resolving preclosure
issues related to repository design (addressing nonradiologic health and
safety as well as the feasibility of waste retrieval) center on the
question of adequate support for the underground openings. The design and
support of these openings are dependent on the rock-mass characteristics,

the in situ stress state, and the geometry of the openings. Experiments to
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be conducted for the Laboratory Thermal-Properties Study will contribute
primarily to calculation of temperature increases caused by the presence of
heat-producing waste; the temperature changes then will be used in the
calculation of the resulting thermally induced stresses. A secondary
design consideration that {s affected by the thermal properties is the
ventilation system for the repository. The thermal properties will affect
the temperatures in the repository, which will in turn be a constraint on
the airflow required through the underground openings in order to maintain
an adequate working environment. Additional discussion of this topic is
provided in Section 8.3.2.4 of the Site Characterization Plan (SCP) (DOE,
1988) and in SNL (1987). |

For performance assessment, data on the thermal properties will con-
tribute in several ways to resolution of postclosure issues. First, the
properties will affect the maximum temperatures expected in the underground
portion of a repository and the time {nterval over which the waste
canisters can be expected to be {solated from liquid water (by temperatures
that exceed the local boiling temperature). Second, interaction of the
elevated temperatures with the hydrologic regime may affect the estimated
groundwater travel time, travel path, or both. (In addition, the thermal
pulse may cause geochemical changes within the boundary of the disturbed
zone which may need to considered even though water and radionuclide
movement through the disturbed zome is not pertinent to travel-time
calculations.) Finally, waste-package performance will depend, in part, on
heat transfer in the surrounding rock because of the effects of the

resulting thermally induced stresses on emplacement-hole stability.

Experiments for the Laboratory Thermal-Properties Study will be con-
ducted on samples taken from thermal/mechanical units (a brief discussion
of these units is provided in Section 2.2.2) that are expected to affect
the temperatures calculated in the vicinity of the underground portion of a
repository. These units include all material from the ground surface
(except for recent unconsolidated sediments) down to the static water
level. For units that occur at deeper levels, thermal properties for tuffs
of similar lithology will be assumed vhen these deeper units are included

in an analysis. (The units for which data are required have been selected
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by repository-design and performance-assessment personnel; future analyses
may indicate that data for some of the units also could be estimated rather
than measured. Experiment plans will be adjusted accordingly if scheduling
permits.)

1.2 Rationale and t ormat be e
1.2.1 Resolution of Performance and Design Issues

Performance Allocation was used by the Yucca Mountain Project to
establish appropriate issue resolution strategies [the 1issues to be
resolved are presented in Section 8.2.1 of the SCP]. A general discussion
of the performance-allocation approach is provided in Section 8.1 of the
SCP. 1Issue resolution strategies for each Site Program are provided in
Section 8.3 of the SCP.

Sectidns 6.4 and 8.3 of the SCP provide detalled discussions of the
approach that will be used in the design of the underground openings. This
approach emphasizes the need to ensure that openings associated with the
underground facility will remain usable throughout the retrieval period
(Section 6.4.8 of the SCP). The ability to predict the magnitudes of
stress and displacement is fundamental to the ability to ensure the
retrievability of waste for up to 50 years after emplacement begins and to
demonstrate that an underground facility can be constructed in welded tuff

using reasonably available technology.

The design, construction, and operation of the underground facility
must comply with applicable health and safety standards (e.g., 30 CFR 57
and applicable mining regulations of the State of Nevada) and the under-
ground openings must remain usable for the operational period of the
facility. The initial design of the facility will be based on empirical
design guidelines as well as the results of mechanical, thermal, and
thermomechanical analyses. These analyses will be refined as the input
data base, the design, or both evolve, and will not only allow estimation
of the rock-mass response to repository-induced loads but also will allow

assessment of the performance of the repository relative to the standards
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mentioned above.  The ground control-strategy concept (Hoek and Brown,
1980) initially establishes limiting values on the amounts of displacement
and induced stress that cannot be exceeded during construction and
operation for the proposed design of the underground openings. This design
approach then uses Tunnel-Index methods (Barton et al., 1974; Bieniawski,
1976) to establish the initial requirements for the ground-support system.
These methods then are supplemented with an in situ monitoring system to

assess the performance of the support system selected.

Information Need 4.4.1, "Site and Performance Assessment Information
Needed for Design,” (Section 8.3.2.5.1 of the SCP), which includes the data
needs of Issues 2.4 (Waste Retrievability), 4.2 (Nonradiological Health and
Safety), and 4.4 (Preclosure Design and Technical Feasibility), identifies
the site parameters that must be obtained to design the repository and to
develop the repository operating procedures to assure the non-radiological
safety of the worker. A similar set of parameters are identified in Infor-
mation Need 1.11.1, "Site Characterization Information Needed for Design,"
(Section 8.3.2.2.1 of the SCP) as necessary for analysis of the thermal and
thermomechanical response of the tuffs after closure of the repository and
in Issue 1.12 [Seal Characteristics (Section 8.3.3.2 of the SCP)] as
necessary for analysis of seal response to the thermal and thermomechanical
environment. The thermal properties required by these two Information
Needs are thermal conductivity and heat capacity. Information Need 1.11.1
subsumes several data requirements from performance assessment Issues,
including 1.1 [Total System Performance (Section 8.3.5.13 of the SCP)],
Issue 1.2 [Individual Protection (Section 8.3.5.14 of the SCP)], and 1.6
[Ground-Water Travel Time (Section 8.3.5.12 of the SCP)].

Issue 1.6 (Ground-Water Travel Time, Section 8.3.5.12 of the SCP)
addresses ground-water travel time. In order to perform the necessary
calculations, the boundary of the disturbed zone must be estimated [see
Langkopf (1988). This estimation requires an estimate of the location of
selected isotherms surrounding a repository, which in turn requires a

knowledge of the thermal properties of the relevant units.
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Proper design of a waste package for emplacement in welded tuff relies
on an evaluation of the environment to which the waste package will be
subjected in situ. Temperature is an important part of the waste-package
environment. Thus, Issue 1.10 {Waste Package Characteristics
(Postclosure), Section 8.3.4.2 of the SCP], which addresses the approach to
waste-package design for post-closure performance, requires data on the

thermal properties of the host rock.

Issue 2.7 (Repository Design Criteria for Radiological Safety, Section
8.3.2.3 of the SCP) discusses the approach to be followed in ensuring the
radiological safety of the worker. Part of the approach is to estimate the
radiologic shielding properties of the host rock. One of these properties
is bulk density, which will be determined as part of the Laboratory
Thermal -Properties Study. Requirements in Issue 2.2 [Worker Radiological
Safety - Normal Conditions (Section 8.3.5.4 of the SCP)] also will be met

when meeting the requirements from Issue 2.7.
1.2.2 Regulatory Requirements

This study will provide some of the information required to demonstrate
compliance with several key regulations outlined in 10 CFR Part 60 (NRC,
1986) ("Disposal of High-Level Radiocactive Wastes in Geologic Repositories;
Licensing Procedures”). These regulations form the basis for the require-
ments outlined in 10 CFR Part 960 (DOE, 1984) ("Nuclear Waste Policy Act of
1982; Final Siting Guidelines"). Performance objectives as stated in 10
CFR Part 60 requiie demonstration that: (1) waste retrieval shall be
feasible starting at any time up to 50 years after waste emplacement begins
(60.111); and (2) the overall system performance of the geologic repository
shall be such as to ensure that releases of radioactive material to the
accessible environment conform to applicable Environmental Protection

Agency requirements (60.112).

Experiments conducted for the Laboratory Thermal-Properties Study will
provide data that will be used to calculate temperatures induced by the
heat-producing waste. These temperatures will be used in the evaluation of

retrievability through: (1) the design of a ventilation system that will
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aid in keeping theé underground openings sufficiently cool for retrieval
operations to proceed; and (2) allowing calculation of expected thermally
induced stresses and resulting design of a ground-support system that will
be sufficient to withstand the maximum expected stresses around an opening.
Predicted temperatures also will be used in the evaluation of the disturbed
zone boundary and of the time interval during which the waste package will
not be in contact with liquid water; the latter will contribute to
estimates of ground-water tr#vel time (10 CFR 60.113) and total system
performance (10 CFR 60.112).

The Nuclear Regulatory Commission (NRC) describes as one potentially
adverse condition the presence of geomechanical properties that do not
permit the design of underground openings that will remain stable through
permanent closure (10 CFR 60.122.c.21). 10 CFR 60.133.e.1 and 60.133.e.2
specify that openings in the underground facility shall be designed for
safe operations, to maintain the option of retrievability of the waste, and
to reduce the amount of deleterious rock movement or fracturing of overly-
ing or surrounding rock. Potentially adverse conditions outlined in 10 CFR
Part 960.4-2-3(c)(l) and 960.5-2-9(c)(3) (rock characteristics) include in
situ characteristics that could necessitate extensive maintenance during
repository operation and closure and in situ conditions that require
engineering measures beyond reasonably available technology during the
construction of the underground facility. Thermally induced stresses and
displacements must be estimated in order to ascertain the expected need for
maintenance of openings or the viability of reasonably available

technology.

1.3 Definitions and Symbols

To avoid confusion, all properties and symbols discussed or used in
this Study Plan are defined below or in Table 1.3-1.

Density: the mass per unit volume of material (kg/m3).
- bulk density: the density of material, including any

pore space within the volume.
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" Table 1.3-1. Definition of Symbols

Symbol Definition

A,B constants used In discussion of data requirements
(Section 2.2.1)

c fitting parameter in Asaad’'s thermal conductivity
equation (Table 3.4-2)

C constant used in discussion of data requirements
(Section 2.2.1)

C:ir heat capacity of air (J/kg-K)

ngo heat capacity of liquid water (J/kg-K)

CEOCR heat capacity of rock mass (J/kg-K)

Csolid heat capacity of solid (essentially nonporous)

P material (J/kg-K)

K thermal conductivity (W/m-K); also parameter used
in expressing tolerance limits (Section 2.2.1)

Kg thermal conductivity of air (W/m-K)

Ke thermal conductivity of composite (i.e., solid plus
fluid (W/m-K)

Kf thermal conductivity of fluid (W/m-K)

Kg thermal conductivity of solid (essentially
nonporous material (W/m-K)

Kvac thermal conductivity of composite when the material
is subjected to a vacuum (W/m-K)

Ky thermal conductivity of water (W/m-K)

n nunber of sémples

[Also a fitting parameter in the thermal
conductivity equation of Sugawara and Yoshizawa
(Table 3.4-2).]
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Table 1.3-1 Definition of Symbols (Concluded)

Symbol Definition

] saturation (volume fraction); also, standard
deviation

X mean value

a (1 - a) is the confidence level associated with a
data request

v probability that a given proportion of a population
is located within specified tolerance limits

b bulk density (kg/m3)

pdb dry bulk density (kg/m3)

fg grain density (kg/m3)

Psb saturated bulk density (kg/m3)

éfF porosity occurring in fractures (volume fraction)

éL porosity occurring in lithophysal cavities (volume
fraction)

ém matrix porosity (volume fraction)

10
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» dry bulk density: the density of material when
the pore spaces contain only gas (usually air).

* natural-state bulk density: the density of
material when the pore spaces contain a volume
fraction of liquid equivalent to that found in
situ.

+ saturated bulk density: the density of
material when the pore spaces contain only
liquid (usually water).

- grain density: the density of solid, essentially
nonporous material.

the energy (in the form of heat) required to change the

temperature of a unit mass of material one degree

(J/kg-K).

Ash-flow components having an approximately concentric

sequence consisting of (1) a central cavity, with or

without a lining of secondary minerals; and (2) an
outer "shell" of variable thickness consisting of
relatively coarse alkali feldspar and silica minerals.

The shapes of the lithophysae range from quasi-

spherical to strongly elliptical.

The part of the volume of a material that is occupied

by non-solid material (i.e., voids). Expressed as a

volume fraction in this document.

- matrix porosity: the portion of porosity the size of
which is approximately described by "microscopic” or
"submicroscopic.” Specifically excludes void space
contributed by fractures or lithophysal cavities.

- total porosity: total void space, equivalent to the
sum of matrix porosity, fracture porosity, and volume
of lithophysal cavities.

the volume fraction of the porosity (usually the matrix

porosity) that is occupied by liquid (usually water).

11
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the quantity of heat conducted through a unit area
(perpendicular to the direction of heat transfer) per

unit time when the temperature gradient is one degree,

per unit thickness (W/m-K).

12
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2.0 RATIONALE FOR LABORATORY THERMAL-PROPERTIES STUDY

Experiments are planned to measure three thermal properties for the
Laboratory Thermal-Properties Study. The primary emphasis in each group of
experiments is to obtain data in the laboratory that can be used to
estimate the thermal properties of the rock mass throughout the area within
the boundary of the underground facilities for the relevant thermal/
mechanical units, These rock-mass properties then will serve as primary
input to thermal calculations performed in support of repository-design and

performance-assessment activities.

2.1 Ratjonale and Justificatjon for Laboratory Thermal-Properties

Xpe ent

Heat-transfer calculations of temperature increases resulting from
waste emplacement require as input the thermal properties of the rock mass.
The rock-mass properties will be measured in situ during a number of
experiments (Table 1.0-1). However, these measurements will suffer two
limitations. The first is that each of the measurements will be pertinent
only to the conditions of the experiment with which the measurement is
associated. This limitation can be surmounted in part by interpolation and
extrapolation of all of the in situ data. The second limitation is more
serious. Practicality dictates that the number of in situ tests be
limited. Such a limitation leads to a severe constraint on the ability to
provide data to the repository-design process with the confidence levels
that are required. The performance-allocation process resulted in the
definition of both preferred limits for each property and confidence in
those limits. Data gathered in the small number of in situ experiments are
unlikely to have narrow confidence intervals even for the
thermal/mechanical units in which such experiments will be performed. 1In
addition, the in situ experiments will be unable to provide data either to
examine spatial variability within the relevant thermal/mechanical units
(because the number of experiments will be insufficient) or to provide
rock-mass thermal properties for units in which no in situ thermal

experiments are to be conducted.

13
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As a result of these limitations for the in situ experiments, a program
of laboratory experiments is necessary as a first step in obtaining rock-
mass thermal properties data. Il.aboratory determinations of grain density,
matrix porosity, heat capacity, and thermal conductivity can be combined
with information on fracture porosity, in situ saturation state, and
lithophysal-cavity abundance to estimate rock-mass thermal properties. In
addition, correlation of thermal properties with mineralogic or petrologic
information may be useful in éstimating thermal properties for the rock
mass. (Additional discussion of the methods of calculating in situ thermal
properties are provided in a number of sections later in this document.)
The laboratory program can be designed to provide both the proper number of
samples and the proper distribution of sampling locations to enable the

limitations mentioned previously to be overcome.

Figure 2.2-1 is a flow chart that summarizes the sequence of events
that i{s to be followed in obtaining rock-mass thermal properties for this
study. {[Note: Contacts between thermal/mechanical units will be defined
at each location before sampling occurs; definition of the contacts is part
of Study 8.3.1.4.3.2 (Three-Dimensional Rock Characteristics Models.)}]

2.2 PRatjionale for the Number of Planned Experiments, Sampling Locations,
and the Selectjon of Test Techniques

Preliminary data for a number of thermal and mechanical properties have
been obtained for various tuffaceous units at Yucca Mountain. These data
have permitted definition of a thermal/mechanical stratigraphy, in which
units are distinguishable based on differences in one or more of the
thermal and mechanical properties. A comparison of these units with the

formal stratigraphic units is provided in Figure 2.2-2.

Because the thermal/mechanical units have been defined based on dif-
ferences in thermal properties, mechanical properties, or both, each of the
units is assumed to be independent in terms of sampling. Thus, the per-
formance-allocation process has resulted in data requirements for each

pertinent thermal/mechanical unit separately.
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Figure 2.2-2. Comparison of Thermal/Mechanical and Formal Stratigraphies,
Including General Lithologic Descriptions and
Representative Thicknesses for the Yucca Mountain Area.
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The existing version of the thermal/mechanical stratigraphy does not
include material found between Units TSw2 and TSw3 which is characteristic
of neither unit. This material is extremely variable in lithology (usually
rich in clay and zeolite) and in thickness [usually less than 10 ft (3m)};
the variable lithology is the reason the material has not been treated as a
thermal/mechanical unit. Brief discussions of the material are provided by

Nimick and Schwartz (1987) and by Levy and O'Neil (1989).

Although neither repository-design nor performance-assessment issues
contain explicit requests for data on this material, data should be
acquired because (1) thermal-property data from other units cannot be used
for the material and (2) the material would be sufficiently close to the
waste canisters that the thermal properties of the material might affect
the heat pulse from emplaced waste. Thus, this document includes plans for
determining the thermal properties of what will henceforth be called
"altered TSw3".

The following sections discuss the number (Section 2.2.1) and the loca-
tion (Section 2.2.2) of experiments planned to characterize the thermal
properties of the tuffs at Yucca Mountain. Section 2.2.3 discusses
additional thermal-conductivity experiments planned to examine, in a
scoping fashion, the effects of saturation level, sample size, and the

presence of fractures on thermal conductivity.

In order to formulate the plans discussed in these sectionms, preliminary
assumptions were made about the spatial variability of the thermal
properties. Existing data are insufficient to analyze large-scale
horizontal variability (e.g., between existing core holes) or vertical
variability within each thermal/mechanical unit at any given core hole
location. Thus, it has been assumed that little is known about the spatial
variability of the thermal propertles.- Section 2.2.1 addresses the number
of experiments and Section 2.2.2 discusses sampling locations. Taken
together, these section present the plans to assess the issue of spatial

variability.

17
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Given the lack of information, existing data have been used to provide
information with which to estimate numbers of samples (Section 2.2.1)
which, if there is spatial variability between core holes (i.e.,
horizontally), would be sufficient to satisfy the data requests of
performance assessment and repository design at any single sampling
location. In addition, if variability is random and uncorrelated both
horizontally and vertically, present sampling plans will provide data that

are more than sufficient to satisfy data requirements.

2.2.1 Number of Experiments

In general, the minimum number of laboratory thermal-properties
experiments that will be necessary for site characterization will be
different for each property considered. A preliminary estimate of the
necessary number of experiments for each thermal property can be obtained
using information provided by repository design and performance assessment
through the performance-allocation process. (The numbers discussed in this
section refer tb individual (horizontal) sampling locations, and not to the
total number of experiments required in order to complete site charac-
terization.) In most cases, data requirements are expressed in the

following form:

We want a proportion (1-A) of the data population to fall within the

limits X + BX with C level of confidence.

(Note that this requirement is a request for statistical tolerance limits
within which the proportion (1-A) is expected to occur, not for a
confidence interval around X.) The values of (l-a), BX {where X is the
sample mean value), and C, when combined with preexisting information about
a property, can be used to obtain a preliminary estimate of the number of
samples required to satisfy the data request. Once site-characterization
data have been obtained, the number of samples can be recalculated to

determine whether the requirements placed on the data are still valid.

18
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Suppose that éhe requirements stated above resulted in n samples for a
given thermal/mechanical unit (based on existing data and the assumption
that all data are for random, uncorrelated samples). These n samples,
taken from numerous core holes and scattered vertical locations within the
unit, would be sufficient in the absence of spatial variability. However,
one or more of the thermal properties may be dependent on spatial location.
Thus, rather than selecting n samples for the entire area (or volume) to be
characterized, n samples will be taken from each selected (horizontal)
sampling location, and will be distributed vertically in a manner that any
systematic vertical variability should be detectable. Additional details
on the locations for sampling are provided in Section 2.2.2.

To estimate the number of samples required for determining laboratory
data for thermal properﬁies, a normal distribution for the data (or for a
transform of the data) for each property has been assumed. The validity of
this assumption will be checked periodically during the data-gathering
stage of the work, and the impact of the existence of any other
distribution of data will be assessed if such a distribution is found.

Two-sided statistical tolerance limits are used in these estimationms.

To define the number of samples, data requirements from a number of
design and performance-assessment issues were compiled. The results of the
compilation are shown in Table 2.2-1. One of three qualitative levels of
confidence has been associated with each data request--high, medium, or
low. Two assumptions have been made for this study in order to use an
assigned level of confidence to estimate a required nunber of samples:

(1) the proportion of the population (1-A) required to lie within the
tolerance limits (defined as Bi) is the same as (l-x)=C, where (l-x) is the
confidence level; and (2) the following numerical values of « are

associated with each qualitative confidence level:

Qualitative
Confidence Level <
High 0.05
Medium 0.10
Low 0.25

19
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Table 2.2-1. Summary of Data Requirements for Repository-Design and Performance-Assessment
Activities (Synopsized from Table 8.3.1.15-1 of the SCP)

Thermal/ Required
scp Mechanical Required Confidence
Property Issue ‘Unit Interval Level
In situ bulk density 1.6 Not specified Not specified Not specified
1.10 TSw2 X %+ 01X Medium
2.2 . TSw2 Existing range High
2.7 TSw2 Existing range High
Thermal conductivity 1.6 Not specified Not specified Not specified
1.10 TSw2 (Intact) X+ 0.1X Medium
TSw2 (Rock mass) X+ 0.1X Medilm
1.11 TSw2 (Rock mass) X + 0.2X High
TSwl (Rock mass) X+ 0.2X Medium
TSw3 (Rock mass) X +0.2X Medium
CHnl (Rock mass) X *0.2X Medium
TCw (Rock mass) X+ 0.2X Low
PTn (Rock mass) X+ 0.2X Low
CHn2 (Rock mass) X+ 0.2X Low
1.12 TSw2 (Rock mass) Not specified Medium
CHnl (Rock mass) Not specified Medium
4.4 TSw2 (Rock mass) X+ 0.2X Medium
TSwl (Rock mass) X *0.2X Medium
TCw (Rock mass) X+ 0.2X Low
PTn (Rock mass) X+ 0.2X Low
TSwl (Rock mass) X *+0.2X Low
TSw2 (Rock mass) X+ 0.2X Low
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Table 2.2-1. Summary of Data Requirements for Repository-Design and Performance-Assessment
Activities (Synopsized from Table 8.3.1.15-1 of the SCP) (Concluded)

Thermal/ Required
scp Mechanical Required Confidence
Property Issue Unit Interval Level
Heat capacity Not specified Not specified Not specified
1.10 TSw2 (Intact) X +0.2X Medium
1.11 TSw2 (Rock mass) X*0.1X High
TSwl (Rock mass) X+0.1X Medium
TSw3 (Rock mass) X*t0.1X Medium
CHnl (Rock mass) X*+0.1X Medium
TCw (Rock mass) X *0.1X- Low
PTn (Rock mass) X *0.1X Low
CHn2 (Rock mass) X +0.1X Low
1.12 TSw2 (Rock mass) Not specified Medium
CHnl (Rock mass) Not specified Medium
4.4 TSw2 (Rock mass) X*+0.1X Medium
TSwl (Rock mass) X+0.1X Medium
TCw (Rock mass) X+ 0.1X Low
PTn (Rock mass) X+ 0.1X Low
TSwl (Rock mass) X+0.1X Low
TSw2 (Rock mass) X *0.1X Low

NA: Not available (see Table 2.2-2 for reason for lack of availability).
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The qualitative-1e§els of confidence were assigned by different individ-
uals, all of whom have different problems to address. The values of « have
been selected in an attempt to be commensurate with all of the qualitative

requirements.

Before beginning the detailed discussion on estimation of numbers of
samples, it should be noted that identification of the data requirements
and assoclated confidence levels has been done with little or no support in
the form of sensitivity analyses. Often, the specification of tolerance
limits and confidence levels has been made based solely on the expert judg-
ment of repository-design personnel. As additional analyses are performed,
it is possible that some aspects of the repository design will prove to
have a different sensitivity to one or more of the thermal properties than
has been assumed to date. Whenever analyses do indicate changed
sensitivity relative to that assumed for the preliminary estimates given in
the SCP, the estimated numbers of samples required for experiments will be

reevaluated appropriately.

Bowker and Lieberman (1972, pp. 309-316) describe two methods of using
information from a data sample to calculate statistical tolerance limits.
One method assumes that the sample is ffom a normal distribution, whereas
the second method does not involve an assumption about the underlying
distribution. Ideally, the second method should be the one selected to
design an initial sampling program to avoid premature assumptions about the
distribution of data for a given property. In practice, however, the
sanmple sizes obtained using distribution-free tolerance limits are

impractical when scheduling and budgeting also are considered.

Thus, for this study, the method of Bowker and Lieberman (1972) that is
based on an assumed normal distribution is used to design the initial
sampling program. Two points should be made about this strategy. First,
existing data on thermal properties do not suggest that the data are pot
from normally distributed populations. Second, once the site-
characterization testing begins, the resulting data will be examined
periodically to assess whether the assumption of normality is justified.

If the data do not represent a sample from a normal distribution, the
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actual distribution will be evaluated, a new sample size will be estimated
based on data requirements, and this sample size will be compared to the
number of samples already tested. If additional tests are required, more

samples will be tested to provide the necessary data.

In the first method mentioned above,

n . . statistical tolerance limits for a normal

distribution are given by [L = X -KS, U=X+ KS] and
have the property that the probability is equal to a

preassigned value vy that the interval includes at least a
specified proportion 1 - « of the distribution.”

(Bowker and Lieberman, 1972, p.310)

(X and S are the mean value and the standard deviation, respectively,
for a specific data sample and K is a constant for specific combinations of
v, «, and the sample size n.) This definition of statistical tolerance

limits can be used to estimate the value of n required to obtain tolerance

limits of predefined size if i, S, v, and « are known. Such is the case
for this study. Using existing data for X and S, K can be calculated by
equating KS and the fraction of X required by a repository-design or
performance-assessment issue (Table 2.2.1). The values of K, vy, and «,

then can be used to obtain an estimate of n.

Some of the data requirements provide tighter constraints than others.
The initial sampling estimates that are discussed below are based on the

tightest constraints (i.e., the greatest number of samples).

For many of the entries in Table 2;2-2, no existing data are available
with which to calculate X and S, so that a preliminary number of required
samples cannot be estimated. For other entries, the data requirements from

repository design and performance assessment may be unrealistic given the

scatter of existing data (equating KS and BX yielded a value of K which is
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Table 2.2-2. Preliminary Estimates of Numbers of Samples*
Required for Thermal-Property Determination

Unit Bulk Depsity = Heat Capacity = = Thermal Conductivity
. TCw NA(2) NA(1) NA(L)
PTn NA(2) NA(1l) NA(1)
TSwl NA(2) >50 >50
TSw2 7 >50 >50
Altered
TSw3 NA(1) NA(1l) NA(1)
TSw3 NA(2) 4 10
CHnlv NA(2) NA(L) ' NA(1)
CHnlz NA(2) NA(l) - >50
CHn2v NA(2) NA(1) NA(L)
CHn2z NA(2) NA(1) 6

*These numbers of samples pertain to each borehole to be sampled.

NA(l): Data are insufficient to obtain a mean value or a standard
deviation.

NA(2): Data requirements expressed in repository design and performance
assessment issues are incomplete.

not realizable no matter how many samples are tested). In both cases, an
alternative approach is necessary which, although arbitrary, will allow a
preliminary sampling strategy to be formulated. The alternative approach
selected involves finding the number of samples required at each confidence
level that will provide the same statistical tolerance limits [i.e., the
same (arbitrary) value of K]. The numbers of samples are 3 [y = (1 - ) =
0.75 (low confidence)], 11 [y = (1 - «) = 0,90 (medium confidence)], and 34
[y = (1 - x) = 0.95 (high confidence)], for a value of K 2.5. These
three values have been rounded to 5, 10, and 35 for this study. (For the
more rigorous confidence levels, the rounding does not change the value of
K except in the third significant digit. For the lowest sample number,

rounding will result in an increased amount of data.)
The initial estimates of numbers of samples are summarized in Table

2.2-3, It is emphasized that the numbers given in the table are those with
which the initial sampling program will be designed. After the initial
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Table 2.2;3i' Initial Estimates of Numbers of Samples® Required
for Site Characterization of Thermal Properties

Unit Bulk DensityP Heat Capacity Thermal Conductivity
TCw 10 5 5
PTn 10 5 5
TSwl 10 10 10
TSw2 35 35 35
Altered

TSw3 10¢ 10¢ 10¢
TSw3 10 4 10
CHnlv 10 10 10
CHnlz 10 10 10
CHn2v 5 5 6
CHn2z 5 5 _ 6

a: These numbers of samples pertain to each borehole to be sampled.

b: The numbers of samples listed for bulk density dictate the numbers of
samples on which matrix porosity and grain density will be measured.

¢: This number of samples will be tested if sufficient material is
available. However, because the data are not required by design or
performance assessment, failure to acquire 10 samples from a given
location will not cause failure to meet specific programatic
requirements. When data from these samples are available, personnel
from performance assessment and repository design will be consulted to
determine whether the data are adequate. If not, additional testing
will be performed.

data are obtained, the adequacy of the data for satisfying the initial
assumptions (i.e., normality of the statistical distribution) will be

examined.

After examination of the validity of the assumptions, the data will be
evaluated to determine whether the data requirements given by repository
design and performance assessment are satisfied. If not, the data
requirements will be reevaluated using the information obtained from test-
ing of the initial sets of samples. Any significant changes to the data
requirements, the sampling approach, or the number(s) of samples to be
tested will be documented in the periodic progress reports to the SCP.
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2,2.2 Sampling Loéations

Figure 2.2-3 shows the location of the main area for site charac-
terization at Yucca Mountain. Also included on the figure are (1) the
locations of existing core holes from which samples have been obtained
previously for thermal-property measurements; (2) the location of the
exploratory shaft (ES-1) for the Yucca Mountain Project; (3) several long
lateral drifts to be excavated within Unit TSw2; and (4) the location of
several core holes proposed as part of the surface-based exploration pro-

gram described in Sections 8.3.1.4.1 and 8.3.1.4.3.1.1 of the SCP.

A discussion of the number of samples required for site characteri-
zation was provided in Section 2.2.1. The discussion did not address the
possibility that one or more of the thermal properties varies as a function
of spatial location, either horizontally within the boundary of the under-
ground facilities or vertically within a given thermal/mechanical unit.
Given the number of cases Iin which little or no experimental data have been
obtained (most of which are represented by "NA" in Table 2.2-2), it is
assumed that nothing is known about spatial variability of thermal
properties before site characterization begins. Thus, the number of
samples discussed in Section 2.2.1 applies for each sampling location
employed in site characterization. Additional detail is given in the

following subsections.

Not all of the relevant thermal/mechanical units will be penetrated by
the subsurface excavations that will provide access to material for sam-
pling. New core holes are planned to extend to depths 200 ft (61 m) below
the static ground-water level, so that most of the thermal/mechanical units
of interest should be sampled in each core hole. However, ES-1 will not be
sufficiently deep to obtain samples from material below Unit TSw2,
including the altered material at the top of Unit TSw3.
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Explanation D USW G-2
[0 Existing Core Hole
O Proposed Systematic (/t/
Core Hole

A Exploratory Shaft

2000 Feet
1000 Meters
CALO223

O usw G-1

uswso-3 () ES LATERAL DRIFTS

D ue-25am

Q© ue-255008

USW SD-10

BOUNDARY OF THE
UNDERGROUND FACILITIES

O uswcu-3

Figure 2.2-3. Location of the Boundary of the Underground Facilities,
Existing and Proposed Core Holes, and ES-1 with Associated
Lateral Drifts (Modified from Figure 8.3.1.4-11 of the SCP).
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2.2.2.1 Sampliﬁglin New Core Holes

Although a quantity of data on thermal properties has already been
obtained for samples from existing core holes, examination of Figure 2.2-3
indicates that only one of the existing core holes (USW G-4) is located
within the main area for site characterization. Thus, data from additional
locations are necessary in order to examine the spatial variability of
thermal properties within the boundary of the underground facilities as
well as to ascertain whether the existing data are representative of the
tuffs within the area. In order to coordinate with core holes planned for
other YMP activities, six of the core holes suggested as part of a
systematic drilling program (SCP Section 8.3.1.4.3.1.1) have been selected
for sampling for the thermal-properties study, as shown in Figure 2.2-3.
Data from these holes should enable an analysis of the lateral variability
of thermal properties to be made; additional discussion of the planned

analyses is presented in Section 3.5.

It is possible that areas outside the boundary of the underground
facilities will be evaluated as potential extensions of the main area will
be made in the future. If this evaluation includes new core holes, the
sampling program discussed in this section also would be applied to one or

more of these additional holes.

As stated earlier, each thermal/mechanical unit will be considered as
an independent entity in terms of sampling. In each core hole, the
thermal/mechanical units each will be divided into n potential sampling
intervals, where n is the number of samples given in the summary at the end
of Section 2.2.1. 1In each of these intervals, a sample will be selected
from a location as close to the center of the interval as possible.
[Preliminary analysis has shown that the average kriging variance (a common
criterion for optimizing a sampling strategy) will be lower using this
sampling strategy rather than a fully random strategy.]

An attempt will be made to avoid any bias in sampling to the extent
practicable. Thus, rather than selecting the material that appears to be
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the best candidéte-for a sample, the only criterion applied will be that a
sample be of sufficient size to meet any size requirements imposed by the
type of experiment. If a fragment or piece of core of sufficient size is
not available within any given interval, the number of samples estimated as
necessary for a given property and unit may not be achievable. Adjustments
to the sampling program may be necessary so that the statistical basis of
the program will be maintained while still acquiring as close to n samples
as possible. The nature of these adjustments will depend on the situation.
For example, if suitable samples cannot be obtained from some of the
predefined intervals, redundant samples could be selected from one or more
of the remainder of the sampling intervals to ensure that sufficient
measurements could be made. (The fact that a fragment or piece of core was
not available in a given interval may be useful information in the analysis
of spatial variability of thermal-property data or of the material on which
the data were gathered. Thus, such information will be retained for use

after sampling has been completed.)

The thermal conductivity of Unit TSw2 potentially is a function of
orientation (i.e., may be anisotropic). The presence or absence of
anisotropy in thermal conductivity will be examined by taking two samples
of different orientations at 10 of the 35 sampling locations in Unit TSw2

in each core hole.
2.2.2.2 Sampling in Es-1

Samples from ES-1 will be obtained in several ways. First, samples
will be taken from core obtained from the multiple position borehole
extensometer (MPBX) holes that are planned as part of the shaft convergence
test (Study 8.3.1.15.1.5, Excavation Investigations). Six samples for each
thermal property will be taken from each of the three shaft-convergence

levels within ES-1.

If core from MPBX holes is insufficient in either quality or quantity
to provide samples for all thermal-property tests, blast rubble obtained

during excavation of ES-1 will be used to provide samples. Core available
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for thermal-property sampling would be allocated to thermal conductivity
first; heat-capacity and bulk-property samples would have equivalent and
lower priority. If blast rubble is required, samples would be obtained

from levels close to the shaft-convergence levels for consistency.

The second sampling location for thermal properties will be the upper
Demonstration Breakout Room (DBR), to be located within the lithophysae-
rich portion of Unit TSwl. Three evenly spaced samples will be taken for
each of the thermal properties from each of ten of the MPBX holes from the
upper DBR; these holes also are planned as part of Study 8.3.1.15.1.5. 1In
addition, five larger-diameter samples will be obtained to examine sample-
size effects on the thermal conductivity of lithophysae-rich tuff. These
samples will be a subset of the sampling in the upper DBR for Study
8.3.1.15.1.3 (Laboratory Determination of the Mechanical Properties of
Intact Rock.)

2.2.2.3 Sampling in Long Lateral Drifts

The sampling strategy in the long lateral drifts to be excavated at the
main test level in the ESF will be similar to that employed for ES-1 (i.e.,
samples will be taken from core obtained from MPBX holes). In this case,
the MPBX holes will be cored for Study 8.3.1.15.1.8 (In Situ Design
Verification). Figure 2.2-4 shows the plaﬁned sampling locations in the
long lateral drifts; current plans are that three evenly-spaced samples
will be obtained for each hole. By the time core is available from these
MPBX holes, additional data on thermal properties will be available with
which to define the optimum number of samples in a more rigorous fashion.

As described for ES-1 (Section 2.2.2.2), blast rubble will be used to

obtain thermal-properties samples {f MPBX core is insufficient. Sampling
locations will be close to the MPBX locations shown in Figure 2.2-4,
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Figure 2.2-4. Sampling Locations in Long Lateral Drifts.
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2.2.2.4 Additional Sampling
2.2.2.4.1 Additional Sampling for Bulk Properties

The three preceding subsections describe the sampling strategy for all
thermal properties; a similar strategy will be followed for sampling for
thermal expansion and mechanical properties. In each case, random selec-
tion of samples will allow relatively accurate estimates to be made of the
statistical distribution of the population of each property. However, the
scale of any spatial correlation of the data will not be well-known. In
order to ascertain whether small-scale spatial correlation is significant,
additional measurements of bulk properties (matrix porosity and density)
will be made.

There are three reasons for selecting bulk properties for this exami-
nation: (1) samples do not need to be large or regularly shaped; (2) the
measurements are relatively easy, quick, and inexpensive; and (3) heat
capacity, thermal conductivity, compressive strength, tensile strength,
Coulomb parameters (cohesion and angle of internal friction), and Young's
modulus are correlated to matrix porosity (e.g., Nimick and Schwartz,
1987). This last reason is perhaps the most important, because estimates
of the small-scale spatial variability (e.g., correlation length) for
thermal and mechanical properties can be made based on the small-scale
variability observed for matrix porosity. The mineralogy of these bulk
property samples will be determined so that small-scale variability of
thermal-expansion behavior can be assessed; additional details are given in

Study Plan 8.3.1.15.1.2.

In order to evaluate the presence or absence of small-scale correlation
in each thermal/mechanical unit, additional sampling intervals will be
randonly selected in each new core hole (the method of defining sample
intervals in core holes is discussed in Section 2.2.2.1). The number of
such intervals will be governed primarily by the location of the unit
relative to Unit TSw2. Initially, five intervals will be selected for Unit
TSw2, three each for Units TSwl, TSw3, CHnlv, and CHnlz, and two each or
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Units TCw, PTn..CHﬁ2v, and CHn2z. (I1f data resulting from this portion of
the work suggest that additional small-scale sampling is advisable, the
number of intervals will be increased). Each additional sampling interval
will be subdivided into ten sectioms, and four of these ten sections will
be randomly selected. Because of the nature of bulk-property measurements,
no problems are anticipated with finding suitable material in each selected

section.

The small-scale spatial correlation of bulk properties in the vertical
direction will be evaluated using the sampling program described in the
preceding paragraph. For most thermal/mechanical units, small-scale
spatial correlation in the horizontal direction cannot be examined. The
ESF will provide an opportunity to look at the horizontal component for
Units TSwl (upper DBR) and TSw2 (main test level and associated long
lateral drifts). Core will be obtained from MPBX holes in these locations;
two cores will be examined from the upper DBR and one from each of the long
lateral drifts.. Each length of core will be divided into n sampling
intervals (where n is the number of samples given in Table 2.2-3) and a
bulk-property sample will be be obtained from the center of each interval.
As was described for the core-hole sampling, if data suggest that
additional small-scale sampling is advisable, the number of cores to be

examined will be increased.
2.2.2.4.2 Additional Sampling in Support of In Situ Experiments

As mentioned earlier, rock-mass thermal properties will be determined
as part of several in situ experiments to be conducted in the ESF (Table
1.0-1). Laboritory values for the thermal properties of intact rock are
required to aid in the interpretation of the results of the experiments.
The laboratory values will be determined from samples taken from the
vicinity of the relevant in situ experiments. These samples are not
considered to be a part of the systematic sampling program described
earlier, nor is the number of these supporting measurements governed by the
estimates made for the systematic sampling. Instead, the number and

location of these samples will be determined by the PI for an in situ
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experiment in consultation with the PI for laboratory determination of

thermal properties.
2.2.2.4.3 Additional Sampling of Anomalous Material

The possibility exists that, during excavation of ES-1 or associated
underground openings, material ;ay be encountered that cannot be considered
to be representative of the thermal/mechanical unit in which it is located.
An example of such material would be fault gouge. If such material is
encountered, appropriate repository-design and performance-assessment
personnel will determine whether data on the thermal properties of the
material are necessary to their work. Samples will be collected and an
appropriate number of samples, based on constraints imposed by the data
requirements (e.g., confidence level, etc.) for the unit in which the

material is located, will be tested.
2.2.3 Effects of Test Parameters on Thermal Conductivity

Several parameters selected by an experimenter before measuring thermal
conductivity have the potential to affect the observed data. These include
sample size and the saturation level of the samples. The existing state of
knowledge does not allow conclusions to be drawn concerning the importance
of these parameters. As a result, scoping studies will be performed to
assess whether any important effects on thermal conductivity would occur.
These studies will not include tests at all combinations of conditions, but
instead are designed to examine potential effects of each condition

separately. The ranges of each parameter are given below.

Sample Size: 5.1 to 20.3 cm (diameter), 1.3 to 5.1 cm {thickness)
Saturation Level: 0.0 to 1.0

The tests for sample-size effects will be performed using two nominal

sizes: 5.1 cm (diameter) by 1.3 cm (thickness) and 20.3 cm (diameter) by
5.1 cm (thickness). Saturation effects will be examined using five
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different saturation levels--oven-dry, air-dry, saturated, and two other

intermediate levels.

To incorporate some of the potential variability between samples, five
samples will be tested at each set of conditions. Initially, samples will
be taken only from Unit TSw2; the need for sampling of other units will be
assessed based on the results for Unit TSw2., Thus, these scoping studies
will require only ten samples; the smaller size-effect samples can be used

for the saturation-level study also.

Fracture effects on the thermal conductivity of Unit TSw2 also will be
examined in a scoping study. The general approach to this study will

involve the following steps:

Measure thermal conductivity of intact sample;
Introduce an artificial fracture (e.g., sawcut perpendicular to
sample axis);

3. Roughen fracture surface; and
Measure thermal conductivity of fractured sample as a function of
stress applied normal to the fracture surface (the degree of
contact of opposing fracture surfaces as a function of normal
stress will be studied as part of Study 8.3.1.15.1.4, Laboratory

Determination of the Mechanical Properties of Fractures).

This study will use five air-dry samples, and fracture surfaces will be
dry. The range in applied normal stress is expected to be 0 to 10 MPa.

The effects of any natural fracture fillings need not be studied
explicitly. Clean, dry fractures will have a greater thermal resistance
(e.e., lower thermal conductivity) than would occur with any filling
because air has a lower thermal conductivity than any mineral. At the
other end of the spectrum, a thin mineral filling with a thermal
conductivity higher than that of the intact rock will provide a thermal
short-circuit, so that the measured thermal conductivity would essentially

be that measured on the intact sample.
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If fracture‘effects are observed to be significant in this scoping
study, there will be two ramifications. First, samples containing natural
fractures will be obtained from the ESF and the tests will be repeated.
The number of such samples will be defined before sampling. Second, the
need to perform similar tests on samples from other units will be assessed,
and samples will be obtained if necessary.

1f the scoping studies indicate that one or more of the parameters
discussed above has a significant effect on the thermal conductivity of
tuff, the sampling and testing program described in Sections 2.2.1 and
2.2.2 will need to be the modified to include characterization of the
parameter effects. Details of such modification cannot be specified until

the results of the scoping studies are available.
2.2.4 Summary of Sampling Plans

There are three sampling groups for this study. First in time are
samples for the scoping studies. These samples will be obtained from
existing core or, i1f no core is available, from outcrop material. The
second group of samples will come from the new core holes; the numbers and
locations for samples in this group are given in Table 2.2-3 and described
in Section 2.2.2.1. The third group of samples will be obtained from the
ESF. This group includes samples from ES-i, from the upper DBR, and from
the long lateral drifts. In addition, samples will be obtained to support

in situ testing.

A sunmary of the sampling plans is provided in Table 2.2-4.
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Table 2.2-4 Sumsary of Sampling Plans

Sampling Test Number of
Portion of Study Location(s) Unit(s) Type* Samples Section
Scoping Activities «Existing Cors *TSw2 «IC 15 2.2.3
or Outcrop
Spatial Variability *New Core Holes *TCw *BP e 80 (10 per hole) 2.2.2.1
And Site e 48 (8 per hole, 2.2.2.4.1
Characterization small-scale
activity)
*IC 30 (5 per hole) 2.2.2.1
+HC 30 (5 per hole) 2.2.2.1
*PTn *BP » 60 (10 per hole) 2.2.2.1
* 48 (8 per hole, 2.2.2.4.1
small-scale
activity)
*IC 30 (5 per hole) 2.2.2.1
«BC 30 (S per hole) 2.2.2.1
*TSwl *BP * 60 (10 per hole) 2.2.2.1
e 72 (12 per hole, 2.2.2.4.1
small-scale
activity)
*IC 80 (10 per hole) 2.2.2.1
*BC 80 (10 per hole) 2.2.2.1
*TSw2 *BP *210 {35 per hole) 2.2.2.1
120 (20 per hole, 2.2.2,4.1
small-scale
sctivity)
*TC #210 (35 per hole) 2,2.2.1
¢ 60 (10 per hole for
anisotropy) 2.2.2.1
*HC 210 (35 per hole) 2.2.2.1
sAltered TSw3  <BP 60 (10 per holeP) 2.2.2.1
*TC 60 (10 per holeP) 2.2.2.1
*BC 80 (10 per holeP) 2.2.2.1
+TSw3 *BP ¢ 60 (10 per hole) 2.2.2.1
s 72 (12 per hole, 2.2.2.4.1
small-scale
activity)
*IC 80 (10 per hole) 2.2.2.1
3: 9 24 (4 per hole) 2.2.2.1
*CHnlv *BP * 80 (10 per hole) 2.2.2.1
s 72 (12 per hole, 2.2.2.4.1
small-scale
. activity)
eIC 60 (10 per hole) 2.2.2.1
*«BC 60 (10 per hole) 2.2.2.1
+CHnls “BP s 80 (10 per hole) 2.2.2.1
¢ 72 (12 per hole, 2.2.2.4.1
small-scale
activity)
*TC 60 (10 per hole) 2.2.2.1
<BC 60 (10 per hole) 2.2.2.1
+CHn2v *BP ¢ 30 (5 per hole) 2.2.2.1
: * 48 (8 per hole, 2.2.2.4.1
small-scale
activity)
oIC 36 (& per hole) 2.2.2.1
*BC 30 (S5 per hole) 2.2.2.1
*Chn2s «BP ¢ 30 (S per hole) 2.2.2.1
¢ 48 (8 per hole, 2.2.2.4.1
small-scale
activity)
*IC 36 (8 per hole) 2.2.2.1
*BC 30 (5 per hole) 2.2.2.1
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" fable 2.2-4 Summary of Sampling Plans (Concluded)

Sampling Test Number of
Portion of Study Lezation(s) Unit(s) Type* Saxples Section
*ES-1 *TSwl *BP ¢ 12 (shaft-convergencse) 2.2.2.2
¢ 30 (upper DBR) 2.2.2.2
¢ 20 (upper DER, 2.2.2.4,1
small-scale
activity)
oTC e 12 (shaft-convergence) 2.2.2.2
e 35 (upper DBR) 2.2.2.2
*HC e 12 (shaft-convergence) 2.2.2.2
* 30 (upper DBR) 2.2.2.2
+TSw2 *BP 6 (shaft-convergencs) 2.2.2.2
*TC 8 (shaft-convergencs) 2.2.2.2
*BC 8 (shaft-convergence) 2.2.2.2
eLateral Drifts  +TSw2 *BP *105 2.2.2.3
¢105 (35 per drift, 2.2.2.4.1
small-scale
activity)
*TC 105 2.2.2.3
*BC 105 2.2.2.3
In Situ Test Support *Main Test Level +*TSw2 *BP 25 (estimated) 2.2.2.4.2
*7C 20 (estimated) 2.2.2.4.2
*BC 20 (estimated) 2.2.2.4.2

a: BP = bulk properties; TC = thermal conductivity; HC = heat capacity.
b: See footnote (c) to Table 2.2-3.
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2.2.5 Measurement Techniques and Alternatives for Laboratory Thermal
Properties

The following subsections briefly discuss the planned approaches for
obtaining each of the types of thermal properties and the alternatives, 1if
any, to the approaches. Brief summaries of the actual experimental tech-

niques also are provided.

In addition to the techniques described in the remainder of Section
2.2.5, some mineralogic, petrologic, and petrographic characterization of
samples will be performed. The characterization is intended to provide
data that can be used to interpret experimental results as well as to
examine potential correlations between thermal properties and sample
characteristics that might be useful in inferring thermal properties from
the results of mineralogic and petrologic studies performed by other
project participants. Characterization will be focused on heat capacity
and thermal conductivity samples. Bulk-property samples will be
characterized if significant quantities of clay or zeolite are thought to
be present, in order to perform appropriate bulk-property measurements
(see Section 2.2.5.1.2). 1In addition, a few devitrified and vitric bulk-
property samples will be characterized to examine potential correlations

between bulk properties and mineralogy.

2.2.5.1 Bulk Properties

As mentioned earlier, "bulk properties™ is used in the study to
indicate matrix porosity and density (including grain density and bulk
densities). Porosity (including matrix porosity and lithophysal-cavity
abundance), grain density, and bulk density are related by the following

equation:
b= (1 - ¢L - ¢£)(1 - dm)pg + (1 - ¢L - é£)énS (2.2-2)

where ¢y 1s matrix porosity, ¢1 is the lithophysal-cavity abundance, ¢f is
the fracture porosity, pg is grain density, pp is the bulk density, and §
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is the saturation state for which the bulk density is calculated. (This
equation assumes that both the lithophysal cavities and the fractures are

dry, which is & reasonable assumption in partially saturated rock.)

If lithophysal cavities are absent (as they will be in most samples
used in laboratory experiments) and fracture porosity is insignificant,

then Equation 2.2-2 becomes

b = (1 - én) pg + éuS . (2.2-2a)

Obviously, if any three of the parameters in Equation 2.2-2a are known, the

fourth is easily calculated.

Data requirements expressed by repository design and performance
assessment explicity request data only for in situ bulk density. If all of
the tuffs at Yucca Mountain were fully saturated, laboratory measurements
could be limited to measurement of saturated bulk densities. However, most
of the thermal/mechanical units are partially saturated, and the saturation
values for any single unit appear to be quite variable (e.g., Montazer and
Wilson, 1984). One possibility for experiments is to attempt to obtain
samples that have retained their natural, in situ saturation and to measure
the bulk densities thereof. However, the difficulties inherent in obtain-
ing bulk-property samples without disturbing the in situ saturation state
(both the in situ value of S and the distribution of water within the rock)
and in proving that they have retained their natural-state saturation are
greater than the potential increase in accuracy of the data to be obtained.
Thus, this option is no longer under consideration for this study. How-
ever, data to be gathered for the characterization of the hydrology of the
site probably will include bulk properties obtained in the manner described

above. If so, comparisons between the two data sets will be made.
The usual approach to be used for this study is to measure the grain

density, saturated bulk density (pgp), and dry bulk density (pgp) in the
laboratory. (Note: Unless explicitly stated otherwise, pdp and pgp refer

40



YMP-SNL-SP 8.3.1.15.1.1, RO

to laboratory values, not to in situ data). Matrix porosity will be calcu-
lated from these densities using either or both of the following equations:

P
$ =1 - [—ib-] (2.2-3)
m P
g
and
P 1P
6 =SB - (2.2-4)
m l-pg

Measurement of all three density values obviously provides an over-deter-
mination of the system. However, the advantages of such a plan is that a
valuable check on the validity and self-consistency of the properties is
achieved with minimal additional cost in terms of time or money. The data
obtained for grain density and matrix porosity will be combined in Equation
2.2-2 with data on the in situ saturation state, fracture porosity, and
lithophysal-cavity abundance (see Section 2.3.8 for description of which
studies will supply these data) to calculate the in situ bulk density for

each thermal/mechanical unit.

Data obtained for bulk properties also will be used in other ways. As
mentioned earlier, the small-scale correlation of matrix porosity will be
used to estimate the small-scale correlations of several other geoengi-
neering properties. In addition, the data for matrix porosity and in situ
bulk density can be compared to data obtained by geophysical logging
techniques to estimate and improve the accuracy of such techniques (c.f.,
SCP Section 8.3.1.4.2). Geophysical-logging data then can be used to
analyze the spatial variability of density and porosity in more detail than
is possible using laboratory data.

The measurement techniques to be used to obtain bulk properties are
summarized in the following sections. Alternative techniques that were
considered are mentioned together with the reasons for not selecting those

techniques.
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2.2.5.1.1 Saturéﬁéd Bulk Density

Two techniques will be used to obtain data for saturated bulk density.
The first technique is to be applied to most of the samples collected for
the purpose of obtaining bulk properties. The second technique will be
applied to all samples collected for the purpose of obtaining thermal -
conductivity, thermal-expansion, or mechanical-properties data. The
difference between the two techniques {s in how the volume of a sample is

measured.

The methods of volume measurement that involve a displaced volume of
liquid (either water or mercury) as described in the following subsections
are not designed for samples that have vugs or cavities intersecting the
exterior of the sample. For such samples, volume must be calculated using
the dimensions of samples that have been machined precisely to shapes such
as cylinders or cubes. It is anticipated that approximately 25 percent of
the bulk-property samples for Units TCw, TSwl and TSw2 will contain wvugs;

occurrences of vugs in samples from other units are expected to be rare.
2.2.5.1.1.1 Water-Displacement Technique

Samples on which saturated bulk densities will be determined by this
technique will have a mass of approximatelj‘SO to 100 g; the geometry of
the samples is immaterial. Each sample will be saturated with distilled
water under a vacuum until constant mass (+0.05 percent) in air is
achieved. (Note: The completeness of the saturation achieved by
application of a vacuum will be evaluated before this method of saturation
is used routinely. The evaluation will be performed by subjecting vacuum-
saturated samples to pressure saturation and observing how much, if any,
additional water enters the samples.) The sample then will be weighed
while suspended and submerged in distilled water. The difference in the
two masses is the mass of the water displaced by the sample. This mass
will be used to calculate the volume of the displaced water, which is also
the volume of the sample. The mass (weighed in air) will be divided by
this volume to obtain the saturated bulk density. This technique follows
in a general way the methods described in Hidnert and Peffer (1950), ISRM
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(1979), Shuri eﬁ ;i. (1981), and in a number of ASTM Standard Test Methods.
However, none of the ASTM methods or Hidnert and Peffer (1950) require
vacuum saturation to constant mass, so that use of these methods would
result In erroneously low values for saturated bulk density. In contrast,
ISRM (1979) and Shuri et al. (1981) suggest the vacuum saturation of
samples, which should result in a closer approach to complete saturation of

pore space and a truer representation of the mass of a saturated sample.
2.2.5.1.1.2 Computed-Volume Technique

Saturated bulk densities will be determined by a second technique on
all samples with volumes that can be determined by calculation from easily
measured linear dimensions (e.g., right-circular cylinders, rectangular
parallelepipeds). (Samples used for determination of mechanical or thermal
properties in the past primarily have been cylinders with diameters of 1 to
2 in. (2.5-5.1 cm) and lengths of approximately twice the diameter.) The
dimensions of a sample will be measured and a sample volume will be calcu-
lated using an appropriate equation. The sample then will be saturated
with distilled water under a vacuum until constant mass (+0.05 percent) is
achieved. [As for the smaller samples, the completeness of saturation
achieved by application of a vacuum will be evaluated before routine use of
this method. Current data suggest that the saturation state will be 0.91
to 0.94 (Nimick and Schwartz, 1987, pp. A-5, A-6)]. This mass will be
divided by the sample volume to obtain the saturated bulk density.

This method of determining sample density is discussed in several test
methods, including Hidnert and Peffer (1950), ASTM C-134, Lewis and
Tandanand (1974), and ISRM (1979). As stated by Lewis and Tandanand
(1974), the method is less accurate than other methods of determining
volume; Hidnert and Peffer (1950) estimate a probable accuracy of 1 percent
for density determined using volumes calculated from sample geometry. This
is a convenient method when sample size precludes use of the more standard

techniques.
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2.2.5.1.1.3 Alternative Technique for Determination of Sample Volume

One additional method for determining sample volume is discussed in
ISRM (1979)--that of mercury displacement. The sample volume is equivalent
to the volume of mercury that is displaced when the sample is totally sub-
merged in the mercury. This technique is not presently being considered
for two reasons: (1) the technique assumes that the mercury does not in-
trude the sample at all, which may or may not hold true for individual tuff
samples; and, more importantly, (2) the method would require acquisition,
control, and use of material (mercury) for which stringent safety require-
ments must be implemented when the material is being used. The relatively
small potential increase in accuracy of volume measurement is not con-
sidered to be warranted when compared to the large increase in incon-

venience associated with the mercury-displacement technique.

2.2.5.1.2 Dry Bulk Density

As with saturated bulk density, two techniques will be used to obtain
data for dry bulk density. 1In both cases, measurements complement those
described for saturated bulk density; the difference between the two
methods is the same difference as for saturated bulk density (i.e., method
of volume measurement). Thus, the discussion of supporting standard test
methods and alternative techniques provided in Section 2.2.5.1.1 applies
for dry bulk density as well. For the primary technique, samples for which
saturated bulk densities have been obtained will be dried in air (at
ambient pressure) to constant mass (+0.05 percent) in an oven at
approximately 105°C. The mass then will be divided by the sample volume
that was determined previously to give a value for the dry bulk density.
For the second technique, used for larger and more regularly shaped
samples, the samples also will be dried in air (at ambient pressure) to
constant mass (+0.05 percent) at approximately 105°C, with the mass to be
divided by the sample volume to get dry bulk density. [Note: Measurements
have shown that the change in sample volume resulting from dehydration is
insignificant relative to normal experiment uncertainty (Nimick and

Schwartz, 1987)]. If measurements of thermal and mechanical properties of
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samples are to be;performed on saturated samples, oven drying of samples
will be deferred until the measurements are completed. For samples to be
tested in an oven-dry condition, saturated masses will be obtained first,

followed by the oven-drying activity,

Some of the tuff samples are expected to contain significant quantities
of clay, zeolites, or both, specifically samples from Units CHnlz and CHn2z
and from altered TSw3. Evidence indicates that standard procedures that
are designed to remove the water from interstitial pores in a rock also
will remove water from the internal channels of the zeolites (Knowlton and
McKague, 1976; Knowlton et al., 1981). The amount of such non-pore water
that is removed will depend on the intensity and duration of heating and on
the quantity and type of zeolite that is present. The effect will always
be that too much water will be removed, leading to systematically low
sample masses and thus to systematically low values for dry bulk densities
of zeolitic tuffs. Because no method has been identified to selectively
remove oniy the pore water from such samples, dry bulk density will not be
determined on zeolitic samples. Instead, dry bulk density will be
calculated from data for grain density and saturated bulk density using the

following equation:

p_(p_y-1)
. B sb ° ]
ab Pl - (2.2-5)

The mineralogy of samples that might contain significant quantities of clay
or zeolite will be determined before bulk density measurements are
performed in order to decide whether measurement of dry bulk density should

be made on a given sample.
Equation 2.2-5 is valid as long as all porosity is interconnected and

can be saturated before determination of pgp. At present, no reason exists

to expect isolated pores in the zeolitic material.
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2.2.5.1.3 Grain Density

The preferred method for determination of grain density involves the
use of a water pycnometer. The sample on which grain density is to be
determined in most cases will be the same one used for determination of
bulk densities. The sample will be powdered by crushing, grinding, or
both. A subsample of the powdef (~25-30 g) will be placed in a clean, dry
pycnometer with a nominal volume of 100 mL that has been calibrated and
weighed before use. (Note: Pycnometers of other sizes can be used; the
volume of powder should be adjusted accordingly.) The pycnometer contain-
ing the powder will be dried in air at 110°C to constant mass, then cooled
and weighed. The mass of the powder will be determined by subtracting the
mass of the empty pycnometer from the mass of the pycnometer containing the
powder. Deaerated distilled water will be added to cover the powder, and a
vacuum will be applied for at least 24 hours to remove any air in the
powder and water. After returning the pycnometer containing the powder and
water mixture to ambient temperature, deaerated distilled water will be
added to the calibrated fill line on the pycnometer and the pycnometer will
be weighed. The volume of the powder will be determined by calculation of
the volume of water displaced by the powder. Grain density then will be
calculated by dividing the mass of the powder by the volume. This
procedure follows the general guidelines provided in Hidnert and Peffer
(1950) and inAa number of ASTM Standard Test Methods, including C-128,
C-135, D-854, and D-2320. [Of these methods, C-128 specifies submersion of
the powder without boiling (by application of heat or vacuum) to remove air
from powder and water, and thus will produce an apparent grain density
rather than a true value.] The other three ASTM methods, as well as
Hidnert and Peffer (1950), ISRM (1979), and Shuri et al. (1981), recommend
application of a vacuum for different periods of time (all shorter than is
planned for this study). The longer time of application of vacuum chosen
for this work is based on experience gained from previous work on tuff

samples (c.f., Schwartz, 1985).

The major alternative technique for the determination of grain density

involves the use of a gas (usually helium) pycnometer (e.g., ASTM C-604).
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Schwartz (1985)-p£6v1des a discussion of comparative measurements of the
grain densities of tuffs using both types of pycnometer. Several reasons
were stated for preferring the water pycnometer, including the fact that
the method is more time-effective, because calibration is faster and
multiple samples can be run simultaneously. More important, however, is
the result that the water pycnometer is more accurate when determining the
density of a well-characterized material (x-quartz) and is more precise
when determining the density of tuff samples (an average precision of
0.013 x 103 kg/m3 for the water pycnometer compared to 0.025 x 103 kg/m3

for the gas pycnometer).

ASTM C-604 states that the p%ecision of specific-gravity data obtained
in a single laboratory using a gas pycnometer was 0.0107 for four
refractory materials having specific gravities ranging from 2.6 to 4.0.
Precision of specific-gravity data for cohesionless soils as obtained in a
single laboratory using a water pycnometer is stated to be 0.021 in ASTM
D-854. This reversal of the relative precisions of the two techniques
compared to the data obtained by Schwartz (1985) suggests that gas
pycnometry should be retained as an option for grain-density measurements
on devitrified tuff samples. However, for tuff samples that contain more
than 10 percent glass, zeolite, clay, or a combination of the three phases,
gas pycnometry is not a viable option because of the potential for evapora-

tive water loss during the grain-density measurement. -

The measurement technique to be used for most tuff samp1e§ involves
heating the powdered sample in air to constant mass (+0.05 percent) at
110°C. As discussed in Section 2.2.5.1.2, such heating is inappropriate
for clay-rich or zeolitic samples. Removal of water from the channels in
the zeolites would lead to systematically high grain densities.

Alternative approaches for zeolitic samples are being evaluated; these
approaches include equilibration with air with a high relative humidity or
heating the sample at an as yet unspecified temperature that is less than
100°C. The validity of one or more of these alternative approaches will be

evaluated before routine measurements begin.
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In order to'oﬁtain powders for grain-density measurements, larger rock
samples must be crushed, ground, or both. These processes are heat-
producing, and zeolitic samples may be dehydrated by a finite amount during
powder preparation. Equilibrations of the powders with a high-relative-
humidity atmosphere until constant mass 1s achieved should offset such

dehydration.

The grain density of samples to be used in thermal and mechanical
experiments usually will not be determined directly because ensuring that
the correct value was obtained would require crushing and grinding of the
entire sample; archiving of the post-test samples would no longer be
possible. Instead, the saturated and dry bulk densities will be used to

calculate grain densities using the following equation:

P
db
) =9 (2.2-6)
g 1 A+ pdb'psb

The grain densities obtained by using Equation 2.2-6 will be compared to
values obtained by direct measurement to evaluate the relative merits of

the two different approaches.

As mentioned in Section 2.2.5.1.2, dry bulk densities will not be
determined for zeolitic samples. For many\of the zeolitic samples used in
thermal and mechanical experiments, representative material will be taken
from the post-experiment sample and grain density will be determined
directly using the method described earlier in this section.

2.2.5.1.4 Matrix Porosity
As mentioned earlier, matrix porosity will usually be calculated from

the values obtained for the densities of the tuff samples. The primary

equation to be used to calculate the matrix porosities will be
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¢ =1 .- — (2.2-3)

This equation is preferred because the accuracy and precision of determina-
tions of saturated bulk density are expected to be slightly worse than
those for the other two densities. Nonetheless, matrix porosities also
will be calculated using the following equation as a check on the consis-

tency of the density measurements:

p
6 -2 B (2.2-4)

As discussed in Section 2.2.5.1.2, dry bulk densities will not be deter-
mined for zeolitic samples. Thus, Equation 2.2-4 will be used to calculate

the matrix porosities of these samples.

Discussion in Sections 2.2.5.1.1 and 2.2.5.1.2 provides information on
the determination of saturated and dry bulk densities of samples to be used
in thermal and mechanical experiments. Matrix porosities of these samples

will be calculated using the following equation:

®n ~ PsbPab (2.2-7)

The matrix porosities obtained by using Equation 2.2-7 will be compared to
porosity data obtained for smaller samples (Equations 2.2-3 and 2.2-4) to

evaluate the relative merits of the different approaches.

An obvious alternative to the calculation of matrix porosity is the
direct determination thereof. Such determinations can be made using a gas
permeameter (gas pycnometer used with a solid sample rather than powder)
(Lewis and Tandanand, 1974; ISRM, 1979) or by the water-absorption method.
The experimental uncertainties associated with the pycnometer measurements
are expected to be of the same magnitude as the uncertainties in matrix

porosities calculated from density data. Several direct determinations of
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matrix porosity-wiil be made to test thils expectation. If the comparison
between calculated and measured values of porosity shows a significant
difference, matrix porosities will be both measured and calculated for all

subsequent samples.

Several non-standard methods have the potential to provide a direct
determination of matrix porosity. These include nuclear magnetic
resonance, X-ray transmission, and use of a VHF-resonance cavity. As yet,
none of these techniques has been used for tuff samples; data on achievable
accuracies and precisions are unavailable. These techniques are not
expected to be used routinely because of the cost and time required to
perform non-standard measurements. However, several zeolitic samples may
be examined by one or more of these techniques in aﬁ attempt to assess the
accuracy with which standard techniques determine intergranular (matrix)

porosity in zeolitic rocks.
2.2.5.2 Heat Capacity

The partial saturation of the tuffs in situ at Yucca Mountain plays a

major role in the determination of an approach to obtaining heat capacity

data. The in situ heat capacity of a rock [C;°Ck] can be expressed as
follows:
H,0
rock sol 2
OO = (L4 -6p) (L-4)) CO°7 + (L4 -4p) 4,5 C,

(2.2-8)

+ 6y +hg + (1-4p) 4,(1-5)] C3°F

H,O

is the heat capacity of the solid material, and sz and C:ir

where Cs°1
P

are the heat capacities of water and air, respectively. As with in situ
bulk density, the approach will be to use Equation 2.2-8 to estimate the
in situ heat capacity rather than to try to obtain samples that preserve
the in situ condition of the rock.
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ir
are

Of the parameters in Equation 2.2-8, data for CgZOand C;
available in engineering handbooks, data on matrix porosity will be ob-
tained as a part of this study (Section 2.2.5.1.4), and data for fracture
porosity, lithophysal-cavity abundance and in situ saturation will be
obtained by other studies for the Yucca Mountain Project (discussed in
Section 2.3.8). The intent of this portion of the laboratory thermal-
properties study is to obtain the data to calculate-the heat capacity of
the solid portion of the tuffs (i.e., CPSOI).

The experimental technique selected for use in measuring heat
capacities is adiabatic calorimetry. In this method, the amount of
electrical power (or heat) required to raise the sample temperature by a
given amount is monitored. Under the condition that all power input goes
to heating the sample (i.e., none is lost to the surroundings), the heat

capacity is obtained as a simple function of sample mass, temperature

change, and power input.

For this study each sample [nominal dimensions of 5.1 cm (diameter) and
7.0 cm (length)] will be saturated before testing. The sample will be
heated at a constant rate (<2°C/min) to the maximum temperature (nominally
100°C for Units TCw, PTn, CHn2v, and CHn2z, and 300°C for the other units).
At or near the nominal boiling temperature of 100°C, it is anticipated that
the heating rate will be reduced to allow the pores of the sample to
dehydrate. The optimum rate reduction will be determined during

development of test procedures.

Two alternative techniques were considered to perform these
measurements. One is a classical technique--drop calorimetry--in which a
sample (either a solid or a powder) is heated to a prescribed temperature,
then dropped into an essentially adiabatic receiver containing a fluid, the
specific heat and enthalpy of which are well known. The enthalpy of the
sample is calculated from the temperature change induced in the fluid by
the hot sample. After numerous similar measurements at different initial
temperatures have been made, the sample enthalpy is plotted as a function

of temperature, and the heat capacity (at constant pressure) is obtained as
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the slope of the fésulting curve. This technique is described in a number
of recommended procedures, including ASTM C-351, Lewis and Tandanand
(1974), and Shuri et al. (1981).

This technique suffers from several limitations. It is quite time-
consuming, and many potential inaccuracies can occur (e.g., radiation loss
to surroundings, small temperagﬁre changes for small enthalpies). Also,
the technique is unsuitable for materials and temperature ranges in which
solid-state phase transitions occur, as is expected for 5i02 polymorphs in
Units TSwl and TSw2 for temperatures above 150°C.

The second alternative technique considered is known as differential
scanning calorimetry (DSC). In this method, a sample and a reference
material (approximately 5 to 10 mg of each) are heated (or cooled) at a
constant rate (1 to 20°C per minute depending on type of sample and desired
information) using separate heaters. The temperatures of both materials
are monitored using thermocouples, and small amounts of power are applied
at intervals to the heater for the unknown sample to continuously adjust
the temperature of the sample to be equivalent to that of the reference
material. The heat (power in a specific period of time) required to make
such adjustments is monitored. Comparison of these data with equivalent
data obtained from empty sample pans and from a known material (usually
sapphire) allow the heat capacity of the unknown sample to be calculated as
a function of temperature. Details of the technique have been summarized

in a number of publications, including McNaughton and Mortimer (1975).

The DSC technique is not truly adiabatic, so that some heat loss to the
surroundings occurs. More importantly, samples are quite small, and the
possibility that samples would be nonrepresentative would always be an

issue if this technique were selected.
Heat capacities measured using the adiabatic technique will be bulk

heat capacities (i.e., will be composites of the heat capacities of pore
fluid and solids). Using the measured values of sample porosity and
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textbook values for cpHgO’ Cpair' or both, the heat capacities of the solid

components as a function of temperature can be calculated.

In addition to the experimental technique, a method for estimating the
heat capacity of the solid components is available as well. This method
i{nvolves the determination of the chemical composition of the solid in
terms of oxides (Si07, Alp03, etc.) followed by calculation of the weighted
sum of the heat capacities of the oxides. Solid-state phase transitions
and dehydration are included in this estimation process using known
enthalpies for the reactions and assuming a temperature range over which
each reaction occurs. When the mass of the reacting substance is also
included, an approximation to the heat capacity of the reaction is
obtained. This method has been used to obtain preliminary values for the
heat capacities of the solid components of Units TSwl, TSw2, and TSw3
(Nimick and Schwartz, 1987), but has yet to be verified for these units
using expefimental data. If the calculations are shown to provide accurate
estimates of heat capacities, then chemical data obtained for other studies
for the Yucca Mountain Project [e.g., Study 8.3.1.3.2.1 (Mineralogy,
Petrology, and Chemistry of Transport Pathways)] can be used to expand the

data base on heat capacity without performing additional measurements.

Another option for determining heat capacity is to measure thermal
diffusivity (equal to K/pcp), then calculate Cp from knowiedge of K and p.
This approach suffers from one of the same shortcomings as drop
calorimetry: the heat capacity pertaining to transitions that occur over a
temperature range (e.g., Si07 polymorphic transitions or continuous de-
hydration) cannot be determined because data for K will not be available at
numerous closely spaced increments of temperature. Thus, this approach to

obtaining Cp data probably will not be used.

As a result of the considerations above, the probable approach to be
used for this study is a combination of adiabatic calorimetry and
calculations from bulk chemical compositions. Measurements are essential
both to provide experimental data and also to provide data by use of which
the validity of the calculational method can be examined.
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A limitation in the application of either adiabatic calorimetry or the
calculational method to clay-rich or zeolitic tuffs is potential inaccuracy
in the reproduction of the dehydration behavior of the material (for both
methods) and of the heat capacity of the channel water in the zeolites (for
the calculation method). Before either method is applied routinely,
experiments using both adiabatic calorimetry and thermogravimetric analysis
on zeolitic samples will be performed to establish the most appropriate
heating and cooling rates, and atmospheric environment to use for
calorimetry measurements. Once data from these experiments are available,
an evaluation can be made of the various thermodynamic functions proposed
for the channel water of the zeolites [e.g., "perlitic” water (King et al.,
1948), "hydrate" water (Robinson and Haas, 1983)].

2.2.5.3 Thermal Conductivity

The approach to be used to obtain data for the in situ thermal con-
ductivity of the tuffs is the same as outlined earlier for the other
thermal properties (Sections 2.2.5.1 and 2.2.5.2)--estimation of
appropriate values rather than attempting to preserve in situ saturations.
The equation(s) to be used to estimate an in situ value from laboratory-

determined data has not been selected but will take the general form
K= K(KS' Kw’ Kan ¢m9 ¢Lt ¢f' S ) . (2‘2’9)

where Kg is the thermal conductivity of the solid material, and Ky and K,
are the thermal conductivities of water and air; respectively, and ép, 4L,
éf, and S will be obtained from other studies (see Figure 2.2-1). (Note
that fracture porosity is included in Equation 2.2-9. If site-
characterization data show fracture porosity to be negligible, the fracture
porosity can be excluded from the explicit form of Equation 2.2-9.) - The
equation(s) will be selected from those described in Section 3.4.5. The
equation used for most calculations of in situ thermal conductivity is
likely to be the same equation that is selected for use in extrapolation of

laboratory-measured thermal conductivities to zero-porosity values. For
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specific geometries, (e.g., heat flow perpendicular to a planar fracture or
elongate lithophysal cavities), different equations may be used that were
originally derived for the problem of interest. In addition, a number of
in situ measurements of thermal conductivity will be made for other studies
(Table 1.0-1) as a part of the overall determination of rock-mass thermal

conductivity.

Data for Ky and Ky are available in the published literature. Data for
matrix porosity will be obtained for this study (Section 2.2.5.1.4) and
data on fracture porosity, in situ saturation and lithophysal-cavity
abundance will be obtained by other studies for the Yucca Mountain Project
(Section 2.3.8). Thus only the thermal conductivity of the solid
components needs to be determined experimentally in this portion of the

laboratory thermal-properties study.

Many experimental methods are available for measuring thermal con-
ductivity!t Also, many equations have been proposed for extrapolating
measured thermal conductivities at known porosities to the zero-porosity
condition (i.e., to obtain the thermal conductivity of the solid
components). The alternatives for the experimental methods and the extrap-

olating equations are discussed separately in the following subsections.

2.2.5.3.1 Alternatives for Experimental Determination of Thermal
Conductivity

Many methods of measuring thermal conductivity have been proposed in
the published literature; numerous overviews of this broad topic exist in
the literature. A brief synopsis of the survey of techniques is given
below, followed by a discussion of the techniques being considered for this

study.

1. Rod method (steady-state, absolute): axial heat flow through a

relatively long rod; suitable for good conductors.
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Plate 6r-disk method (steady-state, absolute): axial heat flow
through a relatively thin disk; suitable for poor conductors and

insulators.

Divided-rod method (steady-state, comparative); axial heat flow
through a series of rods, one of which is the material with

unknown conductivity.

Plate or disk methbd (steady-state, comparative): axial heat flow
through a series of plates or disks, one of which is the material

with unknown conductivity.

Cylindrical method (steady-state, absolute): radial heat flow in
a cylindrical sample.

Spherical method (steady-stafe, absolute): radial heat flow in a

spherical sample.

Concentric cylinder method (steady-state; comparative): radial
heat flow (in series) through a material of unknown conductivity,

then through a reference material.

Disk method (steady-state, comparative): radial heat flow into a
disk of reference material combined with axial heat flow into and
through adjoining disks of material of unknown conductivity.

Longitudinal heat flow method (transient, absolute): application
of a heat pulse to one end of an isothermal rod or to one face of

an {sothermal disk or plate.

Flash method (rapid transient, absolute): flash of thermal energy
applied to one face of a disk by flash tube or laser.

Radial heat flow method (transient, absolute): application of

heat pulse to the center or to the outer surface of cylinder

(heater not a line source).
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12. Line héaé'source/thermal probe method (transient, absolute):
application of heat pulse to the center of a cylindrical sample by
a heat source that approximates a line heat source in an infinite

medium.

As stated by Touloukian et al. (1970, p. 13a), ". . .no one method is
suitable for all the required conditions of measurement.” The method that
is selected for this study must be suitable for poor conductors, should be
able to accommodate a relatively small-sized sample, and should be as
simple and rapid as possible given the other two constraints. In addition,
some degree of control of environmental variables other than temperature

(e.g., pressure, saturation) may be necessary.

Of the methods listed above, three are under consideration for use in
this study. The technique to be used for most of the testing will be the
guarded-heat-flow-meter method, a version of Option (2) above. The
advantages of the technique are that it is relatively simple, does not
require instrumentation of the sample (e.g., thermocouples within the
sample), and has a suitable testing range for the thermal conductivities
expected for all of the tuff samples. Samples for this testing technique
would have nominal diameters of 2 in. (5.1 cm) and nominal thicknesses

between 0.5 and 0.75 in. (1.3 and 1.9 cm).

The other two testing techniques which probably will be used on a few
samples are a theymal-comparative technique [Option (3) or (&) above] and a
guarded-hot-plate technique [a version of Option (2) above]. The
comparative technique would be used primarily in the scoping study on the
effect of normal stress on the thermal conductivity of fractured samples
(Section 2.2.3). Samples used in this technique would have nominal
diameters of 2 in. (5.1 cm) and nominal lengths between 0.5 and 1.5 in.
(1.3 and 3.8 cm). The guarded-hot-plate technique uses larger samples
[nominal diameter of 8 in. (20.3 cm) and nominal thickness between 1 and 2
in. (2.5 and 5.1 cm)] and would have two uses--as the testing technique for
the larger samples in the sample-size-effects scoping study (Section 2.2.3)
and as the technique for testing samples of Unit TSwl with a high content
of lithophysal cavities.
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All three of éhe methods mentioned in the preceding paragraphs use
cylindrical samples, which is the general shape that specimens will have
when obtained from either core holes or instrumentation holes in the ESF.
All three are techniques that have been used successfully on rock samples,
and have related ASTM standards (F-433 for the guarded heat flow meter; E-
1225 for the comparative method, and C-177 for guarded hot plate). In
addition, a detalled examination of the comparative, steady-state disk
method has been made as descfibed in Sweet (1986) and Sweet et al. (1986).

Thermal conductivities will be determined for at least two temperatures
below 100°C for all samples, and at five temperatures above 100°C for
samples from Units TSwl, TSw2, TSw3, CHnlv, CHnlz and from altered TSw3
(the nominal maximum temperature for these units is 300°C). For some
randomly selected subset of the samples, measurements will be repeated at
identical temperatures during cooling of the sample to evaluate the
possibility of hysteresis in thermal conductivity. This evaluation will
provide data to test the assumption that thermal conductivities will be the
same during the cooling of the rock around waste canisters as they were

during heating.

Some experimental data on the thermal conductivity of damp (i.e.,
partially saturated) porous materials suggest that the effective conduc-
tivity will be higher in partially saturated material than in the saturated
material at temperatures 260°C (Pratt, 1969). This possibility'indicates
that an attempt should be made to measure the effective thermal conductiv-
ity of tuff samples at known values of intermediate saturation. Pratt
(1969) describes a method of interpreting thermal conductivity data
obtained by use of a steady-state method [Option (2) above] for partially
saturated samples. A scoping study will be performed on saturation effects
on thermal conductivity (Section 2.2.3). The results of this study will be
used to determine the initial saturation for all routine testing. This
initial saturation will be used for all measurements at temperatures below
100°C. Samples then will be oven-dried, the measurements at temperatures
below 100°C will be repeated, and the higher-temperature measurements will

be performed. Although the oven drying will remove channel water from
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zeolites, the final state of oven-dried zeolitic samples will be similar to
that of the in situ zeolitic material at 105° to 110°C (because of slower
heating in situ), so measured high-temperature thermal conductivities are

expected to be representative of in situ conditioms.

Evaluations will be made of the extent to which convection of pore
water might be contributing to heat transfer. For any of the methods to be
used in this study, comparison of the thermal conductivities obtained with
heat flowing against gravity with those obtained with downward heat flow

will provide information on the magnitude of convection in the experiments.

2.3 Constraints on Laboratory Thermal-Properties Study
2.3.1 Potential Impact on the Site

The potential impact on the site of the coring of new core holes will
be addressed as the various proposals for drilling and coring from the
surface are evaluated. The proposals are summarized in Section 8.3.1.4 of
the SCP. The potential impacts related to the construction of ES-1 on the
site are discussed in Section 8.4 of the SCP. No additional impacts on the
site are expected as a result of the experiments to be conducted for this
study. .No additional coring or excavation presently is anticipated to be

required beyond that already planned for other Studies. -
2.3.2 Repository Simulation

The ultimate goal of this study is to characterize the thermal prop-
erties of the rocks within the boundary of the underground facilities. As
such, data gathered for this study will be combined with data on
lithophysal-cavity abundance, fracture porosity, and in situ saturation
state to be collected in other Studies (Section 2.3.8) to provide property
values appropriate to the scale and apparent variability of the in situ
rock mass (see Figure 2.2-1 for a diagram of the process). Thus, within
the limitations imposed by the assumptions involved in extrapolating the

measured data to the in situ conditions and to the areas from which no
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samples were obtafﬁed, the results of this study will have accounted for
the scales (spatial dimensions) and the environmental conditions expected

to be experienced by the rock surrounding a repository.

The major assumption constraining this study is that the dominant
mechanism of heat transfer from waste canisters in the unsaturated tuffs
will be conduction. Examination of the validity of this assumption will be
made during the several in situ heater tests planned for the ESF as well as
in some of the thermal-conductivity experiments to be conducted in the
laboratory. Determination of the validity of the assumption does not
affect the measurements to be performed in the laboratory, but might have
an influence on the method(s) used to estimate in situ thermal properties
from laboratory data (e.g., if convective heat transfer needed to be in-
corporated in an "effective thermal conductivity" term). The initial
strategy for this study is to assume that heat transfer by convection and
radiation from waste canisters will be negligible, so that estimation of
in situ thermal properties will be a straightforward extension of
laboratory measurements. If, as expected, the in situ experiments to be
performed for Study 8.3.4.2.4.4 (Engineered-Barrier-System Field Tests)
demonstrate that convection is a significant component of heat transfer
from waste canisters, the data from this study will be integrated with the
in situ data to provide a more realistic representation of the in situ
thermal properties. Laboratory measurements of the steady-state, effective
thermal conductivity of partially saturated samples may help in the
integration effort. -

2.3.3 Required Accuracy and Precision of Thermal Properties

For each thermal property, the accuracy and precision required for use
of the data are built into the data requirements expressed by repository-
design and performance-assessment personnel through the performance--
allocation process. For all experimental techniques considered for use in
this study, the achievable accuracy and precision of the experiﬁentally
determined values are of much smaller magnitudes than the variation of

values caused by heterogeneity between samples. Thus, all constraints
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imposed by required accuracies and precisions will be accounted for by
satisfaction of the data requirements and are included in the estimation of

the numbers of samples required to obtain the data (Section 2.2.1).
2.3.4 Limits and Capabilities of Analytical Methods

No analytical methods will be used either for designing experiments or
for interpreting the thermal-properties data to be obtained for this study.

Thus, analytical methods impose no constraints on the study.
2.3.5 Time Required versus Time Available

This study is designed to provide current information on thermal
properties whenever such information is requested (e.g., by personnel
associated with in situ experiments or by those associated with analysis of
the thermal response of the rock to the presence of heat-producing waste)
and to provide in a timely manner written summaries of data for use in
analyses supporting major deliverables such as the Draft Environmental
Impact Statement or the License Application. Thus, time will not be a
constraint on the study. However, the timely availability of the samples
that are required for this study is a prerequisite to the timely completion
of the study. Scheduling for the study is presented in Section 5.3.

2.3.6 Statistical Relevance of Data

The strategy for sampling and testing of the thermal/mechanical units
that is discussed in Section 2.1 is based on satisfying the data
requirements of repository design and performance assessment using
statistical considerations. As such, the results of the Laboratory
Thermal-Properties Study will be directly relevant in the applications for
which they are required. Even should site characterization be unable to
provide thermal-properties data with the required constraints, the data
base for thermal properties should still be sufficient to provide a
statistical basis for any reevaluation of the design or performance-

assessment goals.
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2.3.7 Scale of Phenomena

The methods to be used In extrapolating laboratory data on thermal
properties to rock-mass values are discussed in various parts of this
document. The only potential problem with the extrapolations is the
possibility that the in situ experiments will indicate that conduction is
not the only significant mechanism of heat transfer, whereas laboratory
experiments may not show this possibility. Such a discrepancy will not be
a constraint on the methods used to acquire laboratory data, but may affect
the extrapolation procedures and the comparison of extrapclated values to

data obtained during in situ experiments.
2.3.8 1Interrelationships With Other Studies

The experiments planned in the Laboratory Thermal-Properties Study will
contribute to a data base that will serve as the primary input for thermal
calculations, both for repository design and performance assessment. Data
froh several other studies (Table 1.0-1) will provide measurements of
in situ thermal properties that can be used to evaluate the validity of the
methods used to extrapolate laboratory-determined thermal properties to the
rock mass. In addition, thermal properties measured in the laboratory on
location-specific samples will aid in the interpretation of the results of
the in situ experiments listed in Table 1.0-1.

In order to perform the systematic sampling described in Section 2.2,
the locations of contacts between thermal/mechanical units must be defined.
This definition will be performed as part of Study 8.3.1.4.3.2 (Three-
Dimensional Rock Characteristics Models.)

This study will provide estimated values of the rock-mass thermal
properties. To do so, some information is required that will not be
obtained as part of the study. The abundance of lithophysal cavities in
three of the thermal/mechanical units (TCw, TSwl, and TSw2) must be
characterized so that the contribution of the cavities to heat capacity and
thermal conductivity can be included. Information on the abundance of
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lithophysal cavitiés will be gathered as part of the following Studies:
8.3.1.4.2.1 (Characterization of the vertical and lateral distribution of
stratigraphic units within the site area) and 8.3.1.4.2.2 (Characterization

of the structural features within the site area).

Second, and more important, information on the in situ saturation of
the various units is required. 1In situ bulk density, heat capacity, and
thermal conductivity all are strongly influenced by the saturation state in
the pores. Information on in situ saturations will be obtained as part of
the following Studies: 8.3.1.2.2.3 (Characterization of percclation in the
unsaturated zone - surface-based study) and 8.3.1.2.2.4 (Characterization
of Yucca Mountain percolation in the unsaturated zone - exploratory shaft

facility investigations).

The fracture porosities of various units will be estimated based on
information on fracture frequency, orientation, spacing and distribution.
This information will be obtained as part of several Studies, including
8.3.1.2.2.3, 8.3.1.2.2.4, and 8.3.1.4.2.2. The calculated effect of
fracture porosity on the thermal properties of the rock mass will be

evaluated to determine whether the effect is significant.

If the method of calculating heat capacities from bulk chemical
composition (Section 2.2.5.2) proves to be valid for tuffaceous rocks, bulk
chemical data to be obtained in Study 8.3.1.3.2.1 (Mineralogy, petrology,
and chemistry of transport pathways) will be used to expand the data base
for heat capacity. In addition, Study 8.3.1.3.2.2 (History of mineralogic
and geochemical alteration of Yucca Mountain) may provide information on
the dehydration kinetics of glass, zeolites, and clay that may be useful in
developing and refining experimental procedures for determination of

thermal properties.

Some data on thermal properties will be gathered as ancillary informa-
tion during work for other Studies. Matrix porosity will be determined in
Studies 8.3.1.2.2.3, 8.3.1.2.2.4, and 8.3.1.4.2.1. Density data also will
be obtained by two of these Studies: 8.3.1.2.2.3 and 8.3.1.4.2.1. Data on
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thermal conductivity at ambient temperature will be obtained during work
for Study 8.3.1.15.2.2.1 (Surface-based evaluation of ambient thermal

conditions).

The potential effects of radiation on the thermal conductivity of Unit
TSw2 will be examined as part of Study 8.3.4.2.4.3 (Mechanical attributes
of the waste package environment). Interpretation of the test results in
Study 8.3.4.2.4.3 will require input from this study in the form of
thermal-conductivity data on samples that have not been irradiated.

2.3.9 Interrelationships With ES Construction Activities

A large number of samples for determination of laboratory thermal prop-
erties will be obtained from ES-1. However, as discussed earlier, these
samples will be taken from bins of material that is to be gathered during
routine mining operations. In addition, all core samples to be taken from
the ESF willibe obtained as a part of activities for other Studies. Thus,
the construction schedule for ES-1 neither will be a constraint on this
study nor will be impacted significantly by sampling activities for

thermal-properties activities.
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3.0 DESCRIPTION OF LABORATORY THERMAL-PROPERTIES EXPERIMENTS

The Laboratory Thermal-Properties Study Plan is composed of three
groups of experiments that collectively are intended to provide most of the
data necessary to perform thermal calculations for a repository at Yucca
Mountain. Experiment Procedures (EPs) for the experiments will be written
in conformance with Sandia National Laboratories Department 6310 Operating
Procedures. Experiments will be performed at testing laboratories that
(1) have been determined to possess the technical expertise necessary to
obtain quality data for the the{mal properties of the tuffs and (2) are
able to satisfy all Sandia National Laboratories Department 6310 quality-
assurance requirements. The experimental methods that will be used or from

which a method will be selected are discussed in Section 2.2.5.

3.1 Accuracy and Precisjion

The accuracy of determinations of properties is best specified using
two quantities--the precision and the bias (Eisenhart, 1963). 1In the
limit, the bias, or the deviation of a determination from the "true" value,
is unknowable because the "true" value is unknowable. However, for the
purposes of this work, it is judged to be acceptable to use the mean value
of multiple measurements of a property for a sample as a reliable estimate
of the "true"” value. Thus, in the remainder of this document, accuracy

will be used to describe the difference between a mean value determined for
this work and an accepted mean value for a property. This difference is

the bias referred to previously.

In addition to the bias, precision must be determined. Precision is
the reproducibility of successive determinations of a property. Eisenhart
(1963) suggests that a useful index of the precision of a series of
measurements is the calculated value of the standard deviation or of the

variance. For the work conducted for this Study, the standard deviation
will be used.
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Because the "true" value of a property for a rock is not known, the
accuracy of rock properties cannot be determined directly. Two indirect
approaches to the estimation of accuracy are available. First, the
accuracy of a property can be estimated from the accuracies of the actual
quantities measured (e.g., temperature, length, pressure) for a property
determination. As an alternative, the value of the property of one or more
standard materials can be determined in replicate using the same
experimental technique as will be used for the rock samples. The accuracy
of the property determinations for rock samples then can be based on the
comparison of the mean value of these replicate determinations to the
rtrue® value(s) for the standard(s). The latter approach is the one to be

used in this study.

The precision of property determinations for rock samples will be
obtained by performing replicate measurements on individual rock samples.
Because the precision may be a function of rock type as well as of the
experimental technique, the precision of a property will be determined for
each thermal/mechanical unit separately. The initial estimates of preci-
sion will be made using five replicate property determinations on each of
five samples from each thermal/mechanical unit. These precisions will be
indicative of values of single- or multi-operator, single-location measure-
ments (see ASTM E-177 for definitions of these and related terms), so that
they will be described as "repeatability'\racher than "reproducibility.”

Individual properties are discussed separately in the following subsec-
tions. In many cases, estimates of expected accuracy and precision cannot
be made based on existing data. For properties and thermal/mechanical
units for which experimental data concerning accuracy and precision are

available, the values are provided.

3.2 Density and Porosity Characterization

As mentioned earlier, data for the in situ bulk densities of the
thermal/mechanical units will be obtained by calculation using data on
grain density, matrix porosity, lithophysal cavity abundance, in situ
saturation state, and potentially fracture porosity. 0f these, grain
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density and matrix porosity will be determined for this Study. Previous
experience with the tuffs indicates that optimum results for these two
properties can be obtained by measuring grain density, saturated bulk
density, and dry bulk density. Matrix porosity then is calculated from any

two of the three measured properties.

The following subsections address each of these "bulk" properties
individually. The number of samples is tied to the summary at the end of
Section 2.2.4, with all four properties determined for each sample. The
usual sequence of measurement will be saturated bulk density, dry bulk
density, and grain density, followed by calculation of matrix porosity.
Deviations from, or exceptions to, this general sequence will be addressed
in the pertinent subsections. After discussion of the four properties, a
synopsis is provided that addresses the range of expected results and

analyses of results for calculated values of in situ bulk density.
3.2.1 Saturated.Bulk Density

3.2.1.1 Technical Procedures

Appropriate Experiment Procedures (EPs) and Technical Procedures (TPs)
(Table 3.2-1) will be written and approved before data are collected for
saturated bulk density. An EP governing work to be conducted during the
construction phase of ES-1 will be completed at least two months before
data collection on samples from ES-1 is initiated. Similarly, an EP for
testing of core samples will be conpléted well in advance of actual
measurements. TPs will be available a minimum of 45 days before use in

data-gathering activities.
3.2.1.2 Accuracy and Precision

Previous determinations of density by SNL for the Yucca Mountain
Project included calibration checks using magnesium and steel. The density
of a standard material was required to be within #1 percent of the "true”
value before the density of rock samples was determined. Thus, saturated

bulk densities are expected to be accurate to within il percent of the
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experimental value if samples are fully saturated. Failure to achieve full
saturation (i.e., if 0.95 < S < 1.0) will add from 0.1 percent (Unit TSw3)
to 1.3 percent (Unit PTn) to the value given earlier for bounds on

accuracy.

The precision of determinations of saturated bulk density has not been

evaluated. Future measurements will include such an evaluation.

Table 3.2-1. Technical Procedures* for Measurement of Saturated Bulk
Density

TP-057 Procedure for laboratory bulk density measurements

TP-064 Procedure for vacuum saturation of geologic core samples (already
completed pending evaluation of adequacy of saturation state
achieved)

*Technical procedures for this work will be standard procedures and will
incorporate relevant portions of nationally recognized procedures.

3.2.1.3 Range of Expected Results

The range of expected values for the saturated bulk density of the
thermal/mechanical units is given in Table 3.2-2. The ranges have been

calculated as X + 2S, where X and S are based on existing data.

Table 3.2-2. Ranges in Expected Values of Saturated Bulk Density

Range Number of
Unit (103kg/m3) Existing Measurements
TCw 2.20-2.48 17
PTn 1.31-2.20 5
TSwl 2.19-2.45 40
TSw2 2.28-2.48 53
Altered TSw3 No Data 0
TSw3 2.29-2.39 12
CHnlv 1.61-2.11 4
CHnlz 1.81-2.08 17
CHn2v 1.83-2.06 6
CHn2z 2.23 1
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3.2.1.4 Equipment and Design Requirements

The equipment required to perform measurements of saturated bulk
density is comprised of an apparatus for vacuum-saturation of samples,
glass beakers, one or more balances, a temperature-measuring device, and an
apparatus that can be used to suspend a sample in water while weighing the
sample. This last portion of the equipment is the only portion that can
involve significant variability in experiment design, with potential
methods of suspension including string, thin wire, fine netting, and small
metal pans. The method described in ISRM (1979) suggests a wire basket or
perforated container hanging from a thin wire. The actual method used will
depend on the equipment used by the testing laboratory that obtains
saturated-bulk-density data for this study.

3.2.1.5 Analyses of Measurements

Data obtained for saturated bulk densities will be subjected to the

statistical analyses discussed in Section 3.5.
3.2.2 Dry Bulk Density
3.2.2.1 Technical Procedures

Appropriate EPs and TPs (Table 3.2-3) will be written and approved
before data are collected for dry bulk density. An EP governing work to be
conducted during the construction phase of ES-1 will be completed at least
two months before data collection on samples from ES-1 is initiated.
Similarly, an EP for testing of core samples will be ready well in advance
of actual measurements. TPs will be available a minimum of 45 days before

use in data-gathering activities.

One of the TPs listed above involves oven drying of the samples. As
discussed in Section 2.2.5.1.2, two of the thermal/mechanical units (CHnlz
and CHn2z) contain significant quantities of zeolites. Analysis indicates
that the dry bulk density of zeolitic samples (determined using oven
drying) will be systematically low; the magnitude of the error will depend
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Table 3.2-3. Technical Procedures* for Measurement of Dry Bulk Density

TP-057 Procedure for laboratory bulk density measurements

TP-065 Procedure for drying geologic core samples to comstant weight
(already completed)

*gee footnote to Table 3.2-1.

on the duration and temperature of heating and on the quantity and type of
zeolites in the sample. A method has not been identified with which the
systematic error can be avoided. Therefore, dry bulk density will not be
determined experimentally for rocks in which zeolites are an important
mineral (volume fractions greater than 0.1). 1Instead, estimates of dry
bulk density will be obtained by calculation using experimental values of
grain density and saturated bulk density in the following equation:

Pglesb - 1) (2.2-5)
Pg - 1

Pddb =

3.2.2.2 Accuracy and Precision

Previous determinations of density by SNL for the Yucca Mountain
Project included calibration checks using magnesium and steel. The density
of the standard material was required to be within +1 percent of the "true”
value before the density of rock samples was determined. Thus values of
dry bulk density are expected to be accurate to within #1 percent of the
experimental value. The accuracy of values calculated for zeolitic samples
will be evaluated after the accuracy of experimentally determined grain

densities for such samples is determined.

The precision of determinations of dry bulk density has not been

evaluated. Future measurements will fnclude such an evaluation.
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Table 3.i;4. Ranges in Expected Values of Dry Bulk Density

Range Number of
Unit (103 kg/m3) Existing Measurements

TCw 2.02-2.45 18
PTn 0.58-2.04 2
TSwl 1.97-2.39 48
TSw2 0 2.12-2.41 87
Altered

TSw3 No Data 0
TSw3 2.23-2.37 10
CHnlv 1.07-1.93 13
CHnlz 1.41-1.83 39
CHn2v 1.41-1.75 2
CHn2z 2.00 1

3.2.2.3 Range of Expected Results

The range of expected values for the dry bulk density of the
thermal/mechanical units is given in Table 3.2-4. The ranges have been

calculated as X + 28, where X and S are based on existing data.

The values given in Table 3.2-4 for Units CHnlz and CHn2z are based on
data obtained using an experimental technique that includes oven drying.
Thus, as stated earlier, the dry bulk densities of these units probably are

systematically low by an unknown amount.
3.2.2.4 Equipment and Design Requirements

Dry bulk densities will be deternined using the same samples used for
determination of saturated bulk densities. After a saturated bulk density
is determined, each non-zeolitic sample will be oven-dried to constant
weight. This weight then will be combined with the sample volume deter-
mined during the measurements for saturated bulk density to provide the dry
bulk density. |
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The only additional equipment required for the determination of dry
bulk density of non-zeolitic samples is an oven capable of long-term opera-

tion at 105° + 5°C.
3.2.2.5 Analyses of Measurements

Data obtained for dry bulk densities will be subjected to the

statistical analyses discussed in Section 3.5.
3.2.3 Grain Density
3.2.3.1 Technical Procedures

Appropriate EPs and TPs (Table 3.2-5) will be written and approved
before data are collected for grain demsity. An EP governing work to be
~conducted during the construction phase of ES-1 will be completed at least
two months before data collection on samples from ES-1 is initiated.
Similarly, an EP for testing of core samples will be ready well in advance
of actual measurements. TPs will be available a minimum of 45 days before

use in data-gathering activities.

Table 3.2-5. Technical Procedures® for Measurement of Grain Density

TP-065 Procedure for drying geologic core samples to constant weight
(already completed) ‘

TBA Procedure for determination of grain density of
non-zeolitic samples

TBA Procedure for determination of grain density of
zeolitic samples

*: See footnote to Table 3.2-1.
TBA: Procedure number to be assigned in the future.

The measurement technique used in previous determinations of grain
density for the Yucca Mountain Project uses oven drying of powders as an

integral part of the procedure. Nationally recognized standard techniques
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(e.g., ASTM D-854) recommend such drying as well. However, as mentioned in
Section 3.2.2.1, drying of samples containing significant quantities of
zeolites is also likely to remove water from the zeolites. Thus the grain
densities of zeolitic samples are likely to be systematically too high if
conventional measurement techniques are used. The magnitude of the error
will depend on the intensity and duration of the heating and on the

quantity of zeolites in a sample.

Alternative procedures are being evaluated for determination of the
grain density of zeolitic samples, as discussed in Section 2.2.5.1.3. The
validity of these approaches will be examined during development of the
relevant TP. All other aspects of conventional determinations of grain

density will remain unchanged.
3.2.3.2 Accuracy and Precision

Previous determinations of grain density by SNL for the Yucca Mountain
Project included calibration checks using powdered quartz. The density of
the standard material was required to be within 1 percent of the "true"
value before the grain density of rock samples was determined. Thus,
experimental values of grain density are expected to be accurate to within
+1 percent of the value. The accuracy of values calculated for zeolitic
samples will be evaluated after the appropriate experimental data are

obtained.

The precision of determinations of grain density has not been
evaluated. ASTM D-854 states that single-operator precision in the deter-
mination of the specific gravity of cohesionless soils has been found to be
0.021 (water-pycnometer method). If this literature value pertains to tuff
samples, the precision of mean values for grain density would range between

0.8 percent (Unit TSw2) and 0.9 percent (Unit CHnlv).
3.2.3.3 Range of Expected Results

The range of expected values for the grain density of the
thermal/mechanical units is given in Table 3.2-6. The ranges have been

calculated as X + 28, where X and S are based on existing data.
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Table 3.2-6. Ranges in Expected Values of Grain Density

Range Number of

Unit (103 kg/m3) Existing Measurements
TCw 2.43-2.59 24
PTn 2.07-2.67 6
TSwl 2.45-2.62 44
TSw2 2.48-2,62 76
Altered

TSw3 No Data 0
TSw3 2.35-2.41 14
CHnlv 2.24-2.44 18
CHnlz 2.29-2.53 42
CHn2v 2.41-2.59 3
CHn2z 2.30-2.78 5

The ranges given in Table 3.2-6 for Units CHnlz and CHn2z are based on
data obtained using oven drying as part of the measurement technique. As
described éarlier, a systematic error probably was introduced into the data
because of this procedure. Thus the bounds of the ranges for these two

units are probably too high.
3.2.3.4 Equipment and Design Requirements

The equipment required for grain-density determinations includes grind-
ing and sieving equipment, calibrated pycnometers, a balance capable of
determining masses to 0.001 g, a temperature-measuring device accurate to
<1°C, a device for measuring relative humidities up to approximately
90 percent, and an oven capable of long-term operation at 105°C without
significant temperature change. Material for grain-density determinations
will be powders obtained by grinding and sieving of the samples used for
bulk-density determinations.

3.2.3.5 Analyses of Measurements

Data obtained for grain densities will be subjected to the statistical

analyses discussed in Section 3.5.
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3.2.4 Matrix Porosity
3.2.4.1 Technical Procedures

Appropriate EPs and TPs will be written and approved before the density
data are collected that will be used to calculate values for matrix
porosity, and before any direct measurements of matrix porosity are made.
The methods and equations to be used in the calculati;n or measurement of
matrix-porosity values will be defined in the appropriate EPs. EPs
governing work to be conducted during the constructioﬁ phase of ES-1 will
be completed at least two months before data collection on samples from ES-
1 is initiated. Similarly, EPs for testing of core samples will be ready

well in advance of actual measurements.
3.2.4.2 Accuracy and Precision

Because most of the values for matrix porosity will be calculated, the
accuracy and precision of matrix porosity usually will be a function of the
accuracies and precisions of the densities used in the calculations. 1In
addition, because the calculated values of matrix porosity depend on more
than one other property, the accuracy and precision of calculated matrix
porosity are a function of the values of these other properties. Thus, no
exact values cah be given for the accuracy and precision of calculated

" matrix porosity until density data are obtained.

Although both Lewis and Tandanand (1974) and ISRM (1979) discuss direct
measurement of matrix porosity by means of helium displacement, neither
reference presents any information on accuracy and precision. Thus, such

information will need to be obtained as part of the measurement program.

An estimate of the uncertainty in a calculated mean value for matrix
porosity of each thermal/mechanical unit can be made using existing data
for dry bulk density and grain density. Assuming that the mean values for
the densities are equivalent to the "true® mean values, and that the exist-

ing standard deviations are representative of the precisions of the density
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values, the mean values of matrix porosity should be definable with an

uncertainty (quasi-precision) of approximately 0.01.
3.2.4.3 Range of Expected Results

The range of expected values for the matrix porosity of the
thermal /mechanical units is given in Table 3.2-7. The ranges have been

calculated as X + 2S, where X and S are based on existing data.

The ranges given above for Units CHnlz and CHn2z are based on existing
matrix-porosity values that have been calculated using data for grain
density and dry bulk density that were gathered using oven drying as part
of the measurement techniques. As described in Sections 3.2.2.1 and
3.2.3.1, the density data for zeolitic samples probably suffer from
systematic errors. Combination of these errors in the calculation of the
matrix porosities of zeolitic samples leads to systematically high values
of matrix porosity. The magnitude of the error has yet to be quantified,
but the values given above for these two units are probably too high.

Table 3.2-7. Ranges in Expected Values of Matrix Porosity

Number of

Unit Range Existing Measurements
TCw 0.03-0.19 18
PIn- 0.15-0.75 2
TSwl 0.07-0.22 41
TSw2 0.07-0.17 70
Altered

TSw3 No Data 0
TSw3 0.01-0.07 10
CHnlv 0.18-0.54 13
CHnlz 0.25-0.41 35
CHn2v 0.30-0.44 2
CHn2z 0.24 1
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3.2.4.4 Equipdeﬁﬁ and Design Requirements

No equipment is needed for the calculation of matrix porosity. For
measurement of matrix porosity, equipment requirements include calibrated
pycnometers, a balance capable of determining masses to 0.001 g, a
temperature-measuring device accurate to <1°C, a device for measuring
relative humidities up to apprékimately 90 percent, and an oven capable of
long-term operation at 105°C without significant temperature change.
Material for matrix-porosity determinations will be the same samples on

which bulk densities are determined.
3.2.4.5 Analyses of Measurements

Data obtained for matrix porosities will be subjected to the statistical analyses
3.2.5 1In Situ Bulk Density

3.2.5.1 Technical Procedures

No EPs or TPs are required for obtaining data on the in situ bulk densities of the
11 be performed as a part of the data analysis activities, the culmination
of which will be data on in situ bulk densities that will satisfy the

requirements of repository design and performance assessment.
3.2.5.2 Accuracy and Precision

Because the values for in situ bulk density all will be calculated, the
accuracy and precision of in situ bulk density will be a function of the
accuracies and precisions of the properties used in the calculations. In
addition, because the values of in situ bulk density depend on more than

one other property, the accuracy and precision of the bulk densities are a
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function of the values of these other properties. Thus, no exact valuescan

be calculated for the accuracy and precision of in situ bulk density.
3.2.5.3 Range of Expected Results

The range of expected values for the in situ bulk density of the
thermal/mechanical units is given in Table 3.2-8. The ranges have been
calculated as X + 2S, where X and S are based on existing data. Both X and
S have been estimated using existing mean values and standard deviation for
grain density, matrix porosity, lithophysal cavity abundance, and in situ
saturation. The assumption was made, consistent with past practice, that
because of the distribution ofiﬁater content in partially saturated

geologic media, the lithophysal cavities are entirely dry.
No data are available with which a mean value and a standard deviation
can be estimated for the lithophysal-cavity abundance in Unit TCw. No

cavity volume was included in the calculation of the in situ bulk density

Table 3.2-8. Ranges in Expected Values of In Situ Bulk Density

Approximate Range

Ranged From Geophysical

Unit (103 kg/m3) Logs of USW G-4b
TCw 2.14-2.48 1.3-2.4
PIn 1.01-2.15 No Data
TSwl 1.81-2.51 1.8-2.4
TSw2 2.16-2.47 1.2-2.4
Altered

TSw3 No Data No Data
TSw3 2.27-2.38 ~2.3
CHnlv 1.56-2.10 1.8-2.3
CHnlz 1.71-2.01 1.5-2.2
CHn2v 1.78-2.04 Absent
CHn2z 1.85-2.28 2.0-2.2

aCalculated from laboratory data on grain density and porosity and
estimated values of lithophysal porosity and in situ saturation.

bThe values given here are estimated from Spengler and Chornack (1984).
Data from rugose portions of core hole have not been included.
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of this unit even though cavities are present in situ, so the range given
above for Unit TCw probably is too high. If the cavity contents of Units
TSwl and TSw2 were averaged and then used as representative data for Unit
TCw, the range would be 1.87 x 103 to 2.60 x 103 kg/m3. The upper end of
this tentative range 1s physically unreasonable; it is the result of the
large standard deviation estimated for the lithophysal-cavity abundance.

No values were available for standard deviations of in situ saturation
for Units CHnlv and CHn2v. A value of 0.06 was assumed based on values
provided in Montazer and Wilson (1984) for the zeolitized equivalents of
these units. Neither the validity of the assumption nor the effect on the
estimated ranges of in situ bulk density can be evaluated at this time.

Fracture porosity has not been included in the estimated values of in
situ bulk density because such porosities are assumed to be negligible. 1If
site-characterization data should indicate that this assumption is wrong,
the in situ:bulk densities for the units with significant fracture porosity

will be lower than the values given above.
3.2.5.4 Equipment and Design Requirements

No equipment is required for the determination of in situ bulk density

because all values are to be calculated from other data.
3.2.5.5 Analyses of Measurements

Data obtained for in situ bulk densities will be subjected to the

statistical analyses discussed in Section 3.5.

3.3 Heat Capacity

As discussed in Section 2.2.5.2, in situ heat capacity of the tuffs
will be calculated from data on the heat capacities of components (solid,
liquid, and air), the matrix porosity, lithophysal-cavity abundance, and
in situ saturation data. Of these, only the heat capacity of the solid
components will actually be determined as a part of this study. The
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following subsections first address these determinations, then a discussion

of applications to the calculation of in situ heat capacities is provided.
3.3.1 Technical Procedures

Appropriate EPs and TPs (Table 3.3-1) will be written and approved
before data are collected for heat capacity. An EP governing work to be
conducted during the construction phase of ES-1 will be completed at least
two months before data collection on samples from ES-1 is initiated.
Similarly, an EP for testing of core samples will be ready well in advance
of actual measurements. Procedures are listed above for all of the
potential techniques. 7TPs will be available a minimum of 45 days before
use in data-gathering activities.

3.3.2 Accuracy and Precision

Because no heat-capacity experiments have been performed on tuff

samples for the Yucca Mountain Project, no data are available with which to

Table 3.3-1. Technical Procedures* for Measurement of Heat Capacity of
Solid Components

TP-061 Procedufe for laboratory sample bulk chemistry determination

TP-065 Procedure for drying geologic core samples to constant weight
(already completed)

TBA Procedure for preparation of zeolitic samples

TBA Procedure for determination of heat capacity by adiabatic
calorimetry

TBA Procedure for determination of volatile content by

thermogravimetric analysis -

TBA Procedure for determination of heat capacity from bulk chemical
analyses

*See footnote to Table 3.2-1.
TBA: Procedure numbers to be assigned in the future.
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assess accuracy ;ﬂd precision. Accuracy will be evaluated using several
materials that have accepted values of specific heat. Precision will be
obtained by replicate measurements on selected samples from each thermal/
mechanical unit. Conceivably, both accuracy and precision could be
functions of temperature. This possibility also will be evaluated during

the measurements.

Neither accuracy nor precision have been assessed for the method using

calculations from bulk chemistry.
3.3.3 Range of Expected Results

Only rough estimates can be made of expected results of specific heat
measurements. For devitrified Units (TCw, TSwl, TSw2), values of the heat
capacities of solid components estimated from bulk chemical analyses rarige
from 0.8 x 103 to 1.1 x 103 J/kg-K for temperatures ranging from 25° to
327°C (Nimick and Schwartz, 1987). Similar estimates for vitric units
(PTn, TSw3, CHnlv, CHn2v) range from 0.8 x 103 to 1.2 x 103 J/kg-K for the
same range in temperatures (Nimick and Schwartz, 1987). These values may
not be inclusive of the entire range for vitric tuffs because of the
potential for relatively large variations in the water content of the

glasses in the different vitric units.

Estimates of the specific heat of the solid components of zeolitic tuff
(Units CHnlz and CHn2z) using bulk chemistry is more difficult because of
the high water content in the zeolites and the uncertainty as to how to
treat the water thermodynamically. The estimated range allowing for the
possibility that either one of the likely thermodynamic models is correct
is 0.9 x 103 to 1.4 x 103 J/kg-K for the temperature range of 25° to 327°C.

3.3.4 Equipment and Design Requirements
Equipment needs include aﬁ adiabatic calorimeter, an oven capable of

long-term operation at 85° to 105°C, a balance accurate to 0.01 g, and a

thermogravimetric analyzer operable to 300°C. This last piece of equipment
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will allow the'rééults of adiabatic calorimetry for zeolitic samples to be
corrected for weight losses experienced during heating of samples. 1In
addition, equipment suitable for a givan method of chemical analysis will
need to be available if the calculational method is selected.

3.3.5 Analyses of Measurements

Data obtained for the heat capacities of solid components will be
subjected to the statistical analyses discussed in Section 3.5.

Once the heat capacities of the solid components have been obtained,
in situ heat capacities must be estimated. Equation 2.2-8 will be used for
the estimation, together with data on lithophysal-cavity abundance, in situ

saturation, and fracture porosity.

Estimates have been made of expected values of in situ heat capacities.
Table 3.3-2 summarizes the estimated ranges. These ranges do not include
the contribution from fracture porosity because existing data on such
porosity are insufficient. Site-characterization data on fracture porosity
will be included in future estimates of in situ heat capacities; in situ
values for units with significant fracture porosity will be lower than the

values given above.

Data obtained for in situ heat capacities will be subjected to the

statistical analyses discussed in Section 3.5.

3.4 Thermal Conductivity

As discussed in Section 2.2.5.3, thermal conductivity of the tuffs will
be calculated from data on the thermal conductivities of components (solid,
1iquid, and air), the matrix porosity, lithophysal-cavity abundance, and in
situ saturation data. Of these, only the thermal conductivity of the solid
components will actually be determined as a part of this Study. The
following subsections first address these determinations, then a discussion

of applications to the calculation of in situ thermal conductivities is

provided.
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Table 3.3-2. Estimated Ranges in the Values of In Situ Heat Capacity

Range Temperature Interval
Unit (103 J/kg-K) (°C)
TCw 0.8-0.9 25-99
PTn 0.9-1.1 25-99
TSwl 0.8-0.9 25-99
0.9-1.0 101-250
TSw2 0.8-0.9 25-99
0.9-1.1 101-327
Altered
TSw3 No Data 25-250
TSw3 0.8-1.0 25-99
1.0-1.2 101-250
CHnlv 0.9-1.1 25-99
1.0-1.2 101-200
CHnlz 1.0-1.1 25-99
1.0-1.1 101-200
CHn2v 0.9-1.1 25-99
CHn2z 1.0-1.1 25-99

Note: Estimates obtained by using data for heat capacities of solid
components, water and air as a function of temperature; assuming
mean values of matrix porosity, lithophysal-cavity abundance, and
saturation; and assuming that all pore water was removed at 100°C.

3.4.1 Technical Procedures

Appropriate EPs and TPs (Table 3.4-1) will be written and approved
before data are collected for thermal conductivity. An EP governing work
to be conducted during the construction phase of ES-1 will be completed at
least two months before data collection on samples from ES-1 is initiated.
Similarly, an EP for testing of core samples will be ready well in advance
of actual measurements. TPs will be available a minimum of 45 days before

use in data-gathering activities.
3.4.2 Accuracy and Precision

The three experiment techniques to be used to measure thermal

conductivity are described in Section 2.2.5.3.1. Most of the techniques by
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Table 3.4-1. Technical Procedures* for Measurement of Thermal
Conductivity

TP-046 Procedure for laboratory thermal conductivity measurements

TP-064 Procedure for vacuum saturation of geologic core samples
(already completed pending evaluation of adequacy of the
saturation state achieved)

TP-065 Procedure for drying geologic core samples to constant weight
(already completed)

*See footnote to Table 3.2-1.

which thermal conductivity can be measured are capable of determining
values with accuracies of +10 percent or better (Laubitz, 1969; McElroy and
Moore, 1969; Pratt, 1969); careful control of the experiment may reduce
this to 35 éercent. The three selected techniques all are expected to be
capable of providing data within these limits. However, the accuracies
that will be determined for the thermal conductivities of the solid
components will be worse than 5 percent because of the need to extrapolate

from the measured data.
3.4.3 Range of Expected Results -

The thermal conductivities of the solid components of the tuffs will be
governed by the thermal conductivities of the major mineral constituents.
The following are rough estimates of the expected ranges (at ambient
temperature) for the major lithologic types occurring at Yucca Mountain
(based on data in Nimick and Lappin, 1985):

Devitrified (Units TCw, TSwl, TSw2): 2.7-3.6 W/m-K (15 samples)
Vitric (Units PTn, TSw3, CHnlv, CHn2v): 1.2-1.7 W/m-K (10 samples)

Zeolitized (Units CHnlz, CHn2z): 1.7-2.0 W/m-K (19 samples).

No temperature dependence has been observed for the thermal

conductivities of solid components.
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Some samplés-bf Units TCw, PTn, TSwl, and TSw2 may be obtained from
blast rubble in ES-1 and the associated long lateral drifts if sufficient
core is not available. It is possible that blasting may induce enough
microfracturing in this rubble to reduce the apparent thermal
conductivities of the solid components below those determined for core
samples. This possibility will be evaluated by comparison of thermal
conductivity values for rubble samples with values measured on core
samples. If a significant difference in thermal conductivity is found,
data for rubble samples will not be used in analyses.

3.4.4 Equipment and Design Requirements

The equipment required to perform measurements of thermal conductivity
include testing apparatus appropriate to the testing techniques described
in Section 2.2.5.3.1, an apparatus for vacuum-saturation of samples,
length-measuring devices, a balance capable of determining masses to
0.001 g, and an oven capable of long-term operation at 105°C without
significant temperature change. Material for thermal-conductivity
measurements will be cylinders of different dimensions, depending on which

technique is used (see Section 2.2.5.3.1).
3.4.5 Analyses of Measurements

Data obtained for the thermal conductivities of solid components will

be subjected to the statistical analyses discussed in Section 3.5.

Once the thermal conductivity of a tuff sample has been measured, the
value must be extrapolated to a zero-porosity value using information about
the porosity (including matrix porosity and lithophysal-cavity abundance),
and potentially the saturation state. Many empirical correlations between
thermal conductivity and porosity have been proposed. Eleven of the
correlations were compared by Robertson and Peck (1974) using data from
samples of basalt. Several of the correlations were found to provide
reasonable fits to the experimental data. However, no claim was made that

the same correlations could be used successfully for other rock types.
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One of the.fifst steps in this Study will be to evaluate the alterna-
tive correlations for use with tuff samples. In the past, a geometric-mean
correlation has been used for analysis of thermal-conductivity data, This
correlation 1s satisfactory for water-saturated rocks, but may give
erroneous results when used for dry materials. Thus there is a need for
evaluation of the alternative correlations, which are tabulated in Table
3.4-2.

The constraints which must be met for a correlation to be useful are as

follows:

1. A correlation equation must allow for the presence of three
components (solid, water, and air), so that'reliable estimates of
the thermal conductivity of partially saturated tuffs may be
obtained.

2. An equation must be applicable over a wide range of porosities
(potentially 0.01 to 0.50).

3. An equation must be applicable over the entire range of potential
saturation states (0.0 to 1.0).

4. Extrapolation from a measured thermal conductivity using an
equation must provide a reasonable value as an estimate of the

zero-porosity thermal conductivity.

Only rough estimates can be made of expected ranges for in situ thermal
conductivities. The ranges (estimated for a temperature of 25°C) are given
in Table 3.4-3. These ranges do not include the contribution from fracture
porosity because existing data on such porosity are insufficient. Site-
characterization data on fraéture porosity will be included in future
estimates of in situ thermal conductivities; the in situ values for the
units with significant fractufe porosity will be lower than the values

given above.

Data obtained for in situ thermal conductivities also will be subjected
to the statistical analyses discussed in Section 3.5.
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Table 3.4-3. Expected Ranges in the Values of In Situ Thermal

Conductivity

Range
Unit (W/m-K)
TCw 1.4-1.8
PTn 0.5-0.7
TSwl 1.3-1.7
TSw2 1.5-1.9

Altered
TSw3 No Data
TSw3 1.0-1.4
CHnlv 0.7-0.9
CHnlz 1.0-1.1
CHn2v 0.7-0.9
CHn2z 1.0-1.1

Note: These ranges have been estimated by assuming mean values for matrix
porosity, lithophysal-cavity abundance, and saturation; using the
range in thermal conductivities of solid components given in Section
3.4.3; and calculating in situ thermal conductivity using the
average of the parallel and series empirical models. (See Table
3.4-2 for definition of these models.)

3.5 Analysis of Results

Results of experiments performed for this Study will be analyzed using
several statistical techniques. The general sequence of steps for each

property will be as follows:

1. Examine the spatial correlation [(as a function of depth, of
distance from the point of origin (e.g., ground surface, collar of
core hole, etc.) or of location within a unit] using semi-vario-

grams and analyses thereof.

2. Examine the statistical distribution of data gathered at a specific

location (i.e., core hole, lateral drift, etc.) for each unit.
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3. Calculate parameters appropriate to the statistical distribution of
the data from each location for each unit, or of subgroups of data

identified at a single location within each unit.

4. When appropriate, use analysis-of-variance techniques to evaluate

the variability between locations for each unit.

5. Perform correlation analysis of properties with each other and with

spatial location for each unit.

Implicit in the listing above is the validity of the current definition
of the thermal/mechanical units. At several times during the data-gather-
ing process, data from adjacent units will be examined and compared to
evaluate whether the division into thermal/mechanical units is appropriate.
One criterion used for an evaluation will be whether the mean values of a
_ given property for two adjacent units are statistically distinguishable at

a .95 percent confidence level. Other criteria may be used as well.

The analyses outlined above will be performed on the data resulting
from laboratory experiments. In addition, laboratory data will be
extrapolated to values pertinent to in situ conditions. Inferences about
the spatial variability of rock-mass thermal properties will be made based
on the results of analysis of laboratory thermal-properties data as well as
on any observed spatial variability in lithophysal-cavity abundance,

fracture porosity or in situ saturation.

3.6 Quality Assurance Requirements

The quality assurance level assignment for this activity is QA Level I
in accordance with SNL QAP 2-3 (see Appendix A). All work will be
performed in accordance with the Sandia National Laboratories Yucca

Mountain Project Quality Assurance Program Plan.
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3.7 Representativeness of Results

Based on the statistical considerations included in the sampling
strategy and on the plans for analyses of the resulting data, experimental
results for laboratory thermal properties are expected to be as
representative of the site as necessary for the requirements of repository

design and performance assessment.

3.8 Performance Goals and Confidence Levels

The performance goals and confidence levels estabiished by repository
design and performance assessment have been included in the design of a
sampling strategy. As such, there i{s a reasonable assurance that the goals
will be achieved with the required confidence. The variability of existing
data for some of the properties in some of the thermal/mechanical units
suggests that a certain number of the performance goals may not be
achievable as established (e.g., high confidence that the thermal conduc-
tivity of Unit TSw2 will fall within the tolerance limits given by
repository design). Should this appear to be the case as data are
obtained, consultations will be held with the appropriate Project personnel

to reevaluate the performance goals, the confidence levels, or both.

93



YMP-SNL-SP 8.3.1.15.1.1, RO

4,0 APPLICATION OF RESULTS

Sections 1.1.1, 1.2.1, and 1.2.2 of this document discuss the manner in
which results from the laboratory thermal-properties experiments are to be
applied for resolution of regulatory requirements and the Information Needs
and Investigations identified by the performance-allocation process. The
data from this Study will be used to address or help to resolve the Issues
and Investigations identified by the Yucca Mountain Project that are listed
in Table 4.0-1. Data obtained in the laboratory for thermal properties
will be used to estimate rock-mass thermal properties. The data for the
rock mass then will be reviewed with respect to values obtained during
in situ experiments and an evaluation of the most suitable rock-mass
thermal properties will be made. These properties then will be used as
input to thermal calculations that are a part of the evaluation of
stability, operability, and flexibility of the underground-facility design
(Issues 1.11, 2.4, 4.2, and 4.4) and of the evaluation of the waste-package

environment (Issues 1.5 and 1.10).

In addition, the thermal-properties data will contribute to the defini-
tion of the disturbed zone (Issue 1.6), to determination of requirements
for sealing of underground openings (Issue 1.12), and to determination of
radiologic-shielding parameters that contribute to radiologic safety during
the operations period (Issues 2.2 and 2.7).

4.1 Resolution of Site Programs

Results of the Laboratory Thermal-Properties Study will provide data to
aid in resolving Site Program 8.3.1.15 (Thermal and Mechanical Rock Prop-
erties Program). The contribution of the Study will be both direct (by
determination of thermal properties) and indirect (by contributing to the
results of a number of in situ experiments). Also, data from this Study
will be used in Study 8.3.1.4.3.2 (Three-dimensional model of rock
characteristics) to establish a model of the distribution of thermal prop-
erties throughout the volume of rock within the boundary of the underground
facilities.
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Table 4.0-1. Issues and Investigations Addressed During the Laboratory
Thermal-Properties Study

Issue/Investigation SCP Section
1.1 Total system performance (data 8.3.5.13
requirements subsumed in
Issue 1.11) = -
1.2 Individual protection (data 8.3.5.14
requirements subsumed in
Issue 1.11)
1.5 Engineered barrier system release 8.3.5.10

rates (data requirements subsumed
in Issue 1.10)

1.6 Ground-water travel time 8.3.5.12

1.10 VWaste-package characteristics 8.3.4.2
(post-closure)

1.11 Configuration of underground 8.3.2.2
facilities (post-closure)

1.12 Seal characteristics 8.3.3.2

2.2 Worker radiological safety-normal 8.3.5.4

conditions (data requirements
subsumed in Issue 2.7)

2.4 VWaste Retrieval Option (data require- 8.3.5.2
ments subsumed in Issue 4.4)

2.7 Repository design criteria for 8.3.2.3
radiological safety

4.2 Non-Radiological Health and Safety 8.3.2.4
(data requirements subsumed in
Issue 4.4)

4.4 Pre-closure design and technical 8.3.2.5
feasibility
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4.2 Resolution of Performance and Design Issues

This Study will contribute to the resolution of performance and design
Issues by providing data on thermal properties that will be used as input
to thermal, thermomechanical, and possibly thermohydrologic calculations.
These calculations will in turn aid in resolving those Issues which require
such calculations (e.g., 1.6, 1.10, 1.11, and 4.4),

96



YMP-SNL-SP 8.3.1.15.1.1, RO

5.0 SCHEDULE AND MILESTONES

The work for this Study can be divided into three major parts--
preliminary scoping studies using existing core or outcrop samples,
followed by site-characterization testing in two stages, first using
samples from new core holes and then using samples from the ESF. At
present, the scheduling of new core holes is undecided. However, a
tentative schedule can be established with theA(unspecified) date at which
drilling criteria for a new core hole are established taken as a starting
point. It is anticipated that plans for random sampling of each
thermal/mechanical unit would be developed between this starting date and
the time that coring of the hole began. Sampling then would begin as soon
.as,cote from the first randomly selected interval was available for
sampling. Sample.preparation for "bulk" property measurements is minimal,
so experiments would begin very soon after samples were obtained, with
thermal- conductivity and heat-capacity experiments beginning shortly
thereafter. Sampling and experiments would continue until all preselected
intervals had been sampled, with experiments on the samples expected to be

complete within four to six months after the last sample is acquired.

For samples to be acquired from the ESF, the general sequence will be
the same. For sampling in ES-1 and the long lateral drifts, the sequence
will be very similar to that described for the new core holes. For sampl-
ing to be performed to support determinations of the possible effects of
anisotropy, fractures, and lithophysal-cavity content on thermal conduc-
tivity, samples will be obtained during appropriate sampling intervals for
mechanical-experiment specimens, as described in Study Plan 8.3.1.15.1.3.
Experiments on these samples are expected to begin approximately two years
after initiation of mining of ES-1, and to be completed three to six months

later.
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5.2 Scheduling Relative to Other Studies

This Study interfaces with other Studies in two areas. First, data on
in situ saturation, lithophysal-cavity abundance, and fracture porosity
must be obtained from other Site Programs and Studies before reliable
estimates of rock-mass thermal properties can be made. Second, thermal
properties will be determined in the laboratory in support of a number of
in situ experiments. Interpretation and analysis of these in situ
experiments will depend in part on the laboratory data. Samples in support
of the in situ experiments will be obtained during experiment set-up in the
ESF, and laboratory data should be available before each relevant in situ

experiment is completed.

This Study exerts no presently identifiable constraints on other YMP

activities.
5.3 Schedule

As stated earlier, an exact schedule cannot be established for the work
on samples from new core holes. Figure 5.3-1 shows the relative schedule
for this work based on the time elapsed after establishment of drilling
criteria for a core hole. This schedule would apply independently for each
new core hole from which samples are to be obtained for this Study.

Figure 5.3-2 provides an estimated schedule for work using samples from
the ESF. Later portions of the schedule involving estimation of rock-mass
properties assume that all information required from other Studies will be
available when required. If there should be delays in availability of this
information, the estimation process will be delayed accordingly.

No attempt is made here to link the two schedules to major Project
deliverables such as the Draft Environmental Impact Statement. Rather, it
is intended that the appropriéte information on thermal properties (i.e.,
the current status of knowledge) will be provided each time such informa-

tion is required for completion of a major deliverable.
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Figure 5.3-1. Approximate Relative Schedule for Coring and Sampling of
each New Core Hole and Related Thermal-properties
Experiments.
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Figure 5.3-2. Approximate Relative Schedule for ES-1 Construction,

Sampling Therein, and Related Thermal-Properties
Experiments.
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5.4 Milestones
Milestone

None A
None B
None C
None D
None E
None F
2921 J
2922 K
2923 L
MO58 G,H,1

Tining of Event

Three months
after ES start

Three months
after ES start

Three months
after ES start

L}

One month
start of
drilling

One month
start of
drilling

One month

start of
drilling

26 months
Event D

26 months
Event E

26 months
Event F

25 months

Events A, B, and

after

after

after

after

after

after

after

C, respectively

YMP-SNL-SP 8.3.1.15.1.1, RO

Description and Critexja

Begin density and porosity
characterization as part of
shaft-construction-phase
testing

Begin heat-capacity determina-
tion as part of shaft-
construction-phase testing

Begin thermal-conductivity
characterization as part of
shaft-construction-phase
testing

Begin density and porosity
characterization as part of
systematic-drilling-phase
testing

Begin heat-capacity determina-
tion as part of systematic-
drilling-phase testing

Begin thermal-conductivity
characterization as part of
systematic-drilling-phase
testing

Data report on densities and
porosities ‘of samples from new
core holes

(SAND Report)

Data report on heat capacities
of samples from new core holes
(SAND Report)

Data report on thermal
conductivities of samples from
new core holes

(SAND Report)

Final report on laboratory
properties for shaft
construction phase

(SAND Report)

*The letters in this column refer to Figure 8.3.1.15-4 and Table 8.3.1.15-5
of the SCP, in which major events are the equivalent of milestones.
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APPENDIX A
QUALITY ASSURANCE REQUIREMENTS

This appendix is composed of three parts. First, Table A-1 presents
the applicable criteria from NQA-1 together with the procedures and other
documents that implement these criteria. Second, SNL's procedures for this
study are summarized in Table A-2. Third, a set of pages documenting
Quality Assurance Level Assignments for the work in this Study is
presented. (Tasks pertinent to this Study are A.10 and B.3.)

The QALAs included in this appendix were approved in 1986 and are not
completely consistent with Table A-1. At that time, the work for this
study fell under WBS No. 124213. Since that time the WBS number has been
changed to 1232711. Revised QALAs for this Study Plan under WBS
_No. 1232711 are currently being developed using new procedures that
implement NUREG-1318. When the revised QALAs are approved, they will
supersede the 1986 QALAs and will be provided through controlled
distribution as a revision to the Study Plan. The revised QALAs will
include QA Level III tasks to develop technical procedures and perform the
scoping studies outlined in Section 2.2.3. of this document.

JABLE A-1

NQA-1 CRITERIA FOR STUDY 8.3.1.15.1.1
AND IMPLEMENTING DOCUMENTS AND PROCEDURES

__NOA-1 Criteria# = _Documents Addressing These Requirements

1. *"Organization® The organization of the OCRWM program is
described in the Mission Plan (DOE/RW-005,
June 1985) and further described in Section
8.6 of the Site Characterization Plan (SCP)
(DOE, 1988).

2. "QA Program" The Quality Assurance Programs for the
OCRWM are described in NNWSI/88-9, and
OCR/B3, for the Project Office and
Headquarters, respectively. The SNL QA
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TABLE A-1

NQA-1 CRITERIA FOR STUDY 8.3.1.15.1.1
AND IMPLEMENTING DOCUMENTS AND PROCEDURES

(Continued)

NQA-1 Criteria #

3.

"Design and Scientific
Investigation Control"

Documents Addressing These Requirements

Program is outlined in the Sandia National
Laboratories Quality Assurance Program Plan
(SLTR 88-0001) and includes a program
description addressing each of the NQA-1
criteria. Each of these QA programs
contains Quality Assurance Procedures and
Department Operating Procedures that
further define the program requirements.
An overall description of the QA Program
for site characterization activities is
found in Section 8.6 of the SCP. SNL
documents related to the QA Program
include:

- QAP 1-3 Quality-Related Work Stoppages

- QAP 2-3  Work Plans

QAP 2-5 Training and Familiarization
Procedures

DOP 2-6 Qualification and Certification
of Project Personnel

Because this study is a scientific
investigation, the following QA
implementing procedures apply:

- DOP 2-2 Study Plan Requirements

- DOP 2-4 Analysis Control and
Verification

- QAP 2-3 Work Plans

- QAP 2-5 Training and Familiarization
Procedures

- DOP 3-2 Software Quality Assurance
Requirements

- DOP 3-3  Analysis Definition
Requirements
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NQA-1 CRITERIA FOR STUDY 8.3.1.15.1.1
AND IMPLEMENTING DOCUMENTS AND PROCEDURES

(Continued)

NOA-1 Criteria #

4.

5.

"Procurement Document
Control"

"Instructions, Procedures,
and Drawings"

"Document Control"

Documents Addressing These Requirements

DOP 3-7

DOP 3-8

DOP 3-10

DOP 3-11

DOP 5-2

pOP 11-1

DOP 11-2

DOP 4-1

DOP 7-1

Technical Data Base

Reference Information Base
Change Process

Routine Calculations
Requirements for Submitting
Data to the YMP Site and
Engineering Properties Data

Base (SEPDB)

Technical Procedure
Requirements

Experiment and Equipment-Test
Procedure Requirements

Requirements for Experiment and
Equipment-Test Logbooks

Procurement Document
Requirements

Procurement Planning

The activities in this study are performed
according to the Experiment and Technical
Procedures described in this Study Plan and
QA administrative procedures referenced in
this table for Criterion No. 3.

4

DOP 5-1
DOP 5-2

DOP 6-1

DOP 6-2
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Technical Procedure
Requirements

Document Control System
Reviewing, Approving, and

Issuing Technical Information
Documents
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TABLE A-1

NQA-1 CRITERIA FOR STUDY 8.3.1.15.1.1
AND IMPLEMENTING DOCUMENTS AND PROCEDURES

{Continued)
NQA-1 Criteria # Documents Addressing These Reguirements

7. "Control of Purchased - DOP 7-2 Evaluation for Acceptance of

Material, Equipment, Purchased Items or Services
and Services"

8. "Identification and - DOP 8-1 Sample Identification and

Control of Materials, Handling Requirements
Parts, and Samples”
- DOP 8-2 Operation of the SNL NWRT
Department Samples Library
- DOP 13-1 1Identification, Handling,
Shipping, and Storage of Items
9. "Control of Processes” - DOP 5-2 Technical Procedure
Requirements
- DOP 11-1 Experiment and Equipment-Test
Procedure Requirements

10. "Inspection” Not applicable to this study because there
are no engineered items.

11. "Test Control" Not applicable to this study because there
is no acceptance testing of engineered
items.

12. "Control of Measuring - DOP 12-1 Measuring and Test Equipment

and Test Equipment" Control

13. "Handling, Storage, - DOP 8-1 Sample Identification and

and Shipping" Handling Requirements
- DOP 13-1 Identification, Handling,
Shipping, and Storage of Items
14. "Inspection, Test and Not applicable to this activity because no
Operating Status" hardware is generated by this activity
15. "Nonconforming Materials, - DOP 7-2 Evaluation for Acceptance of
Parts or Components” Purchased Items or Services

- QAP 15-1 Nonconformance Control and
Reporting
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TABLE A-1

NQA-1 CRITERIA FOR STUDY 8.3.1.15.1.1
AND IMPLEMENTING DOCUMENTS AND PROCEDURES

(Concluded)
NQA-1 Criteria # Documents Addressing These Requirements
16. "Corrective Action" - QAP 16-1 Corrective Action

- QAP 16-2 Deviation Reporting
17. "™Quality Assurance - DOP 11-3 Requirements for Interaction
Records™ with the Data Records
Management System
- DOP 17-1 Records Management System
- DOP 17-2 Operation of the SNL NNWSI
Project Data Records Management
System (DRMS)
18. "Audits" - QAP 10-1 Surveillance Requirements

- QAP 18-1 Quality Assurance Audits
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IABLE A-2

SNL DOCUMENTS RELATED TO QUALITY ASSURANCE
FOR THIS STUDY PLAN

Abbreviation Title

DOP 2-2 Study Plan Requirements

DOP 2-4 Analysis Control and Verification

DOP 2-6 Qualification and Certification of Project
Personnel

DOP 3-2 Software Quality Assurance Requirements

DOP 3-3 Analysis Definition Requirements

DOP 3-7 Technical Data Base

DOP 3-8 Reference Information Base Change Process

DOP 3-10 Routine Calculations

DOP 3-11 Requirements for Submitting Data to the YMP Site
and Engineering Properties Data Base (SEPDB)

DOP 4- Procurement Document Requirements

4-1

DOP 5-1 Procedure Format and Content Requirements

DOP 5-2 _ Technical Procedure Requirements

-DOP 6-1 ‘ Document Control System

DOP 6-2 Reviewing, Approving, and Issuing Technical
Information Documents

DOP 7-1 Procurement Planning

DOP 7-2 Evaluation for Acceptance of Purchased Items or
Services

DOP 8-1 Sample Identification and Handling Requirements

DOP 8-2 ' Operation of the SNL NWRT Department Samples
Library .

DOP 11-1 Experiment and Equipment-Test Procedure
Requirements .

DOP 11-2 Requirements for Experiment and Equipment-Test
Logbooks

DOP 11-3 Requirements for Interaction with the Data Records
Management System

DOP 12-1 Measuring and Test Equipment Control

DOP 13-1 Identification, Handling, Shipping, and Storage of
Items

DOP 17-1 Records Management System )

DOP 17-2 Operation of the SNL NNWSI Project Data Records
Management System (DRMS)

QAP 1-3 Quality-Related Work Stoppages

QAP 2-3 Work Plans

QAP 2-5 Training and Familiarization Procedures

QAP 10-1 Surveillance Requirements

QAP 15-1 Nonconformance Control and Reporting

QAP 16-1 Corrective Action

QAP 16-2 Deviation Reporting

QAP 18-1 Quality Assurance Audits
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NNWSI QUALITY ASSURANCE LEVEL ASSIGNMENT

WP No.____ 124213-86
Pev. [ o

APPROVALS (Signature and Date)

A.l. Preparation of
report on thermal con-

Vs li? . A fi

YMP-SNL-SP 8.3.1.15.1.1, RO

SNL-QA-001
QALAS No. 001
Rev. [
Page 1 of 3
PQA___£;az=n‘£;gcuu_=__ililih_____
TPO M\.M, Blr/3\

WMPO (Tech) / et I-F-56

Activity :_A. laboratory Property Measurement

This QA level assignment
applies only to preparing

ductivity and thermal « 1, 2, 6, the report on tests that
expansion of lithophysae- II1 | 15-18 were done using QA lLevel
rich Topopah Spring III controls. This task
Member. is, therefore, assigned QA
| Level III (Steps 1 thru 11
| do not applyl.
A.2. Preparation of This QA level assignment
report on sample size applies only to preparing
‘fects on mechanical «1, 2, 6, the report on tests that.
operties of welded, 111 15-18 were done using QA Level
gevitrified Topopah I1I controls. This task
Spring Member. is, therefore, assigned QA
Level III (Steps 1 thru 1l
do not apply).
A.3. Preparation of This QA level assignment
report on mechanical applies only to preparing
propertics of welded, .1, 2, 6, the report on tests that
devitrified Topopah Spring III 15-18 wers done using QA Level
Menber. III controls. This task
is, therefore, assigned QA
Level IIXI (Steps 1 thru 11
do not applyvl.
A.4. Compression testing pData will be used for
to determine temperature comparision with sensi-
sensitivity of mechanical tivity effects data
properties of welded, * 1-8, previously obtained under
devitrified Topopah Spring III 10-18 QA level III controls.
Menmber. This task is, therefore
assigned QA Level III
(St;pl‘l thru 11 do not
Y.

~ QA LEVEL III CRITERIA FOR SNL USE ONLY
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NNWSI QUALITY ASSURANCE LEVEL ASSIGNMENT SNL-QA-001
wp No. 124213-86 QALAS No. 001
v. c Rev. <
Page 2 of k]

Activity: _A. Laboratory Property Measurement

Task Qggggig;ign { OA Tevel | Criteria

A.5. Heat capacity
measurements for tuff
units.

QA level I is assigned so
that the data may be used
for license application if
the sample materials are
qualified for QA lLevel I
use (Step 4). QA level
applies to the testing

A.6. Mechanical properties
of Topopah Spring at high
temperatures and/or low
strain rates.

1-8,
10-18

QA level I is assigned so
that the data may be used
in license application if
the sanple materials are
qualified for QA level I
use (Step 4). QA Level
applies to the testing

-7. Anisotropy of mechan-
al properties of welded
devitrified Topopah
Spring Menmber.

— e e

1' 2' 3.
5, 6, 8,
10-18

QA Lavel II is assigned so
that the data may be used
in license application if
the sample materials are
qualified for QA level I
use (Step 4). QA level
applies to the testing

A.8. Tensile strength of
welded, devitrified
Topoapah Spring Member.

1, 2, 3,
5' 6' ',
10-18

QA lavel I is assigned so
that the data may be used
for license application if
the sample materials are
qualified for QA lavel I
use (Step 4). QA level
applies to the testing

A.9. Mechanical properties
of fractures in welded,
devitrified Topopah Spring
Menber.

1-‘ ]
10~-18

QA lavel I is assigned so
that the data na¥ be used
for license application if
the sample materials are
qualified for QA Level I
use (Step 4). QA Level
applies to the testing
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NNWSI QUALITY ASSURANCE LEVEL ASSIGNMENT SNL-QA-001

WP No.______ _124213-86

“v. c

Activity: A, laboratory Propertv Measurement

QALAS No. 001
Rev. c
Page 3 of 3

level

QA level I is assigned to
this task because the data
is intended to support
license application
(Step 4

QA Level I is assigned to
this task because the data
is intended to support
validation of computer
programs intended for use
in license application.
{Step 4).

| | QA
—Tesk Description | OA Level | Criteria |  Justification
A.10. Spatial variability
of bulk, thermal, and 1-8,
mechanical properties. I 10-18
|
|
A.l11. Laboratory large l-8,
block test. p ¢ l10-18
|
|
|
1
l
|
|
|
|
1|

b e
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QUALITY LEVEL ASSIGNMENT CRITERIA SHEET

WP No. ______121211_15________ QALAS No. 001
Rev. Rev. [

<tivity:_A. laboratory Property Measurement
Task:_A.10, Spatial varjability of bulk,
I ; : Fanical .

PI__F. B Nimick

QA Doess Not
Criterion Applies ApPly Comments

1. OM Organization X

2. OA Program X
Scientific

Design & Scientific . investigation
tion Contreol X bol

Procurenent
4. Document Contrel X

Instructions,

nt Control X | i
Control of Purchased
Material, Equipment,

-

ID and Control of ~
Materials, Parts, Applies only to

9. control of Processes X KNo
| Applies only to
-10. Inspection !

Test and Expcrincnt/
_21. Research Control

Control of Msasuring
nt

X
X_
X
Handling, Shipping Applies only to
: : X samples.
X
X
X
X
X

Inspection, Test, and

Control of
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NNWSI QUALITY ASSURANCE LEVEL ASSIGNMENT SNL-QA-001

WP No._____ 1242123-86
v. c

QALAS No. 002
Rev. (o
Page 1 of 1

PQ‘_&::.&_@M‘&‘LS-A&_
TPO W'M Ris/vt

4
WMPO (Tech) ’ -d=d
QA { Level
ication
. |
.B.1. Porosity/mechanical | 1-8, QA Level 1I is assigned to
properties relationships. 11 I 10-18 this task because result-
) . | estimates will be used to
| suppert ACD analyses (Step
| 10)
|
B.2. Analysis of spatial | 1, 2, QA level II is assigned
and parameter effects 11 { 3, 5, 6, to this task because
variations. | 15-18 resulting values will be
} used to support ADC
I Analvses (Step 10).
|
B.3. Analysis of spatial | 1, 2, QA level I is assigned
variation using QA level b ¢ 3, 5, 6, to this task because the
1 data. 15-18 analysis is intended to

grovido data for use in
icense application

—{Step 4),
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SNL-SP 8.3.1.15.1.1, RO

Q!hLIIX_LE!EILAEEIEEHEEI_EBIIEBIA_SHEEI

WP No. ___n_gz_u_a_s____ " QALAS No. 002
Pav, Rev. c
. .civityzmnm:m:mMﬂl_—
Task:_B.3. Analvsis of spatial varietion ..
using OA level I data, PI F. B, Nimick
QA Does Not
Criterion Applies | Apply cComments
1. OA Organization X
(
2. QA Program X i
Scientific
Design & Scientific investigation
3. Investigation Control X
Procurement
__4. Docuyment Control X No _procurement.
|
Instructions, |
w X
nt _Control X
Contrel of Purchased
. Material, Equipment,
X No procurement.
- ID and Control of
Materials, Parts, No manufacturing or
X v
—9, Control of Processes X No
No inspection or
-10. Inspection X volv
. Test and Experiment/
-11. Research Control X EQ.S!!&!Z!XD!ZXE&D&:;_
Control of Measuring No manufacturing or
nt X t
No instruments, hard-
Handling, Shipping, ward or sanmples
X  tinvolved,
Inspection, Test, and No inspection or
X tgiil_znxﬂl!!§4_______
Control of
X
6. Corrective Action X
47, OA Records ' — X
A8.  OA Audits | X
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