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EXCAVATION INVESTIGATIONS STUDY PLAN

Sandia National Laboratories

Nuclear Waste Repository Technology Department
Geotechnical Projects Division 6313

ABSTRACT

Three experiments constituting the Excavation Investigations
Study Plan, (i.e., shaft convergence, demonstration breakout
rooms, and sequential drift mining) have been designed to pro-
vide a data set to assess and eventually validate the rock mass
constitutive models that will be used to predict deformational
behavior in the excavated openings of the exploratory shaft
facility. Each of these experiments is designed to facilitate
the analyses that will be performed to validate the models.

The shaft convergence experiment will provide displacement
data to compare with the predicted rock mass response to excava-
tion. The range, of shaft convergence rates and magnitudes of
the horizontal stress, state will be established at a minimum of
three stations located at different depths with varying geologi-
cal and geomechanical characteristics. The shaft design
criteria will be evaluated to ensure that liner stresses do not
exceed design specifications.

Information gathered during the demonstration breakout rooms
experiment will establish whether repository-size drifts can be
constructed in welded tuffs at two locations having signifi-
cantly different geomechanical and fracture characteristics and
lithophysae contents. The approximate location of the demonstra-
tion breakout rooms will be determined using borehole data avail-
able before start of shaft construction. The orientation will
coincide with that defined for the underground facility, with
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some possible modifications based on observed geological and
geomechanical characteristics. These experiments will assess
the effect of certain local geologic variations (i.e., fracture
characteristics and lithophysae content) on the design of the
repository-size openings and will be used in a preliminary
evaluation of support requirements and excavation efficiency in
different rock mass conditions. Results will be used to
continue the assessment of constitutive models that will be
further evaluated with results from the sequential drift mining
experiment. Samples will be collected for laboratory tests
described in other study plans to determine the characteristics
of the intact rock and fractures. The demonstration breakout
rooms will also provide an underground location for conducting
experiments discussed in other study plans that are intended to
evaluate the in situ state of stress, modulus of deformation,
mechanical strength, and thermal response of welded tuffs with
varying geological and geomechanical characteristics.

The sequential drift mining experiment is designed to
enhance the data base available for validating the rock mass
constitutive models that will be used to predict deformations
and stresses around the underground openings and assess the
stability of the underground facility in support of the license
application. The excavation of a repository-size drift will be
closely monitored to determine displacement magnitudes in the
stress-altered region, which will be compared with predictions
based on analyses performed using the rock mass constitutive
models. The results will also be used for evaluating the
preliminary design concepts related to ground support require-
ments and excavation efficiency.

-ii-
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PREFACE

This document was prepared using the Sandia National
Laboratories Yucca Mountain Project Department 6310 Operating
Procedure entitled "Study Plan Requirements."

The configuration of each experiment discussed in this
document may change as a result of changes in the design of the
underground facility or possibly in response to data obtained
before or during exploratory shaft excavation. An Experiment
Procedure will be prepared using the appropriate Department
Operating Procedure at least six months before initiating each
experiment discussed in this study. This procedure will be used
to direct the performance of each experiment in the underground
facility.

-iii-
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1.0 INTRODUCTION

This study plan describes one series of in situ experiments

intended to provide some of the data for assessing the validity

of the rock mass constitutive models that will be used in the

repository design process and that will support the license

application. Data from other studies, both laboratory and in

situ, will complement the excavation investigations data set.

This combined data base is expected to provide the information

required to develop and evaluate the constitutive models that

will be used to predict the rock mass deformational behavior

resulting from repository construction and waste emplacement

activities.

The approach that has been adopted to understand and predict

the mechanical response of the rock mass to the conditions im-

posed by repository excavation and waste emplacement is to

employ progressively more complex elastic, elastic-plastic, and

compliant joint models (e.g., Morland, 1974; Thomas, 1980, 1982;

Chen, 1986, 1987; Blanford et al., 1987), which contain an

improved understanding of rock mass deformational processes,

during continued analyses for repository design, performance,

and safety. These models attempt to incorporate those features

(e.g., joint characteristics) that are likely to exert a signi-

ficant influence on the types of overall deformational behavior

so that important phenomena are identified and eventually

defined in a manner that permits reasonable bounds to be placed

on their magnitude. As these models are exercised and as experi-

mental data are obtained, additional insight into the mechanics

of rock mass deformational processes is gained. Careful varia-

tion of the geometric considerations that may influence the

model (e.g., boundary conditions, fracture spacing, etc.) and

the constitutive properties of the model can also help to

identify the mechanics of the overall system and provide an

understanding of the critical factors to include in a numerical

model of a fractured rock mass.

-1-
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1.1 Objectives of the Excavation Investigations Study

The experiments discussed in the excavation investigations

study compose one element in the approach that has been adopted

to develop and validate the models required to confirm the

repository design. The primary objective of these experiments

is to obtain an adequate data base that can be used'to continue

to develop and eventually validate the rock mass constitutive

models used to predict deformational behavior (i.e., displace-

ments and stress distribution). These experiments emphasize

drill and blast underground construction techniques that should

result in larger displacements, higher induced stresses, and a

thicker damaged zone, hence less stability than other mechanical

mining techniques planned for parts of the underground facility.

These models will be combined with a thermal model to predict

the thermomechanical response of the underground openings to

repository excavation and waste emplacement and to help develop

an adequate design for stabilizing the underground facility.

Three experiments [shaft convergence, demonstration breakout

rooms (DBR), and sequential drift mining] are designed to

provide a data set that will be used to assess and eventually

validate the rock mass constitutive models developed for pre-

dicting the mechanical behavior of repository-size openings

(Table 1-1). Each of these experiments is designed to facili-

tate the analyses that will be performed in the validation

effort. All three experiments will be conducted in, or adjacent

to, Exploratory Shaft 1 (ES-1) or at the main test level inside

the underground facility. The potential impacts of construction

activities related to the sinking of ES-2 on the experimental

results obtained in this study are expected to be negligible as

discussed in the "Site Characterization Plan" (SCP) (Section

8.4) (DOE, 1988).

The shaft convergence experiment will provide data to

compare with the predicted response of the rock mass and shaft

-2-
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Table 1-1. Summary of Activities Associated with Each
Experiment Discussed in the Excavation
Investigations Study Plan (SCP Section
8.3.1.15.1.5)

Experiment

Shaft Convergence

Demonstration Breakout

Rooms

Sequential Drift

Mining

Activitv

Horizontal Stress Measurements

Estimate of Stress-Altered Region

Liner Contact Pressure Measurements

Drift Convergence Magnitude Measurements

Drift Convergence Rate Measurements

Estimate of Stress-Altered Region

Excavation Efficiency Estimate

Drift Convergence Magnitude Measurements

Drift Convergence Rate Measurements

Estimate of Stress-Altered Region

Excavation Efficiency Estimate

Water Permeability Measurements

liner during and after excavation. A range of shaft convergence

rates and magnitudes and the horizontal stress states will be

obtained at a minimum of three stations located at different

depths with varying geological and geomechanical character-

istics. An evaluation of the shaft design criteria will be

performed to ensure that liner stresses do not exceed design

specifications.

Information gathered during the DBRs experiment will

establish whether repository-size drifts can be constructed in

welded tuffs at two locations having significantly different

-3-
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geomechanical characteristics, lithophysae contents, and frac-

ture densities (Price, 1983; Scott et al., 1983) using available

technology. The approximate location of the DBRs will be

determined using borehole data available before the start of

shaft construction. The exact orientation will coincide with

the orientation defined for the underground facility (SNL, 1987)

with some possible minor variations based on observed geological

and geomechanical characteristics. These experiments will

assess the effect of certain local geologic variations (i.e.,

fracture characteristics and lithophysae content) on the design

of the repository-size openings and will complete a preliminary

evaluation of support requirements and excavation efficiency in

different rock mass conditions. Results will be used to con-

tinue the assessment of constitutive models that will be further

evaluated with results from the sequential drift mining experi-

ment. Samples will be collected for laboratory tests described

in other study plans to determine the characteristics of the

intact rock and fractures. The DBRs will also provide an

underground location for conducting experiments discussed in

other study plans that are intended to evaluate the in situ

state of stress, modulus of deformation, mechanical strength,

and thermal response of welded tuffs with varying geological and

geomechanical characteristics.

The sequential drift mining experiment is designed to

enhance the data base required for validating rock mass

constitutive models. These models will be used to predict

deformations and stresses around the underground openings and

assess the stability of the underground facility in support of

the license application. The excavation of a repository-size
drift will be closely monitored to determine displacement

magnitudes and rates in the stress-altered region, and the

information will be compared with predictions made using the

rock mass constitutive models. The results will also be used

for evaluating the preliminary design concepts related to ground

support requirements and excavation efficiency.

-4-
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Other measurements and observations that will complement the

data base developed with this study plan and that will be used

in the model validation process emphasize those factors that

influence the large-scale mechanical behavior of the rock mass

(Table 1-2). These measurements and observations will be used

to describe the geological and geomechanical characteristics of

the shaft and drifts in the exploratory shaft facility (ESF);

characterize the mechanical properties of the rock mass, intact

rock, and fractures; calculate the in situ state of stress; and

provide a data base for validating the thermal model used to

predict the rock mass thermal response. The information

obtained in these study plans will collectively provide the

basis for the predictive capability necessary to design stable

underground openings that require minimal maintenance during the

repository operational period.

Table 1-2. Study Plans That Will Provide Data To Support
Model Validation Efforts and Improve the
Understanding of Deformational Processes
Associated with Fractured Rock

Desription

8.3.1.4.2.1

8.3.1.4.2.2

8.3.1.15.1.3

8.3.1.15.1.4

8.3.1.15.1.6

8.3.1.15.1.7

8.3.1.15.1.8

8.3.1.15.2.1

Characterization of the vertical and lateral
distribution of stratigraphic units within the
site area

Characterization of the structural features
within the site area

Laboratory determination of the mechanical
properties of intact rock

Laboratory determination of the mechanical
properties of fractures

In situ thermomechanical properties

Rock mass mechanical properties

In situ design verification

Characterization of the site ambient stress
conditions

-5-
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1.1.1 Use of Excavation Investigations Study Results

The principal information requirements for resolving

preclosure issues related to repository design 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. With the exception of a part of the shaft

convergence experiment, the excavation investigations

experiments will be performed within specific intervals of the

Topopah Spring Member containing the range in rock

characteristics expected to represent the characteristics

encountered throughout the repository block (Nimick et al.,

1988). The predominant fracture orientation within the Topopah

Spring Member is vertical, and fracture density is greatest

within the densely welded portion of the Topopah Spring Member

(Spengler et al., 1984). Some experiments are planned for a

portion of the Topopah Spring Member that has a lithophysae

content expected to range up to 24%, the maximum that should be

encountered within the repository horizon (Nimick et al., 1988).

The vertical component of the in situ stress is expected to

be governed by the lithostatic load calculated at any specific

depth interval. Horizontal components of the stress state are

controlled largely by the lithostatic load, tectonic effects,

and elastic properties of the rock mass. The magnitude and

orientation of the three principal stress components will be

evaluated during the in situ testing program. Variations in the

state of stress associated with the underground openings can

result from the geometry of the openings, heating of the rock by

the emplaced waste or test equipment, and occasional man-induced

or natural seismic events. The stress-altered region associated

with underground openings consists of both the blast-damaged

zone and stress redistribution zone, which may overlap depending

on several variables including rock mass characteristics and

-6-



YM-SNL-SP 6.3.1.15.1.5, RO

blasting techniques (Figure 1-1). The radial extent of the

blast-damaged zone can extend from a few tenths of meters to in

excess of one meter from the perimeter of the opening depending

on local rock characteristics and the mining method employed

(Holmberg and Persson, 1980). The stress redistribution zone

may contain rock that has been strained both elastically and

inelastically and whose distribution will vary depending on the

shape, orientation, and distribution of the openings and

variations in the strength and deformability of the rock mass.

Induced stresses in this zone are generally considered

negligible beyond three opening diameters from the perimeter

(St. John, 1987). The undisturbed in situ stress state must be

known or estimated before the stress changes resulting from

excavation can be estimated.

The cumulative effects of the static stress redistribution

and the blast-induced dynamic stress changes that result in rock

breakage must be accounted for in the design of the underground

support system. If variations in the induced stress exceed the

rock mass strength, localized failure may result. Failure of

this type is a safety hazard that could possibly cause delays

and increase costs in repository operations. Therefore, arti-

ficial reinforcement of the rock mass using rock bolts and wire

mesh should extend beyond the blast-damaged zone well into the

stress redistribution zone to provide an adequate support
system.

1.2 Rationale and Justification for Information To Be Obtained

1.2.1 Resolution of Performance and Design Issues

Performance allocation has been used to establish appro-

priate issue resolution strategies for design and performance

objectives in the Yucca Mountain Project Issues Hierarchy. A

general discussion of the performance allocation approach is

-7-
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provided in Section 8.1 of the SCP, and issue resolution

strategies for each site program are provided in SCP Section

8.3.1.

Sections 6.4 and 8.3 of the SCP provide a detailed discus-

sion 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 (SCP Sections

6.4.8-6.4.10). The ability to predict displacement magnitudes

and to estimate the limit and nature of the stress-altered

region is fundamental to our ability to ensure the retrieval of

waste for up to 50 yr after emplacement begins and to demon-

strate that an underground facility can be constructed in welded

tuff using reasonably available technology. The assessment of

stability that will be used initially involves meeting appli-

cable health and safety standards using empirical design

guidelines, which are then checked by mechanical, thermal, and

thermomechanical analyses to assess their adequacy. The ground

control strategy concept (Hoek and Brown, 1980) establishes some

limiting value on the amount of displacement and induced stress

that cannot be exceeded during construction for the proposed

design of the underground opening. This design approach then

uses Tunnel Index methods (Barton et al., 1974; Bieniawski,

1976) to establish the initial ground support system require-

ments. These methods are then supplemented with a monitoring
system to assess the effectiveness of the support system

selected and, with boundary element and finite element calcula-

tions, to predict changes in stress and displacement resulting

from thermal effects.

Information Need 4.2.1 (SCP Section 8.3.2.4) identifies. the

site parameters that must be obtained to design the repository

and to develop the repository operating procedures that ensure

the nonradiological safety of the worker. The excavation

investigations study will provide the following types of
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information requested by Information Need 4.2.1: (1) demonstra-

tion of construction methods with emphasis on different litho-

physae abundance, vitrification, and geologic structure

characteristics; (2) characterization of the exposed rock to

ensure compatibility with the proposed design of the ground

support system; (3) monitoring of the performance of the rock

mass and ground support for different rock types and ground

support systems; (4) evaluation of ground support performance

with performance predictions; and (5) validation of the design

models used to predict the performance of drifts and accessways.

Several parameters are required for the analysis of the

underground repository (Information Need 4.4.7; SCP Section

8.3.2.5.7). In situ stress measurements will be performed as

part of the shaft convergence experiment and in the DBRs

experiment as part of Study 8.3.1.15.2.1: Characterization of

the Site Ambient Stress Conditions. Measurements performed

during the DBRs experiment will provide information on the

response of the rock mass to drill and blast mining techniques

and to the ground support system used. The sequential drift

mining experiment will provide data on fracture density,

orientation, and spacing, which are required by Information

Need 4.4.7. Additionally, this experiment will enhance the data

base used for the validation of models that provide a measure of

the design performance. The excavation investigations study is

called for specifically in SCP Section 8.3.2.5, which lists

those studies required for design and performance analyses.

SCP Section 8.3.1.15 requires that in situ rock mass proper-

ties are obtained for examining the validity of extrapolating

laboratory properties to in situ conditions. Additionally,

observations of the behavior of underground excavations are

required to evaluate the response of the welded, devitrified

Topopah Spring Member (Units TSwl and TSw2) to the excavation

process and to validate the constitutive models being developed
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to predict the mechanical response of the rock mass. Each of

the experiments planned for the excavation investigations study

will provide data that will be used to develop, test, and

eventually validate the rock mass constitutive models.

Information Need 1.11.5 (SCP Section 8.3.2.2.5) requires

that the damaged zone around the drifts be adequately charac-

terized at the time of repository closure. Displacement measure-

ments around the periphery of the shaft and repository-size

drifts in each of the excavation investigations study

experiments will be used to delineate the extent of damage

induced by excava- tion. Additionally, permeability and

compressional velocity measurements performed in the sequential

drift mining experiment will be used to estimate the rock mass

changes occurring in the stress-altered region.

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 60, "Disposal of High-Level Radioactive Wastes in Geo-

logic Repositories: Licensing Procedures" (NRC, 1986). These

regulations form the basis for the guidelines outlined in

10 CFR 960, "Nuclear Waste Policy Act of 1982; Final Siting

Guidelines" (DOE, 1986). Performance objectives as stated in

10 CFR 60 require demonstration that (1) waste retrieval shall

be feasible starting at any time up to 50 yr after waste

emplacement begins (60.111) and that (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). The excavation investigations

experiments will provide a data base that can be used to refine
and validate the rock mass constitutive models used to evaluate

the design of the underground facility. This design is intended
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to permit retrievability during the preclosure period. These

experiments will also characterize the stress-altered region and

assess its extent so that performance assessment calculations

can incorporate variations in the rock mass properties

throughout this region.

The Nuclear Regulatory Commission (NRC) requires that the

underground openings be designed so that operations can be

carried out safely and that the option to retrieve waste is

maintained (10 CFR 60.133(e)). Potentially adverse conditions

outlined in 10 CFR 60.122(c)(21) and 10 CFR 960.5-2-9 include
in situ characteristics and geomechanical properties that do not

allow the design of underground openings that can be constructed

with reasonably available technology and will remain stable

through permanent closure without extensive maintenance.

Displacement, in situ stress, and rock bolt load cell

measurements performed in the excavation investigations

experiments will be used to assess the stability of the

underground openings through permanent closure. Openings will

be designed to minimize deleterious rock movement and fracturing

of overlying or surrounding rock, and the design of the

underground facility shall incorporate excavation methods that

limit the potential for creating a preferential pathway for

ground water (10 CFR 60.133). Evaluation of excavation

efficiency and measurements of permeability and compressional

velocity planned for the sequential drift mining experiment will

be used to address these regulations. A safety analysis report

(SAR), which must. be prepared for submittal with the license

application, will contain a description and assessment of the

proposed geologic repository operations area that might

influence design and performance. In the SAR (10 CFR 60.21),

the NRC requires that "analyses and models, which will be used

to predict future conditions and changes in the geologic

setting, shall be supported by using an appropriate combination

of methods such as field tests.. .which are representative of
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field conditions, monitoring data, and natural analog studies.,'

This report will also document the geomechanical properties and

conditions including pore pressures and ambient stress

conditions (10 CFR 60.21). In addition, the SAR will provide an

analysis of the performance of the major surface and subsurface
design structures, systems, and components to identify those
that are important to safety. Some of the information required

to perform this analysis will be provided by measuring in situ

stresses, monitoring stresses in the shaft liner, and assessing

the extent of the stress-altered region around an opening.

The performance of major design structures that are required

in 10 CFR 60.21 may affect the proposed shape and stabilization

methods for varying rock conditions. The construction of

repository-size drifts will be used to demonstrate that stabili-

zation in welded tuffs having varying lithophysae content and

fracture densities is feasible. The requirement for minimizing

the potential for deleterious rock movements and fracturing (10

CFR 60.133) are addressed by the estimates of the stress-altered

region and excavation efficiencies, which provide supporting

information on minimizing this potential. Adverse rock

conditions that require complex engineering measures must be

defined as required by 10 CFR 60.122.

A requirement of 10 CFR 60.21 states that in situ field

tests must be performed to support the analyses and models used
to predict future conditions. Some of these predictions for

Yucca Mountain will be made using the constitutive models for

rock mass mechanical behavior that will be assessed using data

collected in the excavation investigations experiments. Develop-

ing excavation techniques that limit the potential for creating

preferential pathways for radionuclide transport (10 CFR

60.133.f) will be addressed using data obtained to define the

extent of the stress-altered region. Permeability measurements

obtained during the sequential drift mining experiment will be
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used to address, in part, 10 CFR 60.134.b, which requires the

use of materials and emplacement methods that reduce
radionuclide transport through existing pathways.

-14-



YMP-SNL-SP 6.3-1.15.1.51 RO

2.0 RATIONALE FOR EXCAVATION INVESTIGATIONS STUDY

Three experiments are planned for the excavation investiga-

tions study that will emphasize monitoring the response of the

rock mass to the excavation process. Each of these experiments

is described in Section 3.0 of this study plan. The shaft con-

vergence and DBRs experiments are approaching the final design

stages, which may be modified as in situ data from the ESF

construction become available. The sequential drift mining

experiment will be modified as information is obtained from the

other two experiments during construction of the ES. The

primary emphasis in each of these experiments is to measure rock

mass displacements, which will be used in validating the models

and calculating the various parameters needed to describe the

characteristics of the underground openings (e.g., stress

distribution, convergence rate, and magnitude). The techniques

planned for this study plan (Section 3.0) emphasize the use of

multiple-point borehole extensometers (MPBXs) and tape extensom-

eters, which have been widely used and readily accepted by the

mining and rock mechanics communities for monitoring rock mass

response during and after construction of underground openings

(e.g., Bieniawski and Haschek, 1975; Franklin, 1977; Brady and

Brown, 1985; and others).

2.1 Rationale and Justification for Excavation Investioations
Experiments

2.1.1 Model Validation

The primary objective of the excavation investigations study

is to obtain a data base that will be used in the development

and validation of the constitutive models for predicting the

deformational behavior of the rock mass in response to stresses

induced by excavation and thermal loading. Although these three

areas (i.e., data collection, model development, and model

validation) are closely related, the rationale presented in this
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study plan emphasizes the collection of data to support the

latter areas and only briefly summarizes, with appropriate

references, the model development effort and the validation

process. All three activities will be performed in accordance

with Sandia National Laboratories (SNL) Nuclear Waste Repository

Technology (NWRT) Department Operating Procedures.

Recent attempts to model the response of the rock mass to

excavation and to estimate the measured displacements have had

limited success (Heuze et al., 1981a; Heuze, 1984; Butkovich,

1985; Butkovich and Patrick, 1986; Morgan et al., 1985; Munson

and Fossum, 1986; Wawersik and Morgan, 1987). Discrepancies

between measured and calculated closure rates in bedded salt at

the Waste Isolation Pilot Plant suggest that the models used to

predict closure do not fully encompass the physical phenomena

controlling closure in salt. Wawersik and Morgan (1987)

identified several conceivable sources of error that may

contribute to the discrepancies between measured and predicted

convergence values. Some of these sources of error include

(1) differences between the thermomechanical behavior of salt

core in laboratory tests and of salt masses in situ, (2) errors

in generalizing one- and two-dimensional axisymmetric

thermomechanical measurements on salt to three dimensions,

(3) omission of instantaneous plastic strains, (4) inaccuracies

in stratigraphic idealization, and (5) incorrect descriptions of

transients and history effects.

Similar comparisons performed in fractured granitic rock at

Climax also show significant disparities between predicted and

measured closure trends and magnitudes (Heuze et al., 1981a,b;

Heuze, 1984; Butkovich, 1985; Butkovich and Patrick, 1986). The

predictions at Climax indicate horizontal and vertical closure

of the drifts and lateral expansion of the pillars. Field mea-

surements indicate lateral contraction of the pillars and incon-

sistent drift closure data. The apparent discrepancies between
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the measured and calculated closure rates at both WIPP and

Climax demonstrate the difficulties of obtaining reasonable

concurrence between the measured and calculated rock mass

response and of identifying and accurately representing the

physical phenomena that control rock mass deformation. The

staged, iterative experimental and modeling approach presented

in this study and the approach to model development discussed in

Sections 6.4.2 and 8.3.2 of the SCP are intended to provide the

capability to make acceptable a priori predictions that

accurately reflect the nature and magnitude of fractured rock

mass deformational behavior.

Both empirical and numerical modeling approaches will be

used to predict the rock mass response to excavation in jointed,

welded tuff. Empirical approaches rely on rock mass classifi-

cation methods, which are based on experience, to predict

stability and to design ground support systems. This approach

does not, however, take into account the effects of heat.

The numerical modeling methods are founded on constitutive

laws that mathematically describe the physical processes of

fractured tuff deformation. The models currently being con-

sidered approximate the mechanical response of the rock mass as

an elastic, elastic-plastic, or compliant jointed medium (SCP

Sections 6.4.10 and 8.3.2; Thomas 1980, 1982; Chen 1986, 1987;

Blanford et al., 1987). These models will incorporate an under-

standing of the physics of the deformation process to provide a
quantitative assessment of the stress state and the displace-

ments resulting from- both mechanically and thermally induced

stresses. Thus, the numerical models provide insight into

the underground design that is not possible using empirical

techniques alone.

A linear elastic constitutive model has been used to

approximate the measured deformation of densely welded, jointed
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tuffs in G-Tunnel (Zimmerman et al., 1986). In this application

the elastic constants that serve as input parameters to the

model were modified to account for the fractured rock mass and

to provide a reasonable approximation of the measured deforma-

tion. The ubiquitous joint model (Thomas, 1960) has also been

used to evaluate the state of stress in jointed, welded tuff.

This model incorporates an elastic-plastic joint shear behavior

and assumes a single dominant fracture orientation and spacing.

This assumption may restrict the application of this model to

specific areas of the underground facility characterized by

extensive, regularly spaced fractures. The compliant joint

constitutive model (Thomas, 1982; Chen, 1986, 1987; Blanford

et al., 1987) incorporates a continuum-based technique to

average the discontinuous displacements across fracture planes

within a representative elementary volume and a constitutive

description based on the linear elastic behavior of the matrix

material and nonlinear normal and shear behavior of the joints.

In the compliant joint model, material properties are required

for both the matrix and the fractures. The model is formulated

in three dimensions but is currently limited to two-dimensional

implementations in finite element codes, orthogonal joint sets

(Chen, 1987), or multiple joint sets (four maximum) of arbitrary

orientation (Blanford and Key, 1988), and noninterfering block

responses. Data obtained from G-Tunnel (Zimmerman et al., 1987;

1988) and from Yucca mountain will be used in an attempt to

minimize these restrictions and improve the capability of this

model to describe multiple joint sets with variable orientations

and characteristics.

The experiments planned in this study emphasize measurements

in planar geometries that are more easily modeled by two-

dimensional codes and can be used to evaluate the physics

controlling the deformational behavior of the rock mass. Some

measurements will be incorporated into the sequential drift

mining experiment to provide a limited data base for exercising
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the three-dimensional components of the numerical models. The

In Situ Thermomechanical Properties Study (Study Plan

8.3.1.15.1.6) will include a heated room experiment that

emphasizes the collection of displacement measurements that

should provide a sizable data base for comparison with the

results of numerical simulations in three dimensions and provide

a detailed comparison between the two- and three-dimensional

approximations. The model validation process, discussed in

Sections 6.4.2 and 8.3.2 of the SCP, is intended to ensure that

the physical model as embodied in the software is a correct
representation of the physical process or processes. The formal

validation process includes a series of steps that concludes

with a comparison of experimental results and analytical pre-

dictions by a peer review panel. The excavation investigations

study experiments are intended to provide bounding estimates for

the displacement data that will be compared with analytical

predictions. This comparison will be used to assess whether the

measured and predicted results are of the same trend and whether

disparities between the measured and predicted data fall within

the limits of the combined range of uncertainties associated

with the data used as input for the calculated response and the

uncertainties in the measured field data. Failure to validate

the rock mass constitutive models may require that performance

allocation goals be reevaluated and that additional data acquisi-

tion and characterization studies be initiated. The peer review

panel is expected to provide input about the direction any

additional activities should take.

2.1.2 In Situ Monitoring of Rock Mass Performance

The primary objective of any underground excavation design

is to use the rock mass itself as the principal structural

support material and minimize the need for additional ground

support (Hoek and Brown, 1980). To achieve this objective it is

necessary to minimize the effects of the excavation process on
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the surrounding rock and to develop an understanding of the

eological and geomechanical characteristics of the rock mass.

An understanding of the effects of excavation on the in situ

stress state and the interaction of the underground support
system with the redistributed stresses are necessary to develop

an underground facility that will remain serviceable throughout
the required operational period.

Monitoring the behavior of underground excavations during

and after the construction process is the most reliable means

of developing an understanding of the behavior of the rock mass

for the design and construction of underground structures

(Bieniawski and Maschek, 1975). Information obtained during a
monitoring program will be used to check the validity of the

assumptions, conceptual models, and rock mass properties used in

design considerations. Additionally, this information will

contribute to worker safety by providing data to delineate

excessive ground deformations or loads imposed on the repository

support elements. Time-dependent deformational behavior re-

sulting from possible long-term physical or chemical changes

may influence the stability of underground excavations.

Monitoring programs can be used to identify these time-dependent

changes if they occur so that appropriate remedial programs can

be developed.

The observational method (Peck, 1969), which emphasizes

field observations of the performance of structures, is central

to the general practice of geotechnical engineering. Brady and

Brown (1985) summarize the types of measurements generally incor-

porated in a monitoring program associated with the construction
of an underground facility. This program emphasizes two basic

physical responses, displacement and pressure, that are then

used to calculate forces and stresses using available numerical

models and estimated material properties. Bieniawski and
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Maschek (1975) have shown that convergence magnitude and rate
measurements are important parameters for predicting the
adequacy of underground support systems.

The in situ stress state that exists in an undisturbed rock

mass is related to the weight of the overlying strata and the

geologic history of the rock mass. An underground excavation

will disturb the in situ stress field and may induce stresses

that exceed the rock mass strength, leading to failure or

instabilities manifested as gradual closure, gravity falls of
blocks, slabbing, spalling, and, in the worst case, even

rockbursts (Hoek and Brown, 1980; Hoek, 1977). In order to

minimize the uncertainty associated with calculating induced

stresses, the undisturbed in situ stress state must first be

determined (Hoek and Brown, 1980). Although the stress distribu-

tion around an isolated underground opening in a linear elastic,
homogeneous, isotropic material is independent of the size of

the opening, the stability of an opening in a jointed medium is

still largely contingent on the ratio of the excavation size to

the representative size of the blocks composing the rock mass.

Thus, although the theoretical stress level may remain constant

as the size of the excavation increases, the likelihood of

stability of the opening decreases. This emphasizes the

significance of a detailed geologic characterization program

that is integrated directly with the geomechanical testing

program.

A number of other factors can influence the distribution of

the stress state and, hence, possibly the stability of the

underground facility. The shape, orientation, and distribution

of the openings can have a significant effect on the induced

stress distribution as can the size, shape, and distribution of

the pillars and geologic structure (Hoek and Brown, 1980). Each

of these factors must be considered when defining the expected
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induced stress state so that the response of the rock mass can

be adequately predicted and a design for the underground

facility that ensures stability can be developed.

A detailed geologic characterization study is a fundamental

component of any in situ monitoring program. Wilder et al.

(1982) suggest that the geologic characteristics of the rock

mass are possibly the most significant factors that influence

MPBX measurements. This may be particularly true in fractured

rock where measurements may be influenced by joint closure and

rigid block rotation and/or translation. Zimmerman et al.

(1987; 1988) performed convergence measurements in welded tuffs

located in G-Tunnel using a tape extensometer and MPBXs.

Convergence magnitudes along a 30-m-long, repository-size drift

varied by a factor of two, which they attribute, in part, to

variations in local geology. Detailed geologic characterization

studies are required at each geomechanical measurement station

within the shaft or drift to enhance the interpretation of

data. Standard mapping or photogrammetric techniques should be

employed to map the shaft and drift walls; cores and

instrumentation holes will be examined to delineate variations

in the rock characteristics and to select borehole

instrumentation locations.

Franklin (1977), Pratt et al. (1979), Brady and Brown (1985)

and others have described the requirements for a monitoring

system that will help to ensure safety during the construction

phase and check the assumptions used in the underground design.

The type of monitoring program developed for a particular

geologic medium depends largely on the characteristics of the

rock mass and the objectives of the construction project. In

each project, however, measurements are usually obtained with

several different types of instruments that are capable of

providing the information required to achieve the stated

objectives. An integral part of any instrumentation program is
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the incorporation of a suite of instruments that are capable of

obtaining redundant measurements to enhance data interpretation

and to ensure that data will be obtained despite potential

instrument failure.

Two types of basic physical responses, displacement and

pressure, are measured in most monitoring programs (Brady and

Brown, 1985) and have been incorporated in the excavation

investigations experiments. Displacement of the rock associated

with excavation of the underground structure is generally moni-

tored using MPBXs, tape extensometers, and borehole inclino-

meters. Rock pressures and loads on the support system are

measured or derived using borehole deformation gauges and stress

meters, hydraulic pressure cells, and rock bolt load cells.

Data obtained using these instruments will play a fundamental

role in enhancing our understanding of the response of the rock

mass to the excavation process in the underground facility.

2.2 Rationale for the Location. Number. and Alternatives for
Excavation Investigations Experiments

2.2.1 Number and Location of Experiments

The location of each excavation investigations experiment

within the ESF has been selected to characterize the range of

rock mass characteristics that are most likely to be encountered

during the development of the underground facility. The geo-

logic variability anticipated within the underground facility

results primarily from changes in fracture characteristics and

lithophysae content. Each reference geomechanical and geo-

logical unit within the Topopah Spring Hember jOrtiz et al.,

1985) above the repository level will be characterized to assess

the effects of these variations on the stability of the under-

ground openings.
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The number of experiments planned in this study are con-
sidered the minimum necessary to obtain the data base for
validating the constitutive models, to provide in situ geo-

mechanical parameters in support of site characterization

activities, and to monitor the performance of repository-size

underground openings. Each experiment includes a series of

measurement stations that will be used to evaluate the

variability within the major geologic units examined.

A staged approach has been adopted for obtaining a data base
for validating the rock mass constitutive models. This approach
begins by obtaining data in the shaft convergence and DBRs

experiments that are located in the various geological and

geomechanical units that have characteristics that may be

encountered in the underground facility. These data will be

used to refine the models and to perform a preliminary assess-

ment of the effects of geologic variability on the stability of

the underground openings. As data become available from these

two experiments, a comparison of the measured and predicted

response of the underground openings to the excavation process

will be completed. As a result, the models will be revised if

necessary. A subsequent evaluation of the rock mass constitu-

tive models will then be performed using the data base obtained

during the sequential drift mining experiment. This experiment

will be performed in an area within the ESF that is expected to

be representative of the geological and geomechanical character-

istics expected at the repository horizon (Nimick et al.,

1988). As a result of this approach, the models should, by

incorporating the appropriate geomechanical parameters deter-

mined for the geological units encountered, accommodate the

range of geological conditions that are expected to occur within

the underground facility.

Experience gained during the excavation and stabilization of

repository-size openings in the various rock types likely to be
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encountered underground will assist in minimizing the damage
induced during the excavation of the underground facility and

maximizing the efficiency of the mining process. Specific

ground support requirements that exist for certain rock types or

structural features need to be confirmed early in the construc-
tion phase to minimize their impact on scheduling and budget.

Performance of the underground openings needs to be evaluated in

repository-size drifts that are of sufficient length to discount

the effects of the termination of the opening and the effects of

interaction with other underground openings. Each of these

concerns requires a substantial amount of excavation, which will

be performed, in part, to fulfill the objectives of the excava-

tion investigations experiments.

2.2.2 Alternatives for Excavation Investigations Study
Experiments

The staged approach described in Section 2.2.1 for obtaining
data to validate the rock mass constitutive models is intended

to provide an understanding of the interrelationships between

geological variability and the geomechanical response of frac-

tured welded tuffs. This understanding will be developed in an

iterative manner, beginning with the experiments that evaluate

the rock mass response to excavation in each major geological

unit within the Topopah Spring Member (i.e., shaft convergence

and DBRs experiments) and culminating with the detailed geologi-

cal characterization and geomechanical measurement program that

will be performed as part of the sequential drift mining experi-

ment. The sequential drift mining experiment will include

characterization of the rock mass before excavation and moni-

toring of the rock mass response during and after excavation.

This information will be used to evaluate the time-dependent

behavior of the rock mass within a well-defined geologic

setting.
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Other types of experiments will supplement the information

obtained by the excavation investigations experiments by pro-

viding specific types of similar data (e.g., displacement data)

in other regions of the underground facility (In Situ Design

Verification Study Plan; SCP 8.3.1.15.1.8). Convergence measure-

ments will be performed within the long drifts planned to

intersect Ghost Dance Fault and the zone of imbricate faulting.

These measurements will be used to develop a substantial data
base, containing drift convergence rates and magnitudes,

obtained after the mined face has advanced beyond the measure-

ment station location. Additional convergence data will be

obtained in the areas surrounding the major structural discon-

tinuities associated with Ghost Dance Fault and the zone of

imbricate faulting. These data may be useful for designers to

establish appropriate stand-off distances and adequate stabiliza-

tion techniques within these zones. The configuration of these

drifts, however, will not permit instrumentation to be installed

before the onset of excavation, thereby precluding the collec-

tion of data related to the initial response of the rock mass to

excavation. Information of this type will be collected in the

sequential drift mining experiment.

Several similar activities will be completed in each of the

experiments planned for the excavation investigations study.

These activities are largely related to defining the extent of

the stress-altered region and to monitoring convergence rates

and magnitudes. Several techniques will be used to define the

extent of the stress-altered region. variations in rock mass

displacements and changes in the stress state, permeability, and

compressional velocity will be used to delineate the blast-

damaged zone and the stress redistribution zone. Convergence

rates and magnitudes will be established using displace-

ments obtained with KPBXs, tape extensometers, and borehole

inclinometers.
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The Goodman jack, used to obtain estimates of borehole

modulus, is also being considered for evaluating the extent of
the stress-altered region. The technique has had limited appli-

cation within fractured welded tuffs and may be influenced by

joint spacing. In addition, the volume of rock energized with

the Goodman jack is limited and may only be used to provide

profiles of relative changes in the borehole modulus. However,

results from Patrick et al. (1985) indicate that a statistically
significant decrease in borehole modulus occurs very near the

excavation surface (<0.5 m) in fractured granitic rock, which

should correspond to the interval containing the blast-damaged

zone in the underground facility. This technique will be

evaluated further to establish its reliability in a fractured
geologic medium before it is incorporated into any of the excava-
tion investigations experiments.

High-frequency rock noise (acoustic emission) generated from

changing stress conditions has been used to successfully monitor

the structural stability of underground mining operations

(Repsher and Steblay, 1985; Majer et al., 1981; Majer and

McEvilly, 1985). Acoustic emission monitoring has been particu-

larly useful in predicting rockbursts in overstressed rocks with

high elastic and strength properties. Recently, Hardy (1984)

and others have begun to detect and process low-level signals

associated with soils and soft rocks such as salt. Application

of acoustic emission in these geologic media necessitates a
higher degree of monitoring system optimization and additional

care in signal processing than normally required with higher

energy events associated with high-stress regimes.

The acoustic emission technique has been considered for

monitoring rock mass stability in the DBRs and sequential drift
mining experiments. Low-level acoustic emission events may

occur in the facility after the ground support system is

installed. The intensity and number of acoustic emission events

-27-



Me-SNL-SP S. 3. 1. 1 S. 1. 5, RO

caused solely by the redistributed stress field is not expected

to provide a sufficient data base to augment the other excava-

tion investigations study activities planned. Unless the stress
conditions induced by the orientation of the underground facil-

ity can be greatly increased without introducing a thermal
source or unless time-dependent deformation processes related to

physical or chemical changes are occurring, the acoustic emis-

sion technique has very limited application in the excavation

investigations study experiments. Use of acoustic emission

techniques will probably be incorporated into the thermo-

mechanical experiments planned for the ESF.

Petite sismique has been used by a number of investigators
to determine the field deformation modulus of the in situ rock

mass (Schneider, 1967; Bieniawski, 1978; Heuze et al., 1981b;

Zucca, 1984) in a number of different rock types. The petite

sismique technique involves energizing the rock mass to create a

shear wave and then recording the signal at some location up to

tens of meters away. The dominant frequency of the recorded

shear wave is measured, and the modulus calculated using an

empirical relationship developed by Heuze et al. (1981b). This

technique is relatively inexpensive and easy to perform and

incorporates a large volume of rock. However, the work by Zucca

(1984) indicates that the characteristics of the source, the

path length, the- frequency response of the rock mass, and the

attenuation effects with increasing distance between the source

and receiver must be well-defined to provide a high degree of
confidence in the reproducibility of the results. As this tech-

nique continues to be developed, it may have definite applica-

tions in the sequential drift mining experiment and provide

useful data to compare with the modulus of deformation measure-

ments made in the rock mass mechanical properties study. How-

ever, at the present time, the use of petite sismique is not

planned because of the uncertainties discussed above.
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The in situ stress state is required to design stable under-
ground openings. Overcore stress measurements will be performed

as part of the shaft convergence experiment and in the DBRs as
part of the characterization of site ambient stress conditions

study. Zimmerman and Vollendorf (1982) present test results and

summarize the problems encountered with the use of this tech-

nique in fractured welded tuff. Other techniques available for

determining the in situ stress state include the anelastic

strain recovery method, which uses oriented core to predict the

in situ stress (Teufel, 1981), and hydraulic fracturing

(Warpinski et al., 1981) that is performed in boreholes with a

packer system. The anelastic strain recovery method has not

been performed in welded tuffs, although measurements performed

in nonwelded tuffs (Teufel, 1981) indicate that strain relaxa-

tion is uniform with time and that strain orientations may

provide an accurate determination of the direction of the

principal horizontal in situ stress. Prototype tests will be

conducted in welded tuffs, in G-Tunnel to evaluate the reli-

ability of the anelastic strain recovery method for this type of

geologic medium. If these tests are favorable, the technique

may be incorporated into the excavation investigations

experiments.

A limited amount of hydraulic fracture data has been

obtained in fractured welded tuffs. Results from Rainier Mesa

presented by Warpinski et al. (1981) indicate that natural

fractures in the welded tuffs caused significant offsets in the

induced fractures, resulting in severe fluid loss. Results

presented by Stock et al. (1985) indicate that after the initial

shut-in pressure, preexisting fractures in Yucca Mountain welded

tuffs were reopened rather than new fractures created. Addi-

tionally, difficulties in determining the exact orientation of

the induced fractures reduced the level of confidence in the

determined value of the least horizontal stress. Requirements

to limit the amount of fluid injected into the rock mass

surrounding the ESF and the difficulties encountered in
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interpreting this type of data in fractured and unsaturated

welded tuffs will preclude using hydraulic fracturing as part of

the excavation investigations study.

2.3 Constraints on Excavation Investioations Study

2.3.1 Potential Impact on the Site

The potential impacts related to the construction of the ES

on the site are discussed in Section 8.4 of the SCP. No addi-

tional impacts on the site are expected as a result of the

experiments conducted in this study. Only a minimal amount of

excavation is required for the excavation investigations experi-

ments as compared to that required for the ESF. The proposed

measurement stations in the shaft convergence experiment are

located within the ES itself and do not require additional

excavation. The DBRs and sequential drift mining experiments

will require specific excavations, but in both experiments the

amount of material extracted is very small. The permeability

measurements conducted as part of the sequential drift mining

experiment require a minimal amount of water that will be

regulated and monitored to limit any impact on the site. No

other impacts on the site should occur as a result of the

experimental work planned in this study.

2.3.2 Repository Simulation and Scale of Phenomena

The model validation process requires that a representative
volume of rock be subjected to experimental conditions approach-

ing or exceeding those expected in the underground facility.

Ideally, these conditions will result in stress levels and

displacements that exceed the maximum anticipated for the

repository while monitoring the rock mass response during the

model validation process. Repository-size (cross-sectional

dimensions) excavations will be used in the excavation investiga-

tions experiments to approximate the conditions anticipated in
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the underground facility. The exact dimensions will be deter-

mined as the design for the underground facility proceeds.

However, in an effort to increase the induced stresses and

measurable displacements in welded tuffs with subvertical to

vertical fractures, the widest repository-size opening will be

used in the DBRs and sequential drift mining experiments.

Current design plans (SNL, 1987) show that the dimensions of the

widest opening (i.e., tuff main) are the same for both the

vertical and horizontal emplacement concept. The lengths of the

drifts in the DBRs experiment will be designed so that the mid-

sections of the drifts will be subjected to stress levels that

Approximate those envisioned for the underground facility under

ambient temperatures without being influenced by other excava-

tions or by end effects resulting from the termination of the

rooms (Costin and Bauer, 1988). Repository-size drifts will

also be used in the sequential drift mining experiment to evalu-

ate the response of the rock mass to the excavation process.

The length of the drifts (approximately six times the width) is

adequate to minimize end effects, and the spacing between the

access drift and instrumentation drift will be selected so that

displacements meet or exceed those expected in the underground

facility.

Variations in the rock mass thermal response will be eval-

uated using experiments planned in the In Situ Thermomechanical

Properties study. Temperature-dependent conduction appears to

be the dominant heat transfer mechanism for unsaturated tuff

(Zimmerman et al., 1986). The rock mass thermal responses from

the heat source will be analyzed separately from the mechanical

responses and input into the mechanical analyses to calculate

the thermomechanical response (SCP Section 8.3.2). Experiments

planned in the In Situ Thermomechanical Properties and Excava-

tion Investigations study plans are expected to simulate the

major types of thermomechanical behavior that are likely to

occur within the repository.

-31-



MV-SNL-SP 8.3.1.15.1.5, RD

2.3.3 Time Available for Model Validation Considerations

The primary data collection period for each of the excava-

tion investigations study experiments is scheduled to occur over

a period ranging from a few weeks to several months. A limited

number of measurement stations in this study may, however, be

used for long-term monitoring. The relatively short duration of

each of the experiments should preclude any impacts on other ESF

construction or experimental activities, although the iterative

process employed to validate the mechanical models could

possibly result in delays that may impact project schedules.

The model validation effort consists of an iterative process

that begins with the collection of in situ displacement data and

data obtained from interrelated study plans (Table 1-1), con-

tinues with a comparison of the calculated and measured displace-

ment results, and concludes with consultation and concurrence

by an established peer review panel (SCP Section 8.3.2.1.4.3).

Several factors may contribute to delays in the validation

process that could significantly impact project schedules. In

the sequential drift mining experiment, displacement data will

be obtained in the instrumented drift at several stations during

and after the excavation process. Vertical displacement data

will be analyzed and compared for each of the measurement sta-

tions to assess whether characteristic data have been collected

for estimating representative displacement Values for the entire

drift. If these representative values cannot be determined,

additional geologic characterization studies and an assessment

of the adequacy of the instrumentation type and placement will

be required before comparing the measured results with the

results predicted using the mechanical model. If the lack of

uniformity is attributed to instrumentation drift or calibration

problems, then additional calibrations will be performed, and an

assessment of the vertical displacements will be repeated. If
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the results indicate that significant geologic complexity

exists, then additional detailed geologic characterization will

be required. After establishing representative measured dis-

placement values, a comparison will be made between the measured
and calculated values. The results of this comparison will be

used by the peer review panel to determine whether the

comparison of results are valid using the guidelines in SCP

Section 8.3.2.1.4.3.

2.3.4 Differentiation of Stress-Altered Region

The stress-altered region consists of the blast-damaged zone

and the stress redistribution zone. In controlled blasting, the

blast-damaged zone is generally limited to a radial distance of

a few tenths of meters to possibly a meter from the perimeter of

the opening (Holmberg and Persson, 1980). Induced stresses

associated with the stress redistribution zone are generally

considered negligible beyond three opening diameters from the

perimeter (St. John, 1987). The stress in this zone may be

higher or lower than the original in situ stress depending on

the shape, orientation, and distribution of the underground

openings and on the initial stress tensor.

Delineating the extent and nature of the stress-altered

region and the relationships between the blast-damaged zone and

the stress redistribution zone can have significant ramifica-

tions for modeling the mechanical, thermal, and hydrologic

characteristics of the rock mass around the openings. Rocks

located within the blast-damaged zone would generally have a
lower modulus of deformation, a lower rock quality designation,

lower compressional and shear wave velocities, and higher per-

meabilities (Hustrulid and Ubbes, 1982). Variations in rock

mass displacements, compressional and shear wave velocities, and

permeabilities that will be measured in the sequential drift

mining experiment will occur as a result of the stress change

associated with the stress redistribution zone. However,
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depending on a number of factors including localized geology,

these changes may either accentuate the changes that occur in

the blast-damaged zone or possibly even lead to an apparent

reduction in the radial extent of the blast-damaged zone.

Analyses by Costin and Bauer (1988) show that in the DBRs

experiment the introduction of a blast-damaged zone into the

calculation increases the displacements of the excavation

boundaries, lowers the stress at the excavation surface, and

produces a stress peak in the rock mass located outside the

blast-damaged zone. Although several different techniques will

be employed in an attempt to distinguish between the effects of

each of these zones on the characteristics of the rock mass

around the opening, information presently available would

suggest that developing these relationships in jointed welded

tuffs is constrained by the available instrumentation and

analytical techniques. These techniques should, however,

provide the necessary data to describe the combined effects of

these changes on the rock mass located within the stress-altered

region.

2.3.5 Rock Mass Changes Before Instrumentation

Each of the experiments planned for the Excavation Inves-

tigations Study have been designed so that changes occurring in

the rock mass before instrument installation are minimized. A

finite element analysis, which incorporates an axisymmetric

geometry and elastic-plastic material model (Costin and Bauer,

1988), has been used to estimate changes in the stress state and

the amount of shaft closure that occurs before the shaft face

reaches the measurement station. Results of the stress calcula-

tions indicate that the stress measured 4.6 and 10 m ahead of

the shaft face will be within 20 and 2%, respectively, of the

actual in situ stress. When the uncertainties associated with

current technologies for measuring in situ stress and the

variation in stress caused by variable geology are considered,

the measured stress values can be considered representative of

the in situ stresses.
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Estimates of shaft convergence (Costin and Bauer, 198&)
indicate that only 25 to 35% of the total rock displacement
around the shaft will be recorded at the measurement station
after instrument installation. These calculations also indicate
that 75% of the total rock displacement could be measured if

instrumentation could be installed 2.5 m ahead of the advancing
face. Data obtained in the sequential drift mining experiment
will be collected before, during, and after the mined face

advances beyond each measurement station. These data will be
compared with the predictions of total displacement that are
based on elastic-plastic material models to determine whether
the initial displacement history measured in situ is comparable

to that predicted. These comparisons will make up one component
of the validation process.

2.3.6 Relationships with Other Studies

The experiments planned in the excavation investigations
study will contribute to a data base that will be used to
validate the rock mass constitutive models. Data from several

other studies will also contribute to the data base used to
validate these models. These studies will characterize the

intact rock and fractures and enhance our understanding of the
response of the rock mass to heating and to the excavation
process. Specifically, the experiments planned in these studies
(Table 1-2) will be used to improve the capability to predict
the rock mass response and help to ensure stable underground
openings throughout the waste retrieval period.

Changes in fracture characteristics and variations in
lithophysae content can significantly alter the rock mass
response to the excavation process. Results from other studies
(characterization of the structural features within the site
area, characterization of the vertical and lateral distribution
of stratigraphic units within the site area, and fracture
studies of intact rock) will characterize these changes and
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supplement the interpretation of data obtained in the excavation

investigations study.

The stability of the underground openings is contingent upon
several factors including the rock mass response to induced

thermal and mechanical stresses. The in situ thermomechanical

properties study experiments will be used to validate the

thermal model, which will be combined with the mechanical models

to predict the long-term stability of the underground facility.

The in situ design verification study will monitor drift

stability and the performance of the ground support systems

in variable geologic conditions. These data will complement

the data obtained in this study for validating the rock mass

constitutive models. A detailed evaluation of excavation

efficiency, which includes varying the mining techniques for

different underground conditions, will be conducted as part of

the in situ design verification study. This evaluation will

develop a substantial data base that will supplant the limited

information obtained on excavation efficiency in this study.

Results from the characterization of the site ambient stress

conditions study will be used to obtain in situ stress values in

several locations with variable fracture density and lithophysae

content using the overcore stress and anelastic strain recovery

techniques. These data will be combined with stress measure-

ments obtained in the shaft convergence experiment to delineate

local variations in stress within the Topopah Spring Member.

Permeability measurements performed primarily to evaluate

the extent of the stress-altered region will also provide in-

sight into the differences in permeabilities determined using

air and water. These data will complement hydrologic studies

planned for the ESF.
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A limited amount of the in situ geomechanical data that will

be obtained in the excavation investigations experiments can be

used to develop and evaluate scaling relationships for

extrapolating from laboratory-derived data to in situ condi-

tions. Permeability and compressional wave velocity measure-

ments obtained during the sequential drift mining experiment

will contribute to the data base that will be used to develop

these scaling relationships. Data obtained in the rock mass

mechanical properties study, the laboratory determination of

mechanical properties of intact rock study, and fracture studies

of intact rock study will be used to examine and develop scaling

relationships for comparing strength and modulus of deformation

parameters and to provide input parameters for exercising the

models.

2.3.7 Statistical Relevance of Excavation Investigations
Study Data

The experiments planned for the excavation investigations

study will not provide a statistically valid data base for the

in situ rock mass characteristics of the Topopah Spring Member.

However, all available site characterization data will be used

to locate each experiment in those intervals of the Topopah

Spring Member that appear representative of the conditions

expected at the repository horizon or that bound the conditions

expected to be encountered. The approach to developing a statis-

tically valid data base that has been adopted is to sample and

test the major geomechanical and geological units in situ and

develop scaling relationships for extrapolating from labora-

tory-determined values to the in situ environment. A limited

set of data (i.e., compressional velocities and permeability)

will be obtained in the excavation investigations study to

develop or extend scaling relationships that will be derived
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from experiments performed in the rock mass mechanical proper-
ties study and the laboratory determination of mechanical

properties of intact rock study. The approach for developing

scaling relationships is continuing to evolve and is discussed

in SCP Section 8.3.1.15.

2.3.8 Test-to-Test Interference

Section 8.4.2 of the SCP is a discussion of the potential
for interference between tests in the ESF. The excavation

investigations experiments have significant standoff require-

ments from other activities as a result of a need for mechanical
isolation from unrelated mining activities while data are being

collected. Borehole permeability measurements in the sequential

drift mining experiment will result in a small zone of hydro-
logical influence. All three experiments will have small zones

of geochemical influence associated with the use of grout for

anchoring instruments.
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3.0 DESCRIPTION OF EXCAVATION INVESTIGATIONS EXPERIMENTS

The excavation investigations study is composed of three

experiments that are intended collectively to provide much of

the data required to validate the rock mass constitutive models.

The shaft convergence and DBRs experiments will provide the

initial data required to evaluate and gradually refine the

models that will be used to predict the deformational behavior

and stability of the underground facility. The sequential drift

mining experiment will provide a data base for a detailed evalua-

tion of the models as part of the validation process. The de-

sign of this experiment is likely to change as data are obtained

and analyzed from the other excavation investigations

experiments and as the information base for the Topopah Spring

Member improves as a result of other experiments performed

during the construction of the ES. Experiment procedures, which

will be written in conformance with Sandia National Laboratories

(SNL) Nuclear Waste Repository Technology Department Operating

Procedures, will direct the fielding of each excavation

investigations experiment. The location of the excavation

investigations study experiments relative to the other

experiments planned for the ESF is described in Section 8.4 of

the SCP.

3.1 Shaft Convergence Experiment

The shaft convergence experiment is intended to quantify

the influence of -the in situ stress state and corresponding

rock mass response as the ES is mined and the concrete liner

installed. The configuration of this experiment may be changed

in response to the modifications of the design of the ESF and

possibly as a result of in situ data obtained during ESF con-

struction. The experiment will be performed at three stations

located at depths of about 80 , 158 (upper breakout level), and

311 m (main test level) within the ES. The stations will be
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moved to other locations, or additional .stations will be added

if, on the basis of geologic structure and complexity, the

objectives would be more readily achieved elsewhere. The

station at 80 m was selected to define the stress state and rock
mass response at the uppermost part of the Topopah Spring

Member. The lower two stations will be used to evaluate the

differences in the behavior of the welded tuff as a result of

varying lithophysae content and fracture density.

A sequence of measurements will be performed at each station

(Figure 3-1) to obtain the information necessary to calculate

the horizontal stress state and liner pressure and estimate

the extent of the stress-altered region. The initial testing

will consist of overcore measurements used to determine the

horizontal stress state at each measurement station. Mining

will be stopped 6 m above each measurement station and a

10-m-long vertical pilot hole will be diamond drilled down the

center of the proposed shaft for installing instrumentation.

The pilot hole will be examined using a borehole televiewer to
delineate variations in fracture patterns, lithophysae content,

and possible borehole irregularities. Results reported for frac-

tured welded tuffs in G-Tunnel (Zimmerman and Vollendorf, 1982)

indicate that fracture spacing can influence overcore test

results. Placement of the U.S. Bureau of Mines borehole

deformation gauges (BDG) in the pilot hole will be carefully

determined on the basis of the borehole televiewer data to limit

the effects of fractures on the measurements. The first BDG

will be installed at least 4.6 m below the existing face with
successive measurements to 10 m below the face. Vertical

stresses calculated for these intervals should range from about

80 to 98% of the in situ vertical stress (costin and Bauer,

1988). The rock around the gauge will be carefully overcored

while borehole deformation measurements are recorded in two

dimensions (Hooker and Bickel, 1974). After overcoring, the core

and the BDG will be transported to a laboratory where biaxial
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stress measurements will be performed. These measurements will

be used to compute the elastic constants for the intact rock

(Panek, 1966), which will be used in conjunction with the

displacement data to calculate the horizontal stresses.

Shaft convergence measurements will be performed at each

measurement station using six MPBXs with six convergence anchors

each located on two levels separated by 2 m as shown in Figures

3-1 and 3-2. Diametrical distances between opposite pairs of

MPBX heads and convergence anchors are carefully determined with

a tape extensometer before continuing mining of the shaft. As

mining of the shaft proceeds beyond the measurement station, the

unloading of the rock mass during the mining process causes the

rock walls to converge, and the measured changes in the shaft

diameter provide quantitative information on the response of the

rock mass to excavation. Long-term convergence measurements

will be continued to monitor any time-dependent changes in

convergence rates or magnitudes.

In addition to the MPBX head located at the collar, each

MPBX consists of a minimum of five anchors secured in the rock

mass at 1-m intervals. A sixth anchor, which is considered a

stationary reference, is located at a nominal radial distance of

15 m from the MPBX head in undisturbed rock. Relative

displacement measurements will be made between the HPBX head and

the anchors as the mining of the shaft proceeds beyond the

measurement station. In this case, the rock mass deformations

occurring at the -anchor locations will be determined as a

function of the position of the advancing mining face. Data

obtained will be used to measure displacement variations with

distance from the opening so that estimates of the

stress-altered region can be made as a function of the radial

distance from the shaft wall at each measurement station.
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Liner pressure measurements will be performed by installing

hydraulic pressure cells (-HPCs) in the concrete liner. These

cells will indicate the stress changes in the shaft liner. The

HPC stress data are combined with the HPBX deformation data to

provide the essential input for evaluating the interaction of

the rock and liner. The HPBX measurements associated with the

mining activities provide data that can be used to assess the

possible loading of the shaft liner by the rock mass.

3.1.1 Quality Assurance Requirements and Technical Procedures

The quality assurance level assignment- for each activity

is summarized from the Exploratory Shaft Geomechanical Test

Quality Assurance Level Assignments (QALA), NNWSI Element

1.2.4.2.1.5.2.5 (Table 3-1). A QA Level of II is assigned to

the liner pressure measurements because the shaft liner design

has a major impact on only the nonradiological structural

reliability of the engineered system. All work will be

performed in accordance with the SI4L Quality Assurance Program

Plan.

The shaft convergence experiment procedure will describe the

operational and technical procedures required to fulfill the

experiment objectives. Technical procedures for each of the

methods -employed during the shaft convergence experiment (Table

3-2) are considered nonstandard and will be completed at least

six months before the start -of data gathering (Section 5.3,

Schedule).

3.1.2 Accuracy and Precision

The accuracy and precision of the shaft convergence experi-

ment data is largely contingent on the amount of convergence

that occurs before instrument installation and the capability of

calculating reasonable estimates of the convergence that has
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Table 3-1. Quality Assurance Level Assignments for Each
Activity Planned in the Shaft Convergence
-Experiment

Quality Assurance Level
Activity Assianment

Horizontal Stress Measurements I

Estimate of Stress-Altered Region I

Liner Contact Pressure Measurements II

Table 3-2. Technical and Experiment Procedures Required
for the Shaft Convergence Experiment

EP Shaft Convergence Experiment Procedure

TP Procedure for Diamond Drilling Holes for Instrumentation

TP Procedure for Overcoring for Stress Measurements

TP Procedure for Biaxial Stress Measurement for Overcore
Testing

TP Procedure for the Installation and Operation of Tape
Extensometers

TP Procedure for the Installation and Operation of MPBXs

TP Procedure for the Installation and Operation of HPCs

TP Procedure for the Installation and Operation of BDGs

TP Procedure for Borehole Inspection Using a Borehole
Televiewer

TP Procedure for Definition of Joint Properties and Geometries

TP Procedure for Percussion Drilling Holes for Instrumentation

TP Procedure for Monitoring Pressure Controls

TP Procedure for Data Acquisition System Monitoring
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occurred before recording data. Finite element analyses
that incorporate elastic-plastic material properties and an
axisymetric geometry (Costin and Bauer, 1988) indicate that the
calculated in situ stress values will be within 20% of the

actual in situ values. Approximately 60% of the total

displacement associated with convergence of the shaft will occur

before instrument installation. Attempts to install MPBXs or

borehole deflectometers ahead of the advancing face are being

considered, if practical, to minimize the amount of unrecorded

displacement occurring before installing the full suite of

instruments at each measurement site. These instruments would

be installed at some oblique angle to the axis of the shaft

so that horizontal convergence magnitudes and rates can be

calculated.

The required accuracy and precision of instrumentation used

to collect in situ data in a monitoring program depends largely

on the intended application and expected range of results

(Wilder et al., 1982). Instrumentation required for activities

related to model validation must have a high degree of accuracy

and precision over a relatively short operational period.

Conversely, instrumentation intended for long-term monitoring

applications will generally sacrifice some degree of accuracy

and precision to ensure reliability over the time intervals

required. In either case, the instrumentation employed must be

compatible with the intended application to help ensure that the

experimental objectives are achieved.

The range of results and the equipment required for the
shaft convergence experiment are summarized in Sections 3.1.3

and 3.1.4, respectively. The accuracy and precision of each of

the instruments used in this experiment is summarized below.
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The principal factors that influence the accuracy of MPBxs

are (1) anchor slippage, (2) thermal expansion of the compo-

nents, (3) friction acting on the rods, and (4) displacement

transducer performance. Wilder et al. (1982) discuss the effect

of these factors on the measurements obtained with MPBXs. Three

types of six-anchor MPBXs are being considered for installation

in the shaft convergence experiment. The response of each type

is currently being evaluated based on results from G-Tunnel

welded tuff (Zimmerman et al., 1987; 1988). The results of

these evaluations will be used to select the most appropriate

instrument type and associated anchor spacing. An IRAD Model

4500 MPBX with groutable anchors and Invar rods may be used at

several measurement stations. This type of MPBX uses a depth

micrometer and sonic probes to measure the rod travel distance.

The second type of MPBX that may be used is the Terrametrics

Model 293, which also has groutable anchors and Invar rods but

uses a linear variable-differential transformer (LVDT) to

measure displacement. A third type of MPBX, the Roctest BOF-Ex,

has mechanical anchors and uses LVDTs to measure displacement.

A principal advantage of the Roctest MPBX is that the components

of the system can be readily removed, recalibrated, and replaced

if the MPBX begins to malfunction. The sensitivity of all three

units is about 0.025 mm.

Anchor stability is crucial to the accuracy of the MPBX

system. Tests performed in G-Tunnel (Zimmerman et al., 1987;

1988) have demonstrated that grouted anchors located in the

vicinity of blasting operations have remained stable for periods

of greater than 200 days. However, in areas of severely jointed

rock the amount of grout that is used must be closely monitored

to avoid having the grout enter the fractures and alter the

deformation characteristics of the rock mass.

The accuracy of the MPBX can be greatly influenced by the

thermal expansion of the various components, in particular the
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connecting rods, at temperatures in excess of 2000C. The
ambient temperature within the ESF will be less than 300 C
during the excavation investigations study, with local
variations of only a few degrees centigrade during the
experiments. These temperatures are well below the temperature

range where the nonlinear thermal expansion coefficient of Invar
rods becomes a major concern.

Friction acting on the rods, often manifested by stick-slip

behavior resulting in pronounced jumps in displacement data,
influences the accuracy of the MPBX data. Proper alignment of

the rods with the head assembly and appropriate installation
procedures generally alleviate the stick-slip problem and

minimize its impact.

Sinco Terrametrics Model 50 tape extensometers will probably
be used to measure shaft convergence. This instrument has a

sensitivity of +0.025 mm. Measurements will be obtained between

anchors mounted in the shaft at each station. The accuracy of
the tape extensometer measurements can be greatly influenced by
the instability of the anchors during blasting operations that

occur after the anchor has been installed, temperature effects,

and variations resulting from subtle changes in procedures that

may occur with different operators. The effects of each of
these factors on the accuracy and precision of the tape
extensometer measurements will be greatly reduced when the
technical procedures described in Section 3.1.1 are followed.

The accuracy of the U.S. Bureau of Mines BDG depends on a
number of factors including gauge sensitivity as a function of
temperature, bridge input and output voltage, bridge offset as a
function of temperature, and gauge thermal expansion coefficient

(Wilder et al., 1982). Laboratory testing in engineered mate-
rials has yielded highly accurate deformation measurements of
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0.002 mm with a sensitivity of ±0.001 mm. Gauge sensitivity and

bridge offset are subject to long-term drift, which is greatly

influenced by localized test conditions at the transducer. The

magnitude of drift is not predictable and must be controlled by

periodic recalibration.

Stress changes are primarily calculated from'deformation

data; therefore, accuracy depends on the knowledge of rock

properties '(Young's modulus, Poisson's ratio, and thermal expan-

sion coefficient) and the degree to which the rock mass behaves

as a linear elastic and isotropic medium. Errors in calculating

stress changes are directly proportional to the errors involved

in selecting the appropriate rock modulus, where the scale of

changing rock characteristics (e.g., fracture spacing and orien-

tation) are often the most important variables influencing the

magnitude of the stress change. Thus, a thorough understanding

of the geology at each measurement station, using borehole sur-

veys in combination with data obtained from Study 8.3.1.4.2.1,

Characterization of the Vertical and Lateral Distribution of

Stratigraphic Units Within the Site Area, is essential to mini-

mize the errors in the stresses calculated with the BDG.

Terrametrics/Glotzl Concrete Stress Cells, Model B 10/20 or

a comparable unit with similar characteristics, will be used to

monitor the shaft liner stress. The reported accuracy of the

HPC is 10 kPa with a maximum stress recording capability of

30 MPa. Variations in temperature can inadvertently influence

the stress measurements, although within the expected ambient

temperature range, these errors should be within the range of

accuracy of the HPC. Other errors may result from the orienta-

tion of the HPC relative to the liner or an inappropriate

matching of the HPC with the material stiffness of the liner.

Testing in G-Tunnel (Zimmerman et al., 1987; 1988) has addressed

these and other potential sources of error associated with the

HPCs.
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3 .1.3 Range of Expected Results

The expected range of values for each of the activities

performed in the shaft convergence experiment (Table 3-3) has

been estimated on the basis of data obtained in the welded

tuff composing the Grouse Canyon Member located in G-Tunnel

(Zimmerman and Finley, 1987) and laboratory data obtained from

the welded tuff composing the Topopah Spring Member at Yucca

Mountain (Price et al., 1985). The range and magnitude of the

results are intended to satisfy the requirements for accuracy

and precision outlined in Section 3.1.2 of this study plan.

Table 3-3. Expected Range of Results for Activities
Performed During the Shaft Convergence
Experiment

I Parameter
Measured

Estimated Range
of ValuesActivity

Horizontal Stress
Measurements

Estimate of Stress-Altered
Region

In situ horizontal
stress

MPBX anchor
displacement

<10 MPa

0-10 mm

Convergence Magnitude

Convergence Rate

Displacement

Displacement/time

0-10 mm

0-2 mm/yr

Liner Contact Pressure Liner stress <15 MPa

3. 1.4 Equipment and Design Requirements

Requirements for the shaft convergence experiment are

outlined in the "Exploratory Shaft Facility Subsystems Design

Requirements Document" (DOE, 1987) and will be documented in the
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shaft convergence Experiment Procedure document. Instrumenta-

tion, equipment, and material requirements are summarized in

Table 3-4.

Table 3-4. Summary of Equipment, Instrumentation, and
Materials Required for the Shaft Convergence
Experiment

Item Description

Tape Extensometer Rated sensitivity of ±0.025 mm

Multiple-Point Borehole Rated sensitivity of ±0.025 mm
Extensometer

Borehole Deformation Gauge Rated sensitivity of ±0.001 mm

Hydraulic Pressure Cell Rated sensitivity of 10 kPa

3.1.5 Analyses of Field Measurements

3.1.5.1 Horizontal Stress Measurements

The analysis of overcoring measurements will be performed

using the equations developed by Panek (1966). In this analy-

sis, the three borehole diameter measurements provide a data set

that can be used for the solution of three simultaneous equa-

tions, if the vertical stress is assumed to be caused by litho-

static loading. This assumption is supported by available data

from Yucca Mountain (Stock et al., 1985) and should be valid

where the vertical stress has not been altered by excavation.

3.1.5.2 Estimate of the Stress-Altered Region

The extent of the stress-altered region will be estimated

using the relative displacements measured between each of the

six MPBX anchors spaced at nominal intervals of 1, 2, 3, 4, 5,
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and 15 m from the collar, the cumulative displacement of all six

anchors, and the total convergence measured between the three

sets of MPBX collars and convergence anchors. The radial

distance at which the relative displacements between anchors

approaches zero will be used to approximate the limits of the

stress-altered region. A demonstration of different MPBX anchor

types has been completed in G-Tunnel welded tuff (Zimmerman

et al., 1987; 1988) to assess whether a larger number of anchors
or more closely spaced anchors should be used. The difference

between the cumulative displacement measured with the MPBX

anchors and the total shaft convergence measured between sets of

convergence anchors or MPBX collars will also be used to

estimate the extent of this region. The difference between the

convergence magnitudes calculated using these techniques can be

ascribed to at least three factors: (1) convergence of the rock

mass occurring beyond the last anchor installed 15 m away from
the rib; (2) displacement of the blast-damaged zone, which may

not be measured with the HPBX anchors; and (3) differential

movement associated with fractures or an asymmetrical rock mass

response on either side of the shaft. Minimal differences

between these values will significantly increase the level of

confidence in the estimate of the extent of the stress-altered

region.

3.1.5.3 Shaft Liner Analyses

The overall liner/rock analyses provide data that will be

used by the designers to assess the adequacies of the liner's

design as it responds to the potential relaxation in the

surrounding rock. Pressure measurements obtained within the

liner as the surrounding rock relaxes can be extrapolated to

predict equivalent stresses at the surface of the liner by using

elasticity theory as it applies to thick-walled cylinders

(Timoshenko and Goodier, 1951). The displacements at the

liner/rock interface should be compatible with the measured
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stress changes as long as the liner acts like a linear elastic

structural unit, and the liner and rock are well bonded.

3.1.6 Representativeness of Results

The measurement stations selected for the shaft convergence

experiment are intended to assess the variations in geomechani-

cal characteristics that are likely to be encountered in a verti-

cal profile within Yucca Mountain. Specifically, measurement

stations have been selected to sample the high lithophysae (15

to 20%) interval of the Topopah Spring Member and the densely

welded tuff interval, containing <10% lithophysae, to assess

variations in horizontal stress, convergence rates and magni-

tudes, variations in liner stress imposed by differing geology,

and the extent of the stress-altered region. Variations in the

horizontal stress state will be evaluated for differing geologic

horizons that compose the reference geological and geomechanical

units within the ESF. These data will be combined with stress

data obtained in the characterization of the site ambient stress

conditions study to evaluate the effects of geologic variations

at a specific depth with the changes in stress attributed to

varying depths representative of the Yucca Mountain repository

location. Fracture characteristics are likely to vary between

geologic horizons and with changes in the lithophysae content.

The data obtained should represent the fracture conditions

encountered elsewhere in the ESF but may differ markedly from

those areas where faulting is pervasive.

3.1.7 Performance Goals and Confidence Levels

The performance allocation process has identified the

performance goals and confidence levels required to resolve the

key issues addressed by the excavation investigations study

experiments (Information Needs 1.11, 4.2, 4.4, and Investigation
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8.3.1.15). These goals and confidence levels are summarized in

Table 8.3.1.15-1 of the SCP.

As discussed in Section 8.3.1.15 of the SCP, the required

confidence levels for geomechanical parameters require a minimum
number of measured samples for each measured property. The

minimum number of samples required to satisfy the confidence

level is always larger than the number of in situ tests that

will be conducted. Thus, the values obtained from the in situ

experiments will serve as guidelines that will be used to

examine the validity of extrapolating the laboratory-derived

values to in situ conditions. If these extrapolations do not

appear valid, then the performance goals will need to be re-

evaluated, and an approach that relies more heavily on either

field or laboratory data will possibly be adopted.

3.2 Demonstration Breakout Rooms Experiment

The DBRs experiment will be conducted in repository-size

rooms located at two locations within the Topopah Spring Member

that have significantly different lithophysae contents and

fracture densities. The configuration of this experiment may be

changed in response to modifications in the design of the ESF or

as a result of in situ data obtained during ESF construction.

The rooms will be connected to the ES at depths of about 158 and

311 m, corresponding to the upper breakout level and main test

level, respectively. The orientation of each DBR will coincide

with the orientation established for the underground facility

(SNL, 1987) with some possible modifications depending on the

dominant fracture orientation and in situ stress conditions.

Each DBR will be repository-size, with the opening dimension

comparable to the widest opening planned for the underground

facility, in an attempt to increase the measurable displacements

around the perimeter of the underground opening. These ratios
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are comparable for both the horizontal and vertical emplacement

options (SNL, 1987). The length of each DBR will be six times

the width. Measurements obtained in the midsection of these

rooms are not expected to be influenced by end effects resulting

from the ES opening or the drift face (Costin and Bauer, 1988)

and should be representative of conditions encountered in the

underground facility. Drift convergence will be evaluated

during the excavation, and stabilization process to delineate

differences in the rock mass response as a result of varying

geologic characteristics. The repository-size drifts will also

be used for other in situ experiments (e.g., overcore stress,

anelastic strain recovery, plate loading, mechanical strength,

and laboratory study of intact rocks) that relate directly to

the design of the underground facility.

Eleven measurement stations, beginning 11 m from the

beginning of the drift, will be located at 2.4-m intervals in

each DBR location (Figure 3-3). Each of these stations will be

instrumented with drift convergence anchors and rock bolts with

attached load cells. At five measurement stations (Figure 3-3),

six MPBXs will be installed. Each MPBX will contain at least

five anchors located at nominal 1-mr intervals from the perimeter

of the opening. A sixth reference anchor will be located a

minimum of 15 m from the perimeter of the opening in rock that

has not been altered by the excavation process.

During the mining operation, rock bolts will be installed

in each of the rooms using a pattern designed to maintain

stability. The ground support requirements will be determined

on the basis of experience developed from mining other welded

tuff locations using both analytical and empirical techniques

described in the "Site Characterization Plan Conceptual Design

Report" (SNL, 1987). At each measurement station, the appro-

priate instrumentation will be installed, and measurements will

be initiated to determine displacement magnitudes, variations in
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PLAN VIEW

Figure 3-3.. Planned Layout and Instrumentation Locations for
the Demonstration Breakout Rooms Experiment
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support loading, and the extent of the stress-altered region.

Drift convergence measurements-will be made using tape extenso-

meters at each station while the MPBX measurements are performed

at the stations. Estimates of the extent of the stress-altered

region will be made using the MPBX data.

Excavation efficiency will be evaluated qualitatively during

the construction of the rooms. Evaluations will include docu-

menting the controlled blasting procedure employed (i.e., charge

density and configuration, delay sequence, hole spacing, etc.)

and assessing the advance rates, amount, and size of loosened

blocks and the amount of overbreak and underbreak evident after

each round. A detailed evaluation of excavation efficiency

that may include varying the excavation techniques employed will

be completed during the in situ design verification study (Study

Plan 8.3.1.15.1.8). The MPBX, cross-drift convergence, and rock

bolt load cell measurements will also be used to assess the

excavation efficiency. Variations in the forces and displace-

ments associated with the underground opening will be monitored

to evaluate the degree of uniformity in the rock mass at a

single station, and with respect to the entire length of the

DBRs.

3.2.1 Quality Assurance Requirements and Technical Procedures

The QALA for each activity is summarized from the Explora-

tory Shaft Geomechanical Test Quality Assurance Level Assign-

ments, ?fWSI Element 1.2.6.9.2.3.S (Appendix A) in Table 3-5.

The drift convergence magnitude, drift convergence rate,

estimate of the stress-altered region, and excavation efficiency

activities are all Quality Assurance Level II because the

activities have a major impact only on the nonradiological

structural reliability of the engineered system. All work will

be performed in accordance with the SNL MWRT Quality Assurance

Program Plan.
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Table 3-5. Quality Assurance Level Assignments for Each
Activity Planned in the Demonstration Breakout
Rooms Experiment

Quality Assurance
Activitv Level Assignment

Drift Convergence Magnitude Measurements II

Drift Convergence Rate Measurements II

Estimate of Stress-Altered Region II

Excavation Efficiency Estimate II

The DBRs experiment procedure will describe the operational

and technical procedures required to fulfill the experiment

objectives. Technical procedures for each of the methods used

during the DBRs experiment (Table 3-6) will be completed at

least 6 months before initiating data collection in the the DBRs

(Section 5.3, Schedule).

3.2.2 Accuracy and Precision

The accuracy and precision of the DBRs data is subject to

the same constraints as the data obtained in the other excava-

tion investigations experiments. The range of results and

equipment required for the DBRs experiment is summarized in

Sections 3.2.3 and 3.2.4, respectively. The accuracy and pre-

cision of the MPBXs- and tape extensometers in this experiment

will be contingent upon the same factors as in the shaft con-

vergence experiment (Section 3.1.2), and a description will not

be repeated here.

Rock bolt load cells that use strain gauges as the sensing

units (e.g., Terrametrics Model PC-60) will be used to monitor

changes in rock bolt tension that occur after installation. The
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Table 3-6. Technical and Experiment Procedures
Required for the Demonstration Breakout
Rooms Experiment

EP Demonstration Breakout Rooms Experiment Procedure

TP Procedure for Diamond Drilling Holes for Instrumentation

TP Procedure for Percussion Drilling Holes for Instrumentation

TP Procedure for the Installation and operation of MPBXs

TP Procedure for the Installation and Operation of Rock Bolt
Load Cells

TP Procedure for Borehole Inspection Using a Borehole
Televiewer

TP Procedure for the Definition of Joint Properties and
Geometries

TP Procedure for Rock Bolt Installation

TP Procedure for Data Acquisition Monitoring

TP Procedure for the Installation and Operation of Tape
Extensometers

load cells will be attached to mild steel rock bolts using the

technical procedures listed in Section 3.2.1. The load cells

have a capacity of 535 kN and a sensitivity of ±267 N. Long-

term monitoring of rock bolt tension requires that the load

cells be capable of withstanding the effects of nearby blasting

and be sealed to. prevent water and/or dust from entering the

housing of the load cell. Experience in G-Tunnel welded tuffs

(Zimmerman et al., 1988) indicates that the long-term stability

for the Terrametrics load cell exceeds periods of 200 days. The

strain gauge circuits should be temperature compensated to

minimize the effects of ambient temperature changes on the

measured strains. Resistance changes resulting from varying

cable lengths and connections can also influence the accuracy of

the load cell measurements.
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3.2. 3 Range of Expected Results

The expected range of values for each of the activities

performed in the DBRs experiment (Table 3-7) have been estimated

on the basis of data obtained in the welded tuff composing the

Grouse Canyon Member located in G-Tunnel (Zimmerman and Finley,

1987).

Table 3-7. Expected Range of Results for Activities
Performed During the Demonstration Breakout
Rooms Experiment

Parameter Estimated Range
Activity Measured Of Values

Drift Convergence Magnitude Displacement 0-10 mm

Drift Convergence Rate Displacement
rate 0-2 mm/yr

Estimate of Stress-Altered MPBX anchor
Region displacement 0-5 mm

3.2.4 Equipment and Design Requirements

Requirements for the DBRs experiment are outlined in the

"Exploratory Shaft Facility Subsystems Design Requirements Docu-

ment" (DOE, 1987) and will be documented in the DBRs Experiment

Procedure. Requirements for instrumentation, equipment, and

material requirements are summarized in Table 3-8.

3.2.5 Analyses of Field Measurements

3.2.5.1 Drift Convergence Measurements

Drift convergence rates and displacement magnitudes will be

determined at each measurement station using data obtained after
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Table 3-8. Summary of Equipment, Instrumentation, and
Materials Required for the DBRs Experiment

Item Description

Rock Bolt Load Cell Rated sensitivity of ±267 1

Multiple-Point Borehole Rated sensitivity of ±0.025 mm
Extensometer

Tape Extensometer Rated sensitivity of ±0.025 mm

each blast round.

of displacement as

measurement station,

bolt placement will

convergence rates and

A cumulative record that will contain plots

a function of time, face distance from the

and distance to the last station for rock

be used to calculate and interpret drift

displacement magnitudes.

Drift convergence magnitudes will be determined using data

obtained from the tape extensometers and the head movements of

the MPBXs relative to the deepest anchor. These measurements

should compare, although local variations in rock charac-

teristics (i.e., fracture density and orientation, lithophysae

content, etc.) may result in measurable differences.

3.2.5.2 Estimate of the Stress-Altered Region

An estimate of the stress-altered region will be performed

using the displacement data obtained with the MPBXs and the

technique discussed by Brown (1981) and summarized in Section

3.1.5.3. The limit of the stress-altered region occurs where

the change in displacements between consecutive anchors

approaches zero.
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Data from the load cells will also be used to augment the

estimate of the stress-altered region based on MPBX data.

Several factors influence the force changes measured by the-load

cells including fracture characteristics and the time-dependent

rock mass relaxation and stress changes that occur during exca-

vation. The uniformity of the rock mass mechanical response to

these factors will be used to assess the variability in rock

mass characteristics that can also influence the extent of the

stress-altered region.

3.2.5.3 Excavation Efficiency Estimate

Evaluation of excavation efficiency will focus on docu-

menting the techniques employed for excavation (e.g., drilling

patterns, hole depths and charge density) and the results of

these techniques (e.g., advance rate and amount of overbreak or

underbreak) in varying geologic conditions. The efficiency of

the construction process is. required for budgetary and sche-

duling purposes.

Rock bolt load cell, MPBX, and tape extensometer data

obtained at the measurement stations within each DBR will also

be used to assess the excavation efficiency. Variations in the

forces and displacements associated with the underground opening

will be monitored to evaluate the degree of uniformity in the

rock mass at a single station and with respect to the entire

length of the DBR. The variations measured with the rock bolt

load cells will be compared with localized changes in the

geologic character (i.e., fracture density and orientation,

lithophysae content, etc.) and the effects of mining, evident

visually, to provide a preliminary assessment of excavation

efficiency. A detailed evaluation of excavation efficiency will

be performed during the In Situ Design Verification Study (Study

Plan 8.3.1.15.1.8).

-62-



VW-SNL-SP 8.3.1.15.1.51 RO

3.2.6 Representativeness of Results

The activities performed during the DBRs experiment are

designed to evaluate the influence of varying geological and

geomechanical characteristics on the design proposed for

repository-size drifts. The lithophysae content encountered at

the two locations is expected to bound the range of lithophysae

that represents the conditions at Yucca Mountain in general

(Nimick et al., 1988). The variation in fracture density is

also expected to represent conditions found in Yucca Mountain

except in those areas associated with well-developed faulting.

The in situ stress conditions at the upper breakout level will

not represent the stress conditions at the main test level.

This difference results primarily from the difference in depth

between these two levels. Ground support requirements for both

drifts will be developed using the same requirements planned for

designing the ground support for most of the repository.

3-.2.7 Performance Goals and Confidence Levels

The locations of the DBRs within the ESF are intended to

bound the site-specific geological and geomechanical charac-

teristics that should be encountered in the underground

facility. Construction in these variable conditions will be

used to demonstrate that available technology and planned ground

support systems are adequate for the expected site-specific

conditions.

The performance allocation process has identified the

performance goals and confidence levels required to resolve the

key issues addressed by the excavation investigations study

experiments (Information Needs 1.11, 4.2, 4.4, and Investigation

8.3.1.15). These goals and objectives are summarized in SCP

Table 8.3.1.15-1 (DOE, 1988).
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As discussed in SCP Section 8.3.1.15, the required con-

fidence levels for geomechanical parameters require a minimum

number of measured values that vary with each property if the

properties are sampled at random. The locations of the DBRs

have been chosen to provide the range of lithophysae that are

expected to be encountered in the ESF and fracture density and

spacing that is expected to represent conditions prevalent in

Yucca Mountain except in areas with well-developed faulting. By

carefully selecting the DBR locations using borehole data

serving as an index to critical parameters and observations

during shaft construction, the DBR results should bound the

conditions expected to influence performance and help to reduce

the number of large-scale tests required to achieve the needed

confidence.

3.3 Seauential Drift Mining Experiment

The sequential drift mining experiment will provide an

additional suite of data for model validation. Measurements

performed in this experiment will be used to better define the

extent of the stress-altered region, composed of the blast-

damaged zone and the stress redistribution zone. This experi-

ment will be performed in and around three drifts located at the

main test level within the ESF. The experimental design is

preliminary and will be optimized using pretest analyses,

experience gained in G-Tunnel, and experience from previous

excavation investigations study experiments to facilitate the

analyses required for model validation. Measurements will be

performed to characterize the rock mass before and after the

excavation of a drift using controlled blasting techniques to

evaluate the effects of the excavation process on the rock mass

and the radial extent of these effects away from the excavated

opening.
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Validation of the constitutive models is a necessary step in

predicting repository behavior during the preclosure phase of

the repository. The emphasis in the sequential drift mining

experiment is to relate the predictions of the models to the

measurements obtained during and after excavation. This

information will be used to develop design guidelines for the

underground facility that can be used for the underground

conditions encountered during the excavation process.

A provisional experiment plan for the sequential drift

mining experiment is summarized for discussion purposes only.

This plan will change, possibly significantly, as data from the

other excavation investigations study experiments become avail-

able. Some planned measurements are intended to form a data

base for comparison with calculations using the models in three

dimensions, although the exact nature of these measurements will

not be determined until the requirements for the models and the

plans for the in situ thermomechanical study are finalized.

The sequential drift mining experiment will begin by exca-

vating two drifts (Figure 3-4) of appropriate size to adequately

instrument the rock in the region where a third drift of

repository size will be excavated. A series of holes will be

diamond drilled into the ribs of the outer instrumentation

drifts to characterize the rock mass associated with the center

main drift before and after excavation. The first drilling

station will be located approximately three drift diameters from

the start of the drifts, with subsequent holes drilled at

nominal 1.2- or 2.4-m intervals. These holes will be used to

characterize the rock mass to establish a reference data base

for future use and to develop a three-dimensional understanding

of the geology in the region around the central drift.

A number of different types of measurements will be made

using instrumentation installed in the boreholes drilled from
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Figure 3-4. Preliminary Layout and Instrumentation Locations
for the Sequential Drift Mining Experiment
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instrumentation drifts. Air and water borehole permeability

measurements will be performed in the boreholes located in the

rib of the main drift before, during, and after it is mined.

Air permeability measurements will be completed to provide data

to perform a preliminary evaluation of any correlation between

air and water permeability measurements from the same location.

At each selected interval, the straddle packers will be set and

steady-state pressure injections will be made at several

different pressure settings to establish a hydraulic quotient.

This quotient describes the average ratio of pressure to flow

rate for each interval tested. This process will be repeated at

a number of intervals within each borehole to establish an

average hydraulic quotient before mining the main drift. This

process will be repeated during and after the mining of the main

drift in each of the boreholes that have not been instrumented

and the results will be compared to determine the effects of

excavation on permeability. Data obtained in the other stations

will be used to locate and map fracture patterns and, in

conjunction with borehole televiewer observations, will be used

to develop a geologic fracture model for the pillar located

between the measurement stations (Figure 3-4).

Cross borehole ultrasonic measurements will be performed

using a 30-50 kHz transceiver capable of transmitting and

receiving compressional waves over a 1-m interval before and

after mining in the boreholes that will be used to establish

the hydraulic quotient. These measurements will be performed in

the stress-altered region associated with the main drift. The

measurements will be repeated with the transmitter and the

receiver interchanged to establish directional variations in the

stress-altered region that may be related to geology.

Borehole deflectometer measurements will be performed along

the full length of several inclined boreholes. Small borehole

angle deviations will be measured before and after the mining of
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the main drift to establish small-scale angle changes as a

result of dilation of the rock mass into the opening of the main

drift. continuous monitoring during the mining of the main

drift will be performed using MPBXs and borehole stressmeters

installed in the pillars between the instrumentation and the

main drifts and tape extensometer measurements obtained across

the main drift between convergence anchors. MPBXs will be

installed in the pillars between the drifts at each measurement

station before mining the main drift. The end anchors of each

MPBX will be located about 0.5 m from the projected rib of the

main drift with each successive anchor installed at nominal l-m

intervals. The exact anchor locations will depend on the

geology encountered in the underground facility and on the

ability to control the radial extent of blast damage that may

impair the anchors. These anchors will be used to measure the

displacement of the rib into the cavity of the main drift.

Four of the horizontal boreholes originating in the instru-

mentation drifts will be used for the installation of borehole

stressmeters with strain gauge sensors.. Each hole will be

located so that one of the stressmeters is about 1 m from the

projected rib of the main drift and the other two are in the

pillar between the drifts. The stressmeters will monitor the

stress redistribution effects and the stress changes related to

mining. The uniformity of the stress changes will be assessed

along individual boreholes using the three borehole stressmeters

and within the pillar between drifts using the data obtained

from each of the boreholes.

Several measurement stations will be established in the main

drift to monitor drift convergence while excavation proceeds.

Four HPBXs will be installed at four measurement stations

(Figure 3-4) to augment the cross-drift extensometer measure-

ments that will be obtained manually at each of the stations in
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the main drift. After the excavation of the main drift is com-

plete, the measurements obtained in the instrumentation drifts

before mining will be repeated for comparison.

3. 3.1 Quality Assurance Requirements and Technical Procedures

The QALA for each activity is summarized from the Explora-

tory Shaft Geomechanical Test Quality Assurance Level Assign-

ments, NNWSI Element 1.2.4.2.1.5.2.S (Appendix A) (Table 3-9).

All activities performed during the sequential drift mining

experiment will be performed at Quality-Assurance Level I. All

work will be performed in accordance with the SNL NWRT Quality

Assurance Program Plan.

The sequential drift mining experiment procedure will

describe the operational and technical procedures required to

fulfill the experiment objectives. Technical procedures for

each of the methods employed in the sequential drift mining

experiment (Table 3-10) will be completed at least 6 months

before the start of excavating the drifts (Section 5.3,

Schedule).

Table 3-9. Quality Assurance Level Assignments for Each
Activity Planned in the Sequential Drift Mining
Experiment

Activity
Quality Assurance
Level Assianment

Drift Convergence Magnitude Measurements

Drift Convergence Rate Measurements

Estimate of Stress-Altered Region

Excavation Efficiency Estimate

Water Permeability Measurements

I

I

I

I

I
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Table 3-10. Technical and Experiment Procedures Required
for the Sequential Drift Mining Experiment

EP Sequential Drift Mining Experiment Procedure

TP Procedure for Diamond Drilling for Instrumentation

TP Procedure for Percussion Drilling for Instrumentation

TP Procedure for the Installation and Operation of Tape
Extensometers

TP Procedure for the Installation and Operation of Rock Bolt
Load Cells

TP Procedure for the Installation and Operation of Borehole
Deflectometers

TP Procedure for the Installation and Operation of Borehole
Stressmeters

TP Procedure for the Installation and Operation of Water
Permeability Equipment

TP Procedure for Borehole Inspection Using a Borehole
Televiewer

TP Procedure for the Definition of Joint Properties and
Geometries

TP Procedure for Rock Bolt Installation

TP Procedure for Data Acquisition System Monitoring

TP Procedure for the Installation and Operation of MPBXs

3.3.2 Accuracy and Precision

The range of results and the equipment required for the

sequential drift mining experiment are summarized in Sections

3.3.3 and 3.3.4, respectively. The accuracy and precision of

the MPBXs and the tape extensometers have been discussed in

Section 3.1.2. The accuracy and precision of these instruments

will depend on the same sources of error as in the applications

discussed earlier and will not be reiterated.

Rigid inclusion borehole stressmeters with a strain gauge

sensor developed by SKL (Cook and Ames, 1979) will probably be
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used to monitor borehole stress changes. These units have a

sensitivity of ±130 kPa. The calibration of the rigid inclusion

stressmeters depends on several factors including the elastic

properties of the media, the platen contact area, the borehole

size, loading conditions, temperature, and the prestress level

during installation (Wilder et al., 1982). Each of these

factors can contribute to a significant amount of scatter in

results performed at the same interval. Tests in G-Tunnel

(Zimmerman et al., 1988) will be used to analyze the magnitude

of the errors that can be anticipated for jointed welded tuff.

Borehole deflectometers will be used to measure angular

deviations of the borehole axis, which can be summed over a

period of time to provide displacement information. Precision

of the deflectometers is expected to be on the order of 2 to 4

arc seconds and the resolution is 0.75 arc seconds. Temperature

fluctuations, generally greater than 150C, and zero drift can

both have a significant effect on the accuracy of the angular

deviations measured and subsequent displacements. The accuracy

of the inclinometer is generally constrained by the orientation

of the instrument at the same point in the casing.

Straddle packers connected to a flow meter and pressure

gauge will be used for the fracture permeability testing. The

sensitivity of the flow meter and the water flow range will

be determined using G-Tunnel mining evaluation test results

(Zimmerman et al., 1988). Measurements will be obtained under

steady-state flow conditions at up to five pressure-flow rate

steps. A detailed description of the fracture characteristics

over the interval tested, performed before and after the mining

of the main drift, is required to minimize the error induced by

variable geology and possibly increased flow rates. The packers

must be properly seated within the borehole to minimize leakage

around the packer over the time interval required for the test.

Experience gained from the G-Tunnel mining evaluation test

(Zimmerman et al., 1988) will be used to develop the technical
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procedures that are required to perform the permeability measure-

ments in welded tuffs.

3 3.3 Range of Expected Results

- The expected range of values for each of the activities

performed during the sequential drift mining experiment are

estimated on the basis of data obtained in the welded tuff

Grouse Canyon Member located in G-Tunnel (Table 3-11: Zimmerman

and Finley, 1987).

Table 3-11. Expected Range of Results for Activities
Performed During the Sequential Drift Mining
Experiment

Parameter
Activitv Measured

Estimated Range
of Values._ _ _ * _ _, ._ _ _ _ _ _

Drift Convergence
Magnitude

Drift Convergence
Rate

Rib Stress Change

Estimate of Stress-
Altered Region

Permeability

Displacement

Displacement/time

Stress change

MPBX displacements
Compressional velocity
Borehole angle change

0-10 mm

0-2 mm/yr

<15 MPa

0-5 mm
2-5 km/s

<0.20

<1260 cm3/s
<1.4 MPa

Flow rate
I Flow pressure
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3 .3.4 Equipment and Design Requirements

Construction and experiment requirements for the sequential

drift mining experiment are outlined in "The Exploratory Shaft

Facility Subsystems Design Requirement Document" (DOE, 1987) and

will be documented in the sequential drift mining experiment

procedures document. The instrumentation reqdiiements are

summarized in Table 3-12.

Table 3-12. Summary Of Equipment, Instrumentation, and
Materials Required for the Sequential Drift
Mining Experiment

Item Descriptionr

MPBX Rated sensitivity of ±0.025 mm

Borehole Stressmeter

Tape Extensometer

Borehole Deflectometer

Fracture Permeability
Instrumentation

Ultrasonics

Rated sensitivity of +130 kPa

Rated sensitivity of ±0.025 mm

Rated sensitivity of ±2 arc
seconds

Rated sensitivity of ±1.0 cm3/s

Rated sensitivity of +50 m/s

3.3.5 Analyses of Field Measurements

3.3.5.1 Drift Convergence Measurements

The primary data used for the validation of the rock mass

constitutive models are the drift convergence magnitude data.

Displacement data will be recorded at several stations located

in the main drift until excavation is completed. These data

will be analyzed using the methods previously described in
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Section 3.2. The uniformity of the convergence measurements

will be analyzed and, if reasonable agreement exists between the

data obtained at each station, representative values will be

determined. The representative values determined for the drift

displacement magnitude data will be used as the basis for

comparison of the predicted convergence values with the measured

values. If there is not congruence of the displacement data

between stations, additional geologic characterization studies

will be performed to establish whether the lack of uniformity is

a result of the geologic structure, the accuracy of convergence

measurements, or a lack of understanding inherent to the models
predicting displacements.

The validation process is documented in Section 8.3.2.1.4.3

of the SCP. The process consists of a series of steps that

include (1) analysis of the experiment design to ensure that the

experiment addresses the appropriate phenomena, (2) collection

of site specific data and material properties for model calcula-

tions, (3) completion of a pretest analysis, (4) performance of

the experiment, (5) reevaluation of the pretest analysis in

light of the actual experiment procedure, and (6) a posttest

comparison of the experimental and analytical results performed

by a peer review panel.

3.3.5.2 Estimate of the Stress-Altered Region

Estimates of the stress-altered region will be performed in

the first two experiments described in this study using drift

displacement data obtained with MPBXs (Sections 3.1.5.3 and

3.2.5.2). The stress-altered region will be better defined in

the sequential drift mining experiment by using several other

techniques to augment the data obtained with the MPBXs. Bore-

hole permeability measurements performed before, during, and

after the excavation of the main drift will be used to obtain

the hydraulic quotient. Variations in the hydraulic quotient
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will be compared to estimate the extent of the effects of mining

on the rock mass. Analysis of cross-hole ultrasonic data

obtained before and after mining the main drift will also be

used to establish the effect of mining on the compressional

velocities. Results from these three analyses will be compared

and used to reevaluate the extent of the stress-altered region

determined in previous experiments using only MPBX data.

3.3.5.3 Excavation Efficiency Estimate

The analysis of the excavation efficiency activity will be

performed in the same manner as described in Section 3.2.5.3.

It is expected that the experience gained in the construction of

the DBRs will improve the results of the controlled blasting

used in the sequential drift mining experiment.

3.3.5.4 Air and Water Permeability Comparison

Permeabilities measured using air and water will be compared

over the same borehole intervals using the equations developed

by the U. S. Army Corps of Engineers (1980). These analyses

will provide input to the development of relationships that can

be used in modeling the unsaturated zone.

3.3.6 Representativeness of Results

The measurement stations selected for the sequential drift

mining experiment will' be located in the core facility at the

main test level. The fracture density and orientation and the

variation in the lithophysae content are expected to represent

the site-specific conditions found within the Yucca Mountain
repository block (Nimick et al., 1988). Experience and

information gained in the DBRs experiment'will also be used to

assess the effect of varying lithophysae on the mechanical

response of the underground openings.
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3.3.7 Performance Goals and Confidence Levels

The confidence levels for the model validation activities
will be established by a peer review panel as outlined in
Sections 6.4.10 and 8.3.2 of the SCP (DOE, 1988).
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4.0 APPLICATION OF RESULTS

Sections 1.1.1, 1.2.1, and 1.2.2 discuss the manner in which

results from the excavation investigations study experiments are

applied to resolving regulatory requirements and the Information

Needs and Investigations identified by the performance alloca-

tion process.

The data from this study will be used to address or help

to resolve a number of Information Needs and Investigations

identified by the Yucca Mountain Project (Table 4-1). In situ

stress measurements will be integrated with other in situ

measurements and laboratory data to delineate the spatial

distribution of thermal and mechanical properties and ambient

stress of welded tuffs (SCP Investigations 8.3.1.15.1/2).

Information pertaining to the effects of the mining operation on

the extent and nature of the stress-altered region, drift

convergence rates and magnitudes, and stress changes will be

used in Information Needs 1.11.3, 1.11.5, 4.2.1, 4.4.1, and

4.4.9 (SCP Sections 8.3.2.2.3/5, 8.3.2.4.1, and 8.3.2.5.1/9,

respectively) to demonstrate that technology is available to

construct repository-size rooms in welded tuffs having variable

geological and geomechanical characteristics.

4.1 Resolution of Site Programs

Results from the excavation investigations study will pro-

vide useful corroborative data for a number of other studies.

In situ experiments (SCP Section 8.3.1.15) associated with

several study plans will be performed to estimate the in situ

rock mass properties that will be used to examine the validity

of extrapolating laboratory-determined properties to in situ

conditions. Preliminary estimates of the variability of in situ

properties (i.e., permeability, compressional and shear

velocity, strength, etc.) at scales significantly larger than
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Table 4-1. Information Needs and Investigations
During the Excavation Investigations

Addressed
Study

Information Need/Investication

1.11.1 Site Characterization Information Needed
for Design

1.11.3 Design Concepts for Orientation, Geometry,
Layout, and Depth of the Underground
Facility Including Flexibility To Accom-
modate Site-Specific Conditions

1.11.5 Design Constraints To Limit Excavation-
Induced Changes in Rock Mass Permeability

4.2.1

4.4.1

4.4.7

4.4.9

8. 3. 1. 15

8.3.1.15

Site and Performance Assessment Informa-
tion Needed for Design

Site and Performance Assessment Informa-
tion Needed for Design

Design Analysis, Including Those Address-
ing Impacts of Surface Conditions, Rock
Characteristics, Hydrology, and Tectonic
Activity

Identification of Technologies For Under-
ground Facility Construction, Operation,
Closure, and Decommissioning

Studies To Provide the Required Informa-
tion for Spatial Distribution of Thermal
and Mechanical Properties

Studies To Provide the Required Informa-
tion for Spatial Distribution of Ambient
Stress and Thermal Conditions

8.3.2.2.1

8.3.2.2.3

8.3.2.2.5

8.3.2.4.1

8.3.2.5.1

8.3.2.5.7

8.3.2.5.9

8.3.1.15.1

8.3.1.15.2

laboratory scales will improve our understanding of the scale

effects on the geomechanical characteristics. These in situ

properties will facilitate interpretation of results obtained in

other experiments designed to validate the thermomechanical

model. The scaling relationships will be used to assess the

effects of excavation on results of tests performed in the
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stress-altered region and enhance our capability to select test

locations that appear representative of the Yucca Mountain
repository.

4.2 Resolution of Performance and Desion Issues

The primary objective of the excavation investigations study

is to develop a data base for validating the rock mass constitu-

tive models that, when combined with a thermal model, will pre-

dict the thermomechanical response of the underground openings

and help to develop an adequate design for stabilizing the

underground facility. The models will be used to predict dis-

placement magnitudes and the stress distribution induced by

excavation and thermal loads.

Analysis of ground support requirements will consider the

in situ stress state, joint spacing and orientation, and the

effects of blasting on the rock mass.

-79-



EV-SNL-SP 8.3.1.15.1.5, RO

S.0 SCHEDULE AND MILESTONES

5.1 Durations and Relationships of Excavation Investigations
Study ExDeriments

The experiments planned in the excavation investigations
study will be performed in a progression that will permit the

constitutive models to be gradually refined while proceeding

with construction activities in a timely and cost efficient

manner (Figure 5-1). The shaft convergence experiment will

provide initial information on variations in the geological and

geomechanical characteristics that will be encountered in the

ESF. These variations will be incorporated into the models,

where appropriate, to predict displacement magnitudes for a

preliminary assessment of the proposed design of the underground

facility. The DBRs experiment will be used to demonstrate that

repository-size rooms can be constructed in jointed welded

tuffs, to exercise the rock mass constitutive models, and to

provide an underground facility for additional in situ experi-

ments. Experience gained in these two experiments will be an

asset in designing and performing the sequential drift mining

experiment. This experiment will be used to enhance the data

base available for validating the rock mass constitutive models.

5.2 Scheduling Relative to Other Studies

The excavation investigations study experiments will be

performed using the schedule proposed for the construction of

the ESF. Delays related to installing instrumentation during

the shaft convergence experiment may influence shaft construc-

tion schedules, which may subsequently impact--the remainder of

the experiments scheduled in the underground facility. However,

the instrumentation that will be installed during this experi-

ment has been routinely used in numerous mining operations in
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Figure 5-1. Duration of Each Activity and Associated Major
Milestones for the Excavation Investigations Study
Experiments
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the past and should not cause any unnecessary delays. Delays in

the construction of the DBRs could possibly impact experiments

planned in other studies that will be conducted in the DBRs.

The schedule for the sequential drift mining experiment should

not impact other studies.

5.3 Schedule

The schedule for the activities associated with the

excavation investigations study (Tables 5-1, 5-2, and 5-3) is

based on the initiation of these activities relative to the

start of ES construction and on the estimated duration of the

activity. Delays in the start of shaft construction will have a

commensurate effect on the activities planned in this study.

Figure 5-1 shows the duration of each activity and associated

major milestones for the excavation investigations study.

Table 5-1. Shaft Convergence Experiment Schedule

Time from Start of Estimated
ES Construction Completion

Activity (Mo)

Produce All Applicable -1
Technical Procedures

Perform Shaft Convergence 5 17
Measurements

Perform Posttest Anilysles 8 25

Report Results of Shaft Conver- 25 31
gence Test
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Table 5-2. Demonstration Breakout Rooms Experiment Schedule

Activity

Time from Start of Estimated
ES Construction Completion

(mno) bmow

+3Produce All Applicable
Technical Procedures

Perform Demonstration Breakout
Rooms Testing

Perform Posttest Analyses

Report Results of Demonstration
Breakout Rooms Experiment

9 21

11

25

25

31

Table 5-3. Sequential Drift Mining Experiment Schedule

Activity

Produce All Applicable
Technical Procedures

Perform Sequential Drift Mining
Experiment

Perform Posttest Analyses

Report on Sequential Drift
Mining

Time from Start of
ES Construction

(mo)

22

28

29

35

Estimated
Completion

+(mo)

30

35

40

5.4 Milestones

The Yucca Mountain Project milestones associated with the

excavation investigations experiments are listed in Tables 5-4,

5-5, and 5-6.
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i Table 5-4. Shaft Convergence Experiment Milestones

Milestone
--Number _ Description Criteria

M686 Begin shaft convergence testing Letter

M620 Shaft convergence experiment SAND report
data report

Table 5-5. Demonstration Breakout Rooms Experiment Milestones

Milestone
Number _ Description Criteria

M688 Begin DBRs experiment Letter

M606 Preliminary testing complete Letter

M609 DBR experiment complete SAND report

Table 5-6. Sequential Drift Mining Experiment Milestones

Milestone
Humber - Description Criteria

M689 Begin sequential drift mining Letter
experiment

M627 Complete sequential drift SAND report
mining experiment report
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APPENDIX A

QUALITY ASSURANCE REQUIREMENTS

This appendix is composed of two parts. First, Table A-1
presents the applicable criteria from NQA-1 together with the
procedures and other documents that implement these criteria.
Second, a set of pages documenting Quality Assurance Level
Assignments for the work in this study is presented. Included
in this set of pages are sheets that document the applicable
NQA-1 criteria for each task.
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Table A-1

NQA-1 Criteria for Study 8.3.1.15.1.2
and Implementing Documents and Procedures

NOA-1 Criteria Documents Addressing These Requirements-.

1. organization

2. QA Program

DOE/RW-005, June 1985 (Mission Plan)
SNL NNWSI QAPP
YMP SCP Section 8.6
SNL NMNSI QAP 1-3 (NNWSI Procedure for
Quality-Related Work Stoppages)

SNL NNWSI DOP 2-1 (Task Definition
Statements)

NNWSI-QA Plan-(89-9)., Rev. 0
OGR/B3
SNL NNWSI QAPP
YMP SCP Section 8.6
SNL NNWSI DOP 2-2 (Study Plan

Requirements)
SNL NNWSI QAP 2-3 (Quality Assurance

Level Assignment and Work Plans)
SNL &NWSI DOP 2-4 (Analysis Control and

Verification)
SNL NNWSI QAP 2-5 (MNWSI Project Training

and Familiarization Programs)
SNL NNWSI DOP 2-6 (Qualification and
Certification of Project
Personnel)

SNL NNWSI DOP 2-7 (Qualifications of
Quality Assurance Program Audit
Personnel)

SNL KNWSI DOP 3-3 (Analysis Definition
Requirements)

SNL NNWSI DOP 3-4 (Design Investigation
Control)

3. Design and
Scientific
Investigation
Control

SNL NNWSI DOP 2-1 (Task Definition
Statements)

SNL NNWSI QAP 2-3 (Quality Assurance
Level Assignment and Work Plans)

SNL NNWSI DOP 2-4 (Analysis Control and
Verification) .

SNL NNWSI DOP 3-1 (Preparing, Reviewing,
Approving, and Issuing Engineering
Drawings)

SNL NNWSI DOP 3-11 [Requirements for
Submitting Data to the NNWSI Project
Site and Engineering Properties Data
Base (SEPDB)].
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Table A-1

NQA-1 Criteria for Study 8.3.1.15.1.2
and Implementing Documents and Procedures (continued)

NOA-1 Criteria Documents Addressing These Requirements

3. Design and
Scientific
Investigation
Control
(concluded)

4. Procurement
Document Control

5. Instructions,
Procedures, and
Drawings

6. Document Control

7. Control of
Purchased
Material,
Equipment,
and Services

8. Identification
and Control of
Materials, Parts,
and Samples

SNL NNWSI DOP 3-2 (Software Quality
Assurance Requirements)

SNL NNWSI DOP 3-3 (Analysis Definition
Requirements)

SNL NNWSI DOP 3-5 (Design Control and
Verification)

SNL NNWSI DOP 3-6 (Design Change Control)
SNL NNWSI DOP 3-7 (Technical Data Base)
SNL NNWSI DOP 3-8 (Reference Information

Base Change Control)
SNL NNWSI DOP 3-9 (Interface Controls of

NNWSI Engineering Design)
SNL NNWSI DOP 3-10 (Routine Design

Calculations)

SNL MNWSI DOP 4-1 (Procurement Document
Requirements)

SNL NNWSI DOP 5-1 (Procedure Format and
Content Requirements)

SNL.NNWSI DOP 5-2 (Technical Procedures
Requirements)

SNL NNWSI DOP 6-1 (Document Control
System Procedures)

SNL NNWSI DOP 6-1 (Document Control
System Procedures)

SNL NNWSI DOP 6-2 (Reviewing, Approving,
and Issuing Technical Information
Documents)

SNL NNWSI DOP 7-1 (Procurement Planning)
SNL NNWSI DOP 7-2 (Evaluation for
Acceptance of Purchased Items and
Services)

SNL NNWSI DOP 8-1 (Sample Identification
and Handling Requirements)

SNL NNWSI DOP 8-2 (Operations of the SNL
NNWSI Project Samples Library)

SNL NNWSI DOP 13-1 (Identification,
Handling, Shipping, and Storage
Procedures for Items and Materials)
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Table A-1

NQA-1 Criteria for Study 8.3.1.15.1.2
and Implementing Documents and Procedures (concluded)

NOA-1 Criteria Documents Addressing These Requirements

9. Control of
Special Process

N/A.

10. Inspection

11. Test Control

12. Control of
Measuring and
Test Equipment

13. Handling,
Storage, and
Shipping

14. Inspection, Test,
and Operating
Status

15. Nonconfirming
Materials, Parts,
or Components

16. Corrective Action

17. Quality Assurance
Records

18. Audits

SNL NNWSI QAP 10-1 (Surveillance
Requirements)

NNWSI DOP 5-2 (Technical Procedures
Requirements)

SNL NNWSI DOP 11-1 (Experiment and
Equipment-Test Procedure Requirements)

SNL NNWSI DOP 11-2 (Requirements for
Experiment and Equipment-Test Logbooks)

SNL NNWSI DOP 12-1 (Measuring and Test
Equipment Control)

SNL NNWSI DOP 8-1 (Sample Identification
and Handling Requirements)

SNL NNWSI DOP 8-2 (Operation of the SNL
NNWSI Project Samples Library)

SNL NNWSI DOP 13-1 (Identification,
Handling, Shipping, and Storage
Procedures for Items and Materials)

SNL NNWSI DOP 11-2 (Requirements for
Experiment and Equipment-Test Logbooks)

SNL NNWSI DOP 14-1 (Status Indication
of Items)

SNL NNWSI QAP 15-1 (Nonconformance
Control and Reporting for Items and
Activities)

.SNL NNWSI QAP 16-1 (Corrective Action
Reporting)

SNL KNWSI DOP 17-1 (Records Management
System)

SNL NNWSI DOP 11-3 (Data Records
Management System Interaction
Requirements)

SNL NNWSI QAP 18-1 (Quality Assurance
Auditing Procedures)
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Page I of i

QUALITY ASSURANCE LEVEL ASSIGNMENT SHEET

81Q OQUALITY ASSURANCE LEVEL ASSICNMENT

VP No. 1242152S
Rev. A

WALS go. flZA
Rev. -.

APPROVALS (Signature and Date)

TL c 4 /h
SUP r p o . n r1

Qs COOT2 /Cw
PO _4Q e

O ( ch) (-~~rUMPO (PQM) V

PCA: 1.0--Shaft Convergence Exoeriment
. . . . . . . . . . . . . ... ..... _._........ . . . . .. . . . . .. . . . .

I I QA I Level
Task DescriotIon I .OA Level ICrliterlsa Justification

1.1 Horizontal Stress I I I 1-7. I This task will provide
Measurements I 10-18 I data that may be used

to support license
I I I application. (Step 10)

1.2 Estimate of Stress- I 1-7, I This task vi1i provide
Altered Region I I 10-18 I data that may be used

to support license
I I I application. (Step 10)

_ _ _ _ _ _ _ _ 1 I I _ _ _ ___

1.3 Liner Contact II I 1-7. This task has a major
Pressure I I 10-18 I impact on the non-
measurements radiological operational

| I | reliability of the
engineered system.

I I l (Stop 12)
I £ ' _ _ _ _ _ _ _ _

1.4 Pretest Planning III N I/A I This task is of a
and Preparation I I | planning and preparatory
for the Shaft ' nature. (Step 2)
Convergence t I
Ezperlent

I I I
I I I

1. 1 1
I ~I .I

___________ I ____ I ____ I ____________

- ~ ~ ~ ~ ~ ~ ~ ~
I

I I I~~~~
I I~~~~~~
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Page Z of 4

OUALITY LEVEL ASSIGNKENT CRITERIA SHEET

VP No. 1242152S
Rev. A

PCA: 1.0--Shaft Convergence Erberiment

QAIAS No. 026
ev. C

TL or PI R. E. Finley

Task: 1.1--Borizontal Stress Measurements
. ........ . . . .. _ . . .. . . . . .. . _ . .. . . . . .. . . ._. . . . .

I Does Not I
OA Criterion hAolles . AR&1. I Comments

I 1 I.
1. OA Oruanization I S £

I I I
2. OA Proaram I S I

I I I Scientific investiga-
3. Design and Scientific I tion requirements

Investleation Control I..I. a au1v.
4. Procurement Document I I

Control I x I
5. Instructions,

Procedures, and
Dravins I x I

6. Document Control I S
7. Control of Purchased

Material, Equipment,
and Services I_ _ _ _ _ _

8. ID and Control of I I I No materials, parts,
materials, Parts, Coa- c I I components, or samples
Sonents. and 5Saeles I IL Ii Snvolved,

I I I
9. Control of Processes I I x I o soecil Rrocesses.

I I I Applies to surveillance
10 .Inspection _ _ _ Ionly.
11. Test and Ezperiment/ I I

Research Control I S.I
12. Control of Measuring

and Test -ouiouent J S.
13. Handling. Shipping. I I |

and atorate I x
14. Inspoction, Test, and I

Oversting Status I S I I
15. Control of I I

Nonconformances I S I
I I ~~~~~~~~~~~I

16. Corrective Action I x I__

17. OA Records I x

18E OA Audits I x I I
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Page I of A

OAULTY LEVEL ASSIGNMENT CRTERIA S1EET

VP No. 1412
Rev. A

PCA: 1.0--Shaft Convergence £rperiment

QAIAS No. 026
TRv. o C
TL or PI R. E. FnIne

. . .

Task: 1.2--Estimste of Stress-Altered Region
.... ._...____...................._. .............. .... .......... .........

I Does Not
OA Criterion I ASolies - Applv I Comments

I I I
1. CA Oranlratlon I........ XJ

2. OA Program I X I I
I I I Scientific investlga-

3. Design and Scientific I I I tion requirements
Investisgtion Control j aJ j apmlX.

4. Procurement Document
Control I x I _ I

5. Instructions,
Procedures, and
Dravints I x_ _

6. Document Control I X I I
7. Control of Purchased

Material, Equipment,
and Services I x I *

8. ID and Control of N J No materials, parts,
Materials, Parts, Com. I components, or samples
Components and SaUles I * X £m involved.

9 Control of Processes I I X I No soecIal processes
I I | Applies to surveillance

10 Insoection I X L only.
11. Test and Experiment/ I

Resesarch Control I I I
12. Control of Measuring I I |

and Test ZauioSent I
13. Handling, Shipping, I

and Stora I
14. Inspection, Test, end I I -

COeratino Status I . L I
15. Control of 9 I

Nonconformances I,.Jj I
I . I I

16. Corrective Action I S I I
I I I

17. OA Records I I I

1s. OA Audits t x |.
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0UAL1 IVEL ASSIGNMENT CRITERIA SHEET

VP No. 1242152S
Rev. A

PC&: 1.0--Shaft Convereence ELreriment

WALS Do. 026
Rev. c
TL or ?I R. .Z Fnley

Task: 1.3--Liner Contact Pressure Measurements
______. _ ._.. ...................................

I IDoes Not I
OA Criterion Aylfes I AnIX I Coments

1. OA Or uanizItion .. X

-2. OA Program x I
I I Scientific Investiga-

3. Design and Scientific I I I tlon requirements
Investieation Control [ 5D? 1V.

4. Procurement Document
Control I x

S. Instructions,
Procedures, and
Dravints I x _II

6. Document Control IL..I S
7. Control of Purchased

Material, Zquipment,
and Services I x I I

8. ID and Control of S I No materials, parts,
Materials, Parts, Com- I I components, or samples
Ronents. and Saxles I I x Involved.

9. Control of Processes I I x INo saecial processes.
I I I Applies to surveillance

10. Insoection I j only,
11. Test and ZperLaent/ I I -

Research Control I . . I
12. Control of Measuring

and-Test KOLutment I x I
13. Handling. Shipping. I I I

and Rtoroe I S . . -
14. Inspection, Test, and I I I

foerating Status S
15. Control of

Noneonformances | I

16. Corrective Action | x |

* ~ ~~I I I
17. OA Records I xL. I

189 OA Audits I x I |
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QUALY ASSURANCE LEVEL ASSIGMMNT S!EET

N I oUALIM ASSURANCE LEVEL ASSIGNHENT

VP No. 1242152S
Rev. A

- QAIAS No. 027
Rev. &

APPROVALS (Signature and Date)

SL

Supervia TPO zzi:tQA Coorzi g97~~

VH0 h

PCA: 2.0--Demonstration Breakout Rooms tExerihent

I I QA I Level
Task Descriytion I OA Level I Criteria J ustification

2.1 Drift Convergence I U 1-7. 9 This task has a major
Magnitude Measure- 9 I 10-18 9 impact on the non-
cents 9 9 9 radiological operational

I 9 I reliability of the
- 9 | Iengineered system.

- 9 | | (Step 12)

_ _ _ ___ I _ _ _ I
2.2 Drift Convergence II 9 1-7. 9 This task has a major

Rate Measurements I I 10-18 9 impact on the non-
radiological operational
reliability of the

I I I engineered system.
I I | (Step 12)

I _ _ I I
2.3 Estimate of Stress- 9 II 1-7, This task has a major

Altered Region 9 9 10-18 9 impact on the non-
radiological operational
reliability of the

I 9 9 engineered system.
I I 9 g (Stop 12)

2.4 Excavation 9 I I 1-7, I This task has a major
Efficiency L O 10-18 I impact on the non-
Estimate 9 I I radiological operational

I I relStability of the
engineered 4ystem.

9 -9| | (Stop 12)

_ _ _ _ _ _ _ _ _ _ _ ~~~I _ _ _ I I _ _ _ _ _ _

2.5 Pretest Planning 9 III 9 N/A 9 This task is of a
and Preparation for 9 9 9 planning and preparatory
the Demonstration n 9 9 ature. (Step 2)
Breakout Rooms I |
Experiment 9 9 I

_ _ _ _ _ _ _ _ _ _ I. I .1
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OUALITY LEVEL ASSICGNENT CRITERIA SEET

VP No. 12421525 QALAS No. 027
Rev. A Rev. C

TL or PI S. A. Luke
PCA: 2.0--Demonstratlon Breakout Rooms Ezveriment

Task: 2.1--Drift Convergence Magnitude Measurements
............................................

I IDoes hotI
OA Criterion IAnles A2oRv Comments

1. OA Organization I S I I
I I I

2. OA Program L x
I I I Scientific lnvestlga-

3. Design and Scientific I I tion requirements
Investigation Control I x I aclv.

4. Procurement Document I
Control I x I

S. Instructions,
Procedures, and
Drayints I x I

I I I
6. Document Control I x
7. Control of Purchased

Material, Equipment,
and Services I I

8. ID and Control of I j No materials, parts.
Materials, Parts, Cor- c I I components, or samples
Ronents. and Samples _ _ _ x _ involved.

9. Control of Processes I I S I No snecial grocesses.
I I I Applies to surveillance

10. Inspection . .I S. only.
11. Test and Ezperiment/

Research Control __S__
12. Control of Measuring

and Tesoot EunIent J S
13. Randling, Shipping, I I I

and Store pI S . I I
14. Inspection, Test, end I I I

-Oerating Status I S I I
15. Control of

Nonconformances L S

16. Corrective Action I S I I

17. OA Records I . . I

18. OA Audits 1 x
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QUALITY LEVEL ASSIGNMENT CRITERIA SHEET

VP No. 1242152S QALS No. 027
Rev. A Rev. <

TL or PI L...A. Lukea
PCA: 2. 0-Deonstration Breakout Rooms Eroeriment

Task: 2.2--Drift Convergence Rote Measurements
-............................... S … ................. S....…

I | Does Notl
OA Criterion M I A2plv I Co=ents

I I I
1l CA Orianization I.......K...... L

2. -OA Program 1 . .. I
I I I Scientific investiga-

3. Design and Scientific I I g tion requirements
Investigastion Control I X.I I alplv.

4. Procurement Document I I I
Control I X

5. Instructlons,
Procedures, and
Dravings XI I I

6 Document Control £ x j
7. Control of Purchased

Material, Equipment,
and Services I_ _ _I

8. ID and Control of S I I Mo materials, parts,
Materials, Parts, Com- I I I components, or samples
-onents. and Samsles | t jX j involved.

9. Control of Processes I I X I No s;ecial processes,
I I I Applies to surveillance

10° Inspection I X I I only.
11. Test and Experiment/ I I I

Research Control I S . I
12. Control of Measuring I

and Test ZEulMent I X I S
13. Handling. Shlpping. I I I

and Storate I L I
14. Inspection, Test, end I

2oeratine Status I - I I
15. Control of I I I

Nonconformances I IS I I

16. Corrective Action . S.I I

17. OA Records IL X | I

l8. OA Audits I .. I -
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DULT MlVEL ASSXGNMENT CRTEMRIA SHEET

VP No. 12421525 QAAS No. 027
Rev. A Rev. C

TL or PI BL-A. Iakg_
PCA: 2.0-Demonstration Breakout Roo.s Kneriment

Task: 2.3.-Estizate of Struus-Alto le- o
..... ....................... .............. ...............

*I IDoes otI
OA Criterion I Anlies I AMX Co=ments

1. OA Oruanization _ S I ___
I I I

2. OA Program X I I
I I I Scientific investiga-

3. Design and Scientific II I tion requirements
rnvestigation Control I X I I &p11.

4. Procurement Document I I
Control I X I I

5. Instructions, I
Procedures, and
Dravings I X 1

6. Document Control I|I I
7. Control of Purchased

Haterial, Equipment,
and Services I X I I

8. ID and Control of I I No materials, parts,
Materials, Parts, Coin- components, or samples
2onents, and SaMples jI j . involved.

9. Control of Processes I I IN Mo 2e0cial Drocesses.
I I | Applies to surveillance

10. Inspection I L I S only,
11. Test and Experiment/ I I

Researeh Control I X I J
12. Control of Measuring I

and Test EanliMent I I I
13. Handling, Shipping, '-I I

and Storge I -- I
14. Inspection, Test, and I I

__Qertint Status _ __X I
15. Control of

Nonconformances L. ... I

16C Correctlv Action I I I I
* | ~ ~ ~ ~~ I I

17. OA Records I

18. OA Audits I X I I
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OVALT LEVEL ASSIGNXENT CRITEA SHEET

VP No. 1242152S QALAS No. 02_
Rev. A Rev. C

TL or P1 L.A.
PCA: 2.0--Demonstration Breakout goms Experiment

-

aLuke

Task: 2.4--Ezeavation Efficiency Estimate
…. ....... ........................

* I I Does lot I
OA Criterion 1 ADoolI. I A. ly Comments

1. OA Organization I x I I

2. OA Protram I x. | I
I I I Scientific investiga-

3. Design and Scientific I I I tion requirements
Investliation Control I x I I aolv.

4. Procurement Document I I I
Control I x I t

S. Instructions, I I I
Procedures, and
Dravints I £Drelns ~I I I

6. DocuMent Control x I
7. Control of Purchased

Material, Zquipment. I
and Services I x |

8. ID and Control of I No materials, parts,
Materials, Parts, Com- I I components, or samples
ponents, and Samoles I I x I involvedt

I I I
9. Control of Processes I x NO S2o ecl processes.

I I I Applies to surveillance
10. InsIection II I only.
11. Test and Ezperiment/ I I I

Researeb Control j |
12. Control of Measuring

and Test L3uitLent I r I I
13. Handling, Shipping,

and 8torace | S
14. Inspection, Test, and I I -

Oerats status 1 I
15. Control of I I I

Nonconformances I x I

16. Corrective Action I x

17._5A Records I x

1E. OA Audits I x |
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I

QUALITY ASSURANCE LEVEL ASSICNXIET SHEET

NNVsI OVALITY ASSURANCE LEVEL ASS ICNKNT

VP No. 1242152I
Rev. A

QALAS No. QiL
Rev.

APPROVALS (Signature and Date)

TL 4.a: O I/ va

SuperviL/r

WXPO (PQX)

TPO
,, A _ _ - 1

y~~~po, a- Ifh)

PCA: 3.--Seguentiel Drift Mining Ex~eriment

I I QA I Level
Task Descriotion I OA Level ICriterli Justification

3.1 Drift Convergence I I 1-7, I This task vS11 provide
Magnitude I 10-16 I data that may be used
Measurements I I to support license

I I |*application. (Step 10)

L _ _ I _ _ _ I
3.2 Drift Convergence I I j 1-7. I This task vill provide

Rate Measurements 10-16 data that may be used
to support license
application. (Step 10)

3.3 Estimate of Stress- I I I 1-7. g This task vlll provide
Altered Region I i 10-18 data that may be used

I I I to support license
- I j application. (Step 10)

3.4 Excavation I I I 1-7. This task vill provide
Efficiency I 10-18 data that may be used
Estimate I I to support license

I I I application. (Step 10)

3.5 Vater Permeability I I I 1-7, 1 This task vill provide
Measurenents I I 10-18 I data that may be used

to support license
application. (Step 10)

3.6 Pretest Planning III N I/A I This task is of a
and Preparation for I I I planning and preparatory
the Sequential n I | ature. (Step 2)
Drift Mining Eval-
ustions Experiment I I I

I I , I

I I . I
I I I
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QUALrM LEVEL ASSIGNMENT CRITERIA SMECT

VP No. 12421525 1
Rev. A I

PCA: 3.0--Seouential Drift Mining KiUerizent

QAIAS Bo. 028
orv.

ML or PI L. A L..Luke

Task: 3.1--Drift Convareenee Maanitude Messurements
.............. .................................... ................

I I Does ot I
OA Criterion IARolle0 I &MIT I Comments

* ~ ~ ~~~I II
1. OA Organization x S

I I I
2. OA Program I

I I | Scientific Lnvestiga-
3. Design and Scientific I g tion requirements

Investigation Control I x I I aplv.
4. Procurement Document I I I

Control t % I
5. Instructions,

Procedures, and
Dravints I % I £

I I I
6. Document Control I x I
7. Control of Purchased

Material, Equipment. I I I
and Services i .. I I

8. ID and Control of g No materials, parts,
Materials, Parts, Com- I I I components, or samples
conents. and Seawles I I x__ Involved,

I I I
9. Control of Processes I I. .. I No scecial Mrocesses.

I I I Applies to surveillance
10. Insoection I XL only.
11. Test and Esperiment/ I

Research Control L . I X
12. Control of Measuring I

and Test EguISMent I x I £
13. Handling, Shipping. -I II

and StorIe X
14. Inspection, lost, and I I

Ocer Stin Status _ X _ _
15. Control of

Nonconformances I Lx I |

16. Corrective Action __x I__

17. OA Records I . . I I

18. OA Audits I x I £
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QUALnT LEVEL ASSICGNENT CRITERIA SEEET

VP No. 12421525 1
Rev. A I

PCA: 3.--Seggmntial Drift Mining Ezoerfent

QAIS No. 028
1V. C
L or PI B . A J.uke

Task: 3.2--Drift Convergence Rate Measurement.
. . . . . . . . . . . . . . .... 0........_,..... . . . .. . . . . .. . . . .

I I Does lot I
OA Criterion I Aples I AoLlx I Comments

I I I
1. OA Oreaniration L x L I

2. OA Program L I
5 j 5 Scientific investiga-

3. Design and Scientific I I I tion requirements
Investigation Control ILa.. j aooly.

4. Procurement Document I
Control I I I

5. Instructions,
Procedures, and 5 5
Dravlnes I x L I

I I . I
6. Document Control I I
7. Control of Purchased

Material, Equipment,
and Services I x £

8. ID and Control of I I I No materials, parts,
Materials, Parts, Corn- 5 5 components, or samples
2onents. and Samoles I I . I involved.

I I . I
9. Control of Processes I I x I No soecial orocesses.

I I I Applies to surveillance
10. Insgection I x I Ionly.
11. Test and ezperisent/ I I I

Research Control _ x I__
12. Control of Measuring I

and -Test Eouatent I S_ __
13. Handling, Shipping. 5 I I

and Store I | . .
14. Inspection, Test, and

Ooerating Status __S____

15. Control of 5 I I
Nonconformance.s -L . I

16. Corrective Action I x I

17. OA Records ,... I I

18. OA Audits x I
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Paso A of I

I

QUALITM LEVEL ASS I T CRITRA SPEET

VP Ro. 12421525
Rev. A I

PCA: 3.0--Seuential Drift Mining Eperiment

QALAS No. 026
L rv. A

ML or PI S. A.-Luk

Task: 33--Estimsate of Stress-Altered Resigon
….*.. .... . .... . .............. ......

I Does Not
OA Criterion IAnti4es . Anoly . Comments

I I I
1. OA Orpanization I I I I

I I I
2. OA Program I

I I I Scientific LnvestLga-
3. Design and Scientific I I | tion requirements

Iimestiuation Control I x LL . j ag
4. Procurement Document I

Control I S
5. Instructions,

Procedures, and
Dravints x I

* ~ ~I I I
6. Document Control I x I
7. Control of Purchased

Material, Equipment.
and Services x I

S. ID and Control of 1 I INo materials, parts.
Materials. Parts, Co- I I I components, or samples
- onents. and Samples I. x I involved.

9. Control of Processes I . x 2 No specIAl Drocesses
I I I Applies to surveillance

10. Insvectlon I x I j onl.
11. Test and Zzperlsont/ I I

Research Control I x I
12. Control of Measuring

and Test Equ"Ioent 1 I
13. Handling. Shipping,

and 8tor IL x J
14. Inspection, Test, and

COerating Status I . | I

15. Control of - I I
Nonconformances ..X .1

16. Correctlvy Action .X

17. OA Records l I

16. OA Audits I S I I
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DUALm LEVEL ASS IGE CR=EIA SHEET

VP No. 12421528 4
Rev. _ A I

PC&: S C--seoential Drift MminL Ejeriment

JA1AS No. 028
L o. _C
5S or PI DA Li

Task: 3.4--fEcavation Effieiency Estimate
._..._ _............ ... …

I IDoes ot I
OA Criterion I. A li1s .AnLy I Couaents

1. OA Orianization X II
I I .I

2. OA Procram I .xI
I I I Scientific investlga-

3. Design and Scientific I I tion requirements
--- Investigation Control I S. I | *Ocv

4. Procurement Document I I 1
Control I x I-

S. Instructions, I I I
Procedures, and I I I
Draines X I

I I .1
6. Document Control I I I I
7. Control of Purchased I I

MaterLal, Equipment, I I I
and Services I X .1

B. ID and Control of N I Io materials, parts,
Materials, Parts, CoD- I I components, or samples
Vonents. and Sanles I. I I involved,

9. Control of Processes j II .I .I No pciel Drocesses
1 I 1 Applies to surveillance

10. Inspection on1y.
11. Test and Experlment/ | I

Research Control L I
12. Control of Neasuring

*nd Test ouInent I
13. SanlinS. Shipping,

*nd 3toraeg I...I.--- I
14. Inspection, Test. and

OneratWe Status I S I - I
15. Control of I I I

Wonconformances I X I

16. Corrective Action | I
I I I .

17. -A Records L I

18. OA Audits | x
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QUALMTY LEVEL ASS!GRKENT CRITERIA SHEET

VP No. 12421528 4
Rev. A

PCA: 3.O--Setuential Drift Mining £zseriment

JAIAS No. 028
T. C

TL or PI I. A Luke

Task: 3.5--Vater Permeability Measurements
…..... ..............a..e.....e..___

I IvDoes Notg
OA Criterion mapes I An ~x I Coments

I I I
1. O OrA panitton I x L

I I I
2. OA Program x L

I I I Scientific lnvestiga-
3. Design and Scientific I I I tlon requirements

Investigation Control Ij X a aDzlTy
4. Procurement Document

Control L ... I
S. Instructions,

Procedures, and
Dravin~s ^ L1.. |Drayings ~~I I I

6. Docixent Control £ . £ I
7. Control of Purchased

Material, Equipment,
and Services I x . I

S. ID and Control of S I I No materials, parts.
Materials, Parts, Com- I I I components, or samples
- oonents. and Sambies I I x I involved.

I I I
9. Control of Processes I I .... L........ So-aRecial iprocesses.

I I I Applies to surveillance
10. Insoection I I onlyI
11. Test and zperiaent/ I

Research Control I x I
12. Control of Measuring I I

and Test cuicent x I
13. Handligflaipplng,

and ator&te & I

14. Inspectiol, Test, end
_ teratjin Status L L .

1S. Control of I I I
_ Nonconformanees L . .

I I I
16. Corrective Action j J

I I I
17. OA Records LZx I I

I I I
18. OA Audits £...-.......4
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