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ABSTRACT

This study plan describes the plans for four of the five unsaturated-zone
hydrologic site-characterization activities to be performed in and adjacent to
the Yucca Mountain exploratory-studies facility (ESF) during construction. These
USGS underground activities are expected to contribute to an understanding of the
in-situ hydrologic characteristics of the unsaturated zone, to provide an
understanding of the impacts of the ramps and drifts construction on the in-situ
characteristics, and to provide hydrologic-parameter input for the resolution of
design and performance issues. The four activities include:

o Radial-borehole tests,

o Perched-water tests,

(] Hydrochemistry tests, and
o Excavation-effects tests.

Plans for the fifth activity, hydrologic properties of major faults, will be
included in a subsequent revision of the study plan.

The plans for in-situ hydrologic testing in the ramps and drifts of the ESF
will be included in a subsequent revision of the study plan. These three
activities include:

o Intact fracture tests,

o Percolation tests, and

° Bulk-permeability tests.

The rationale of the overall unsaturatéd-zon- ESF study is described in
Sections 1 (regulatory rationale) and 2 (technical rationale). Section 3
describes the specific activity plans, including the tests and analyses to be
performed, the selected and alternate methods considered, and the technical

procedures to be used. Section 4 summarizes the application of the study results
and Section 5 presents the schedules and associated milestones.
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1 PURPOSE AND OBJECTIVES OF STUDY

1.1 Purpose of the study plan

The U.S. Geological Survey (USGS) is conducting studies at Yucca
Mountain, Nevada, as part of the Yucca Mountain Project (YMP). The
purposes of the USGS studies are to provide geologic and hydrologic
information to evaluate the suitability of Yucca Mountain for development
of a geologic high-level nuclear-waste repository and the ability of the
mined geologic-disposal system (MGDS) to isolate the waste in compliance
with regulatory requirements. In particular, the project is designed to
acquire information necessary for the U.S. Department of Energy (DOE) to
demonstrate in its environmental-impact statement and license application
that the MGDS can meet the requirements of federal regulations 10 CFR
Part 60, 10 CFR Part 960, and 40 CFR Part 191.

This study plan describes the USGS plans for in-situ hydrologic
characterization of Yucca Mountain from the ramps, drifts, and associated
boreholes of the exploratory-studies facility (ESF). The study is now
organized into eight activities:

8.3.1.2.2.4.1

Intact-fracture test,

8.3.1.2.2.4.2

Percolation test,

8.3.1.2.2.4.3

Bulk-permeability test

8.3.1.2.2.4.4

Radial-borehole test,

8.3.1.2.2.4.5 - Excavation-effects test,

8.3.1.2.2.4.6 - Calico Hills test
(ACTIVITY DELETED)

8.3.1.2.2.4.7 - Perched-water test,
. 8.3.1.2.2.4.8 - Hydrochemistry tests,

. 8.3.1.2.2.4.9 - Multipurpose-boreholes testing near the
exploratory shafts (ACTIVITY DELETED), and

- 8.3.1.2.2.4.10 - Hydrologic properties of major faults
encountered in the ESF,

Note that the numbers (e.g., 8.3.1.2.2.4.1) used throughout this plan
provide references to specific sections of the YMP Site Characterization
Plan (SCP) (U.S. DOE, 1988). The SCP describes the technical rationale
of the overall site-characterization program and provides general
descriptions of the activities described in detail in Section 3 of this
study plan. :

Figure 1.1-1 illustrates the location of the study within the SCP
Geohydrology Program. This study in the ESF is one of nine studies
planned to characterize the unsaturated zone at Yucca Mountain; the

1.1-1 December 28, 1992
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others are part of the surface-based evaluations. The eight activities
in the study were selected on the basis of various factors. Time and
schedule requirements were considered in determining the number and types
of tests chosen to obtain the required data. Tests were designed on the
basis of design and performance parameter needs, available test and
analysis methods, and test scale and interference. These factors are

described in Sections 2 and 3.

The descriptions and plans for each activity are presented in Section
3. The descriptions include (a) objectives and parameters, (b) technical
rationale, and (c) tests and analyses. Alternate test and analysis
methods are summarized, and cross references are provided for technical

procedures.

Five hydrologic test activities are planned during the ESF
construction phase. They are the radial-borehole tests (Activity
8.3.1.2.2.4.4), excavation-effects tests (Activity 8.3.1.2.2.4.5),
perched-water tests (Activity 8.3.1.2.2.4.7), hydrochemistry tests
(Activity 8.3.1.2.2.4.8), and hydrologic properties of major faults
(Activity 8.3.1.2.2.4.10). Revised plans for the first four of these
activities are included in the present version of the study plan, in
Sections 3.4, 3.5, 3.7, and 3.8, respectively. Plans for the major-
faults activity will be included in a subsequent revision of the study
plan. Three other activities will be conducted as part of the in-situ
testing in the drifts of the ESF: the intact-fracture tests (Activity
8.3.1.2.2.4.1), percolation tests (8.3.1.2.2.4.2), and bulk-permeability
tests (Activity 8.3.1.2.2.4.3). The plans for these activities will also
be presented in a subsequent revision.

The Calico Hills tests (Activity 8.3.1.2.2.4.6) and the multipurpose-
borehole testing (Activity 8.3.1.2.2.4.9) have been dropped from the
study, for reasons presented in Sections 3.6 and 3.9, respectively.

Application of the study results is summarized in Sections 1.3 and 4,
schedules and milestones are presented in Section 5, and a study-plan
reference list is presented in Section 6.

1.1.1 Objectives of th? study

Hydrologic evaluation of the unsaturated zone will be conducted
as an integrated set of surface-based and ESF activities with a
common objective to provide an understanding of the past, present,
and future fluid flow characteristics in the unsaturated zone at
Yucca Mountain.

Surface-based testing will be conducted on the land surface and
in vertical and horizontal holes drilled into the repository host
rock and surrounding units. Surface-based borehole studies designed
to investigate the deep unsaturated zone are described in YMP-USGS SP
8.3.1.2.2.3 (Unsaturated-zone percolation - surface-based studies),
and are integrated with the ESF activities (described in this plan)
in terms of technical objectives, spatial locations, and parameter
determinations. (Parameter is used in this plan to mean a property,

“1.1-3 Dececber 28, 1992
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characteristic, and/or the numerical value of a constant that is used
to describe the unsaturated-zone hydrologic system).

The north and south ramps, underground drifts, and associated
boreholes of the ESF will provide (1) an opportunity to evaluate the
in-situ unsaturated-zone hydrologic properties in orientations not
achievable from surface-based boreholes, (2) an opportunity to
directly inspect the structure and stratigraphy of the rock walls of
the ramps and drifts, and (3) an opportunity to evaluate the rock-
matrix and fracture-hydrologic parameters for a wide range of test
scales. Figure 1.1-2 illustrates the map location of the ESF at
Yucca Mountain. Figure 1.1-3 illustrates the conceptual layout of
the ESF.

The objective of this ESF unsaturated-zone study is to understand
the spatial distribution of present water flow within the unsaturated
zone. Plans for studies of past and future unsaturated-zone flow
characteristics are described in YMP-USGS SP 8.3.1.2.2.7
(Unsaturated-zone hydrochemistry) and YMP-USGS SP 8.3.1.2.2.9
(Unsaturated-zone modeling and synthesis). Hydrologic studies of
jnfiltration from the land surface (YMP-USGS SP 8.3.1.2.2.1), and
site-saturated zone studies (YMP-USGS SP 8.3.1.2.3.1), provide
boundary condition information for models of unsaturated-zone
percolation.

The salient conditions to be characterized in the unsaturated
zone include the hydraulic and pneumatic potential gradients that
extend from the land surface to the water table (350 to 750 m; 1,150
to 2,460 ft beneath Yucca Mountain). These potential gradients may
vary discontinuously between geohydrologic units. Figure 1.1-4 shows
the relation between the stratigraphic and geohydrologic units at
Yucca Mountain. The characterization of flow beneath Yucca Mountain
must include, for all geohydrologic units, the determination of flow
distribution under a variety of conditions. As flux is difficult to
measure at either the infiltration boundary (land surface) or the
water table, it must be estimated from either the potential water
distribution and the conductive properties of the rocks or by other
indirect methods.

From the viewpoint of waste isolation, the most significant site-
characterization findings will be to predict the transport of
radionuclides from the repository, beneath Yucca Mountain, to the
water table. SCP Sections 8.3.5.12 (Ground-water travel time) and
8.3.5.13 (Total-system performance) describe the need for this
essential information. The hydraulic-properties data that will be
used for these unsaturated-flux calculations will be collected by the
USGS in the surface-based and ESF unsaturated-zone percolation

studies.

Gas flow in the unsaturated zone has an important hydrologic
role, as well as providing a mechanism for transport of gaseous
radionuclides to the accessible environment.- Whereas the coexisting
matrix pores and fractures greatly complicate computations of total-
system behavior under present or estimated future conditions, the

1.1-4 December 28, 1992
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existence of large-aperture fractures provides not only conduits for
potential future drainage in the unsaturated zone, but also large
relative gas permeability. Natural gas-phase flow is driven by
seasonal atmospheric-density differences between the mountain slopes
and mountain summit, and by geothermal heat. Vapor discharges from
the air-filled fractures may inhibit water percolation from rain and
snow melt because of convective and diffusive vapor discharge to the
jand surface. 1I1f air flow reduces the matrix water content, the
resulting increased water tension would aid in damping infiltration
pulses that may be channeled in fractures. It is important to be
able to quantify vapor flow because it may be opposite in direction
to liquid flow, and of similar flux. Current knowledge of and site-
characterization efforts for unsaturated-zone gas flow appear in YMP-
USGS SP 8.3.1.2.2.6 (Yucca Mountain unsaturated-zone gaseous-phase
movement) .

Hydraulic, pneumatic, and hydrochemical testing and analysis will
be conducted as part of this ESF unsaturated-zone study to provide an
understanding of the conditions and processes described above.
Integration of this information with the results of other hydrologic
studies (Figure 1.1-1) will provide the basis for the development of
the unsaturated-zone hydrologic model described in Section 2.

1.1-8 Dececber 28, 1992
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1.2 Regulatory rationale and justification

The results of unsaturated-zone testing conducted in the ESF
ramps and drifts will provide hydrologic data for calculations of
the unsaturated-zone ground-water travel time and the predictions of
radionuclide releases to the accessible environment. Hydrologic
properties determined in the study will be used in design analyses
of the underground facility, repository seals, and waste packages.

The overall regulatory-technical relations between the SCP
design and performance information needs and the data collected in
this study are presented in the geohydrology testing strategy
presented in SCP Section 8.3.1.2 and the issue-resolution strategies
(repository, seals, waste package, and performance assessment)
presented in SCP Sections 8.3.2 through 8.3.5. The description
presented below provides a more specific identification of these
relations as they apply to this study.

Project-organization interfaces between this ESF unsaturated-
zone study and the YMP performance and design issues are illustrated
in Figure 1.2-1. The figure also indicates project interfaces with
other site studies; these relations are described further in Section
4.2. The relations between the design and performance issues noted
below and the regulatory requirements of 10 CFR 60 and 10 CFR 960
are described in Section 8.2.1 of the SCP.

Information derived from the study will principally support the
determinations of pre-waste-emplacement, ground-water travel time
(Issue 1.6) and the predictions of radionuclide releases to the
accessible environment (Issue 1.1). Study results will also provide
information for the resolution of the issues concerned with the
near-field hydrologic environment of the waste-package emplacement
holes (Issue 1.4) and releases from the repository engineered-
barrier system (Issue 1.5).

Physical, hydrologic, and hydrochemical information about the
unsaturated-zone rocks obtained from this study will be used in the
analyses for repository design (Issue 4.4) and in the assessments of
repository post-closure performance (Issue 1.11). Unsaturated-zone
information on fracture characteristics and hydrologic conditions
will be used in developing the design requirements for ramp and
borehole seals (Issue 1.12). Information on the moisture conditions
and chemistry of the unsaturated-zone water will be used in the-
analyses of waste-package performance (Issue 1.10).

The following portion of this section summarizes from the SCP the study-
level interfaces between this study and the performance and design
issues. The discussion of the uses of site-characterization data from
this study in resolving those issues is based upon performance measures
and performance parameters identified in SCP Sections 8.3.2 through
8.3.5.

1 ..2- 1 Decamber 28, 1992
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Performance Issue 1l.1.
(Total-system radionuclide release to the accessible environment;
10 CFR 60.112 and 40 CFR 191.13)

In calculating the complementary cumulative distribution function
(CCDF) for estimating radionuclide releases after repository closure, the
DOE intends to take into account all those natural processes and events
that are sufficiently credible to warrant consideration. Impacts of
processes and events initiated by human activities will also be
considered in the system-performance assessments for Issue 1.1.

Selection of processes and events considered credible enough to affect
future repository performance has resulted in the identification of a set
of scenarios grouped in scenario classes, according to features which the
scenarios have in common. The expected partial-performance measure
(EPPM) for a scenarios class is a term that expresses the probability of
occurrence of that scenario class. Significant scenario classes are
those which have the highest EPPM values. (A detailed treatment of
scenario classes and the EPPM concept appears in SCP Section 8.3.5.13.)

Scenario Class E, also called the nominal case, describes the
undisturbed performance of the repository; it takes into account the
legitimate, distinguishable alternative conceptual models that are
supported by the available information. This class is associated with
anticipated or expected conditions, and it describes the predicted
behavior of the repository and the uncertainties in predicted behavior,
considering only likely natural events.

Disruptive scenario classes (disturbed cases) are also developed in

Issue 1.1. These classes are considered sufficiently credible to warrant

consideration, but are outside the range of probability considered for
the nominal case.

Site information resulting from this study will be used to
satisfy the requirements of numerous supporting parameters needed to
evaluate the nominal case of Scenario Class E of the issue-
resolution strategy for total system performance. The study results
will also provide baseline data for the disturbed cases. These
supporting parameters (e.g., hydrologic characteristics of the rock
matrix, fracture network, or fault zones specific to the repository
area) are used in calculations of the performance parameters for the

. different scenarios. T o

In Scenario Class E, the unsaturated and saturated zones are
considered the primary barriers to radionuclide migration, and the
engineered barrier system is considered as a backup. . SCP Table 8.3.5.13-
9 is a description of the performance parameters for this scenario.
Examples of performance parameters for the nominal case to which site-
characterization data from the present study can contribute include
average flux and average effective porosity in.the unsaturated zone in
the repository area. Supporting performance parameters needed to
evaluate the nominal case and to serve as baseline data for the disturbed
cases are listed in SCP Table 8.3.5.13-17. Supporting parameters
pertaining to the unsaturated zone include effective porosity, relative
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liquid permeability, and saturated permeability. Site data from the
present study also contribute to these supporting parameters.

Unsaturated-zone hydrologic properties measured in this study
(e.g., matrix and fracture permeability, porosity, and water
content), as well as altitudes of stratigraphic contacts, contribute
to the Issue 1.1 supporting parameters employed in the following
calculations.

Calculation of the specific-discharge field in the
unsaturated zone, moisture content of unsaturated-zone
units, and hydrodynamic response times in the overburden
units.

Calculation of the specific-discharge field in fault zones
in the unsaturated zone, moisture content in fault zones,
and hydrodynamic response times of fault zones.

Calculation of coupling factors and radionuclide retardation
factors in the unsaturated zone.

Calculation of model validation coupling factors in the
unsaturated zone.

Calculation of gas-phase carbon-1l4 transport in the
overburden units. '

Model calibration and validation of gas-phase carbon-14
transport in the unsaturated-zone overburden units.

Performance Issue 1.6
(Pre-waste-emplacement ground-water travel time; 10 CFR 60.113)

Issue 1.6 addresses the question of whether or not the candidate
repository site can meet the Nuclear Regulatory. Commission (NRC)
performance objective for ground-water travel time. The performance
objective is that the geologic repository shall be located so that the
pre-waste-emplacement ground-water travel time along the fastest path of
likely radionuclide travel from the disturbed zone to the accessible
environment shall be at least 1,000 yr (or such other time approved or
specified by the NRC). Briefly, the qualitative description of the
disturbed zone is the part of the controlled area where physical and
chemical properties are expected to change due to underground facilities
construction or the effects of waste-generated heat, such that the
properties changed may have a significant effect on repository
performance. The controlled area is a location which on the surface
encompasses no more than 100 km? and extends no further than 5 km from
the outer boundary of the radioactive wastes, and which includes the
subsurface underlying the area defined by these limits. - The accessible
environment is the atmosphere, the land surface, surface water, oceans,
and the portion of the lithosphere that is outside the controlled area.

As in Issue 1.1, site information from the study will be used to
satisfy numerous supporting performance parameters needed to assess
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ground-water travel time in individual unsaturated-zone units.

These supporting parameters (e.g., unsaturated-zone rock matrix
permeability in the repository area) are used to define various
aspects of the unsaturated-zone model, spatial correlation structure
model, and fracture-hydrologic-characteristics model. These aspects
include initial and boundary conditions, material properties, system
geometry, and validation of model concepts. The results of the
ground-water travel-time model calculations yield performance
parameters for each of the unsaturated-zone units. Examples of
these performance parameters are discharge and distances along flow
paths; these are applied to the performance measure of ground-water
travel time for each of the hydrogeologic components of the ground-
water regime. '

Rock hydrologic and physical properties (e.g., rock matrix bulk
density, bulk permeability), altitudes of geohydrologic-unit
contacts, and water chemistry measured in this study are required as
input for the supporting parameters for the unsaturated-zone ground-
water travel-time model initial and boundary conditions, material
properties, and system geometry. Porosity and fracture properties
(e.g., fracture orientation, fracture distribution) are required in
the fracture-hydrologic-properties model for supporting parameters
for validation, material properties, and system geometry.

Performance Issues 1.8 and 1.9
(Favorable and potentially adverse conditions; 10 CFR 60.122)
(Qualifying and disqualifying conditions; 10 CFR 960.3-1-5)

The results of this study have indirect applications to the NRC
siting criteria - Favorable Condition 7 (pre-waste-emplacement,
ground-water travel time) through Issue 1.6, and Favorable Condition
8 (unsaturated-zone hydrogeologic conditions) through Issue 1.1.

The study also has indirect applications to the higher-level
findings for the geohydrology qualifying.and disqualifying
conditions through Issues 1.1 and 1.6.

Design Issue 1. 10 - '
(Characteristics snd configuration of the waste package; 10 ctn
60. 135) o ..

Unsaturated-zone water chemistry. transmissive properties (e.g,
transmissivity, hydraulic conductivity), and water-content
information obtained from this study will be used to characterize
the near-field (pre-waste emplacement) environment of the waste
packages. , ) -

Information on the quantity and quality of unsaturated-zone
water obtained from this study will be used in assessing the
performance of the engineered-barrier system in limiting the release
of radionuclides. Hydrologic properties data (e.g., bulk
permeability) of the Topopah Spring welded unit will be obtained
from this study and will be used in calculating the flow and
transport in the near-field host rock. The applicable performance
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measures are concentrations of radionuclide species in the gas
phase, liquid water, &nd adsorbed to solid phases within the near-
field host rock. The performance parameters receiving site
information are host-rock hydrologic properties.

The results of the this study will also support (indirectly
through Issue 1.10) resolution of performance issues concerned with
releases from the engineered-barrier system (Issue 1.5) and the
performance of the waste package (Issue 1.4), where the applicable
performance measure is the quality of water that can contact the
waste container. The water-chemistry data collected in the study
will apply to the hydrochemical performance parameters of the issue.

Design Issue 1.11
(Characteristics and configurations of repository and engineered
barriers - post closure; 10 CFR 60.133)

The characteristics and configurations of the repository
underground openings will rely, in part, on the rock physical,
thermal, mechanical, and hydrologic properties information derived
from this study. These jnformation will be used in (a) assessments
of the layout of the underground facility and the thermal-mechanical
stability of the repository underground openings and (b) drainage
and moisture control plans.

The rock physical (e.g, fracture aperture, fracture weathering),
thermal (e.g., fractured-rock temperature), mechanical (e.g.,
fracture deformation), and hydrologic (e.g., volumetric rock matrix
water content) properties derived from the matrix-properties testing
for the radial-boreholes tests (Activity 8.3.1.2.2.4.4) and
excavation-effects tests (Activity 8.3.1.2.2.4.5) will support
assessments of the usable underground area for waste emplacement.
Water-seepage and perched-water testing parameters (e.g, flow rates
in the perched-water zones, discharge in the perched-water zones) in
the ramps, drifts, and boreholes (Activity 8.3.1.2.2.4.7) and
hydrologic-properties testing of major faults (Activity
8.3.1.2.2.4.10) will support the design of drainage and moisture-
control systems for the repository underground facilities.
Information (e.g., fracture orientation, fracture deformation)
derived from the excavation-effects tests (Activity 8.3.1.2.2.4.5)
will be used in evaluations of design constraints to limit
excavation-induced changes in the rock-mass permeability.

Unsaturated-zone physical and hydrologic properties (e.g, rock
matrix bulk density, rock matrix gravimetric water content) derived
from this study indirectly support the assessment of the underground
safety of the repository workers (Issue 2.2 and 4.2) and repository
design criteria (Issue 2.7).
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Design Issue 1.12
(Characteristics and configuration of repository and borehole seals;
10 CFR 60.134)

Unsaturated-zone information derived from this study will be
used in the design of repository seals. Information on rock-
hydrologic properties (e.g., hydraulic conductivity), in-situ
stress, rock-mechanical properties (e.g., bulk permeability),
fracture characteristics, and water chemistry will be obtained from
ramp and drift construction-phase testing and borehole testing
within the ESF.

Bulk-rock conductivity, extent and conductivity of the modified-
permeability zone around the ramps and drifts , rock-mass fracture
characteristics, and hydrogeologic contact information will be
obtained from the radial-borehole tests (Activity 8.3.1.2.2.4.4).
Information obtained about the extent and hydraulic conductivity of
permeability zones in tuff units in the repository will be used for
the design of borehole and ramp seals.

The excavation-effects tests (Activity 8.3.1.2.2.4.5) will
provide information on the in-situ stress, the modified-permeability
zones around the ramps and drifts, and the unsaturated hydraulic
conductivity and fracture characteristics of the rock mass around
the openings. These data will be used in the design of ramp and
drift seals. A

Results of water-sample analysis (Activity 8.3.1.2.2.4.8) from
perched-water zones or from fractures and faults will provide
hydrochemical information needed for ramp, drift, and borehole seal
design. Discharge rates from perched-water zone tests results
(Activity 8.3.1.2.2.4.7) will also be used in designing repository
seals.

Design Issue 4.4
(Repository design and technical feasibility)

The altitudes of rock-unit contacts derived from the geologic
mapping in the ramps and drifts (Activity 8.3.1.4.2.2.4) will
provide information to assess the thickness of the rock units. This
information will be used to determine the underground space
available for repository construction and waste emplacement,

In-situ stresses rock-mechanical properties, and fracture
geometry and deformation information obtained in the excavation-
effects tests (Activity 8.3.1.2.2.4.5) will support the assessments
of developing usable repository underground openings (ramps, drifts,
emplacement rooms, and boreholes) of required size under normal and
credible abnormal conditions. Information from this activity will
be used in evaluating the rock-mechanical and rock-hydrologic
property changes in the disturbed rock around the underground
openings and the impacts of these changes on the repository design.
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Condensate from seeps and natural water inflow from perched-
water zones. (if encountered) will be evaluated in the ramps, drifts,
and boreholes (Activity 8.3.1.2.2.4.7), and the radial boreholes
(Activity 8.3.1.2:2.4.4). Water-flow rate information (e.g.,
discharge in perched-water zones) will be used in the design of
systems for water control in the ramps, drifts, boreholes -and
repository openings. Water-chemistry data (Activity 8.3.1.2.2.4.8)
will also be used in underground facility design.

1t should be noted that the principal data on rock-deformation
properties for the resolution of design and performance issues are taken
from Investigation 8.3.1.15.1 (Spatial distribution of rock thermal and
mechanical properties), from Investigation 8.3.1.15.2 (Spatial
distribution of ambient stress and thermal conditions), and for rock-unit
contacts and fracture geometry and properties from Investigation
8.3.1.4.2 (Geologic framework of Yucca Mountain). Data acquired in Study
8.3.1.2.2.4 are primarily for the understanding of unsaturated-zone
hydrologic properties and have a secondary utility in supplementing data
needs outside the study. For example, in-situ stress data gathered in
Activity 8.3.1.2.2.4.5 (Excavation-effects tests) are measured mainly to
estimate permeability changes caused by repository construction;
however, these data will also contribute to Study 8.3.1.15.2.1 (Site
ambient stress conditions).

The following briefly summarizes the information to be obtained by
the activities of this study. More detailed descriptions of information
to be obtained are presented in Section 3.

The intact-fracture tests (Activity 8.3.1.2.2.4.1) will provide an
understanding of fracture-flow processes at an in-situ scale of one to
two fracture spacings. These determinations will be used to improve on
estimates of matrix-fracture flow transition and flux needed for ground-
water model validation.

The percolation tests (Activity 8.3.1.2.2.4.2) will provide direct
evidence of water-percolation rates at an intermediate in-situ scale at
several locations in the Topopah Spring welded unit (TSw). These
determinations will have application to ground-water flow path and
travel-time determinations.

The bulk-permeability tests (Activity 8.3.1.2.2.4.3) will provide
intermediate in-situ scale measurements of the Topopah Spring welded unit
conductivity. These determinations will have application to water-vapor
and gas-flux calculations in the assessments of ground-water and gas
travel times in the TSw. The radial-borehole tests (Activity
8.3.1.2.2.4.4) will provide cross-hole test information within each of
the tuff units in the unsaturated zone and across selected contacts
between these units. The permeability measurements obtained from the
radial boreholes will provide, with similar scale information obtained
from the bulk-permeability tests (Activity 8.3.1.2.2.4.3) and surface-
based boreholes testing (Activity 8.3.1.2.2.3.2), broad spatial coverage
of the hydrogeologic properties of Yucca Mountain.
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The excavation-effects tests (Activity 8.3.1.2.2.4.5) will provide an
estimate of stress-induced changes on permeability as a result of ramp
excavation. These changes will provide estimates of flow-path
adjustments for ground-water travel-time calculations as a result of
excavation of the underground openings.

Perched-water zones (if encountered) will be monitored and tested
(Activity 8.3.1.2.2.4.7) to determine flow paths and rates. Test results
will be applicable to ground-water travel-time calculations and
repository-design analyses.

Chemical testing of water and gas samples obtained from core samples
and from boreholes drilled in the ESF (Activity 8.3.1.2.2.4.8) will
provide independent data (from the hydraulic characteristics) of flow
paths and travel times. The chemical and isotopic data will be used as
means of confirming conceptual models and validating numerical models of
ground-water and gas-flow paths and travel times.

The major-fault hydrologic-properties activity (Activity
8.3.1.2.2.4.10) will collect matrix, rock-mass, and chemical data to
evaluate the permeability and flow conditions of principal faults
encountered in the ramps and drifts of the exploratory-studies facility.
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2 RATIONALE FOR STUDY

2.1 Technical rationale and justification

Section 3 of this plan provides additional detail for the specific
activities, tests and analyses, and methods of this study. This section
provides an overview and justification of the overall study.

2.1.1 Statement of problem and test justification

Understanding the unsaturated-zone flow system at Yucca Mountain
is essential to the site-characterization program because it is
within this interval of partially saturated rocks that the repository
is proposed to be constructed. The geologic evaluation of the site
is a multi-discipline effort. Programs and investigations are
planned to study the geochemical and geologic characteristics (SCP
Section 8.3.1.3, Geochemistry; 8.3.1.4.2, Stratigraphy and structure;
and 8.3.1.15.1, Thermal and mechanical properties). It is not within
the scope of this study plan, however, to discuss the geologic and
rock-characteristics studies. The reader is referred to the SCP and
associated study plans for descriptions pertaining to the particular
studies or activities of interest. This study plan discusses only
the unsaturated-zone hydrologic tests in the exploratory-studies
facility.

In the unsaturated zone, water is presumed to be present both in
liquid and vapor phases within the interstitial, fracture, and
lithophysal openings. It is important to evaluate water flow and
storage within the repository block because water is the expected
major medium for any transport of radionuclides to the accessible
environment. Water flow and storage is envisioned to be complexly
three dimensional, controlled by the structural, stratigraphic, and
climatological settings, and, in general, liquid-water flow is
expected to occur within interconnected pores and fractures, as well
as advective and diffusive vapor-phase flow within interconnected
air-filled fracture openings.

In addition to understanding water movement within the repository
block, there is a need to consider and account for the occurrence of
dissolved constituents in both the liquid and gas phases. The
concentrations and transport of solutes within the unsaturated zone
are coupled to the occurrence and movement of water (liquid and
vapor) and may also be affected by chemical interactions with the
surrounding rock matrix. Furthermore, because liquid-water and vapor
are expected to be in local thermodynamic phase equilibrium, liquid-
water saturation and water-vapor and solute concentrations are
coupled through the prevailing geothermal regime. Consequently, the
hydrologic evaluation of the site constitutes a problem of two-phase,
multi-component, coupled heat (geothermal) and water flow within a
layered sequence of tilted, faulted and fractured, variably saturated
tuffaceous geohydrologic units. : :

Hydrologic testing in the ramps underground drifrs, and
underground boreholes will (1) supplement and complement surface-
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based hydrologic information with in-situ hydrologic characterization l
of the rock mass, (2) provide an opportunity for directly inspecting

the structure and stratigraphy of the rock walls, and (3) provide an
opportunity to evaluate rock-matrix and fracture-hydrologic

parameters for a wide range of test scales. The ESF unsaturated-zone l
tests are designed with the objective of ultimately providing an
understanding of the spatial and temporal water movement within the
unsaturated zone. :

The ESF unsaturated-zone tests will provide hydrologic
information that is not readily obtainable from surface-based
boreholes. The ESF provides & testing environment that is suitable
for three-dimensional characterization of the rock mass, and the
percolation tests are designed to study hydraulic parameters in
multiple directions. Lateral variations will be studied through
horizontal drifts and boreholes and by careful mapping of underground
rock exposures. Excavation of the ramps and drifts will produce |
large volumes of rock that can be used for determination of water
chemistry (Activity 8.3.1.2.2.4.8, Hydrochemistry tests) and for l
laboratory analysis of rock/hydraulic properties. Samples of rocks
containing intact fractures can be readily obtained from within the
ramps and drifts. Results of hydraulic tests (Activity
8.3.1.2.2.4.1, Intact-fracture tests) on such samples will be more
representative of in-situ conditions, thereby increasing confidence
in correlations between hydrologic and geologic data and, ultimately,
in-situ characterization. Percolation tests can be conducted in a
rock mass that has not been disturbed by recent weathering and is
representative of the repository host rock.

In addition to determination of specific hydrologic parameters ;
and relations, the effects of excavation on the host rock can be L
studied directly in the ESF. The radial-boreholes (Activity
8.3.1.2.2.4.4), percolation (Activity 8.3.1.2.2.4.2), bulk-
permeability (Activity 8.3.1.2.2.4.3), and perched-water (Activity
§.3.1.2.2.4.7) tests will indirectly provicz multi-scale information
on geohydrologic properties invaluable to the analysis of the design
and performance of the repository. The excavation-effects tests
(Activity 8.3.1.2.2.4.5) will directly estimate the magnitude and
extent of the modification of the TSw geohydrologic unit caused by
excavation. The major-fault hydrologic properties test (Activity l
8.3.1.2.2.4.10) will provide data on permeability and flow conditions
of discrete major fault zomes.

The ESF will provide an ideal environment for in-situ hydrologic I
tests of the unsaturated zone beneath Yucca Mountain, the objective
of the tests being to quantitatively define geohydrologic parameters
influencing water flow in the TSw and CHn. Because the spatial and
temporal extrapolation of water flow within the unsaturated zone
{nvolves complex interactions that can only be described with the aid
of hydrologic models, preliminary data from the ESF hydrologic tests
will be used as a basis for multiscale, numerical modeling of the
unsaturated zone. These models will provide a description of the
important components of the geohydrologic system and will reflect an
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understanding of the hydrologic parameters, the initial and boundary
hydrologic conditions and processes, and their relations.

The geohydrologic program will develop two hydrologic models that
will describe two distinct zones of the hydrologic system: the
unsaturated zone and the saturated zone (Figure 2.1-1). A surface-
water hydrologic model will be developed to provide input to these
two hydrologic models. The hydrologic models will be used at many
stages of site characterization to perform preliminary analyses, to
design and analyze tests and experiments, and to analyze and
interpret field data. The principal hydrologic modeling effort is to
construct mathematical representations to simulate the natural
geohydrologic system and its components.

The ESF unsaturated-zone tests and corresponding hydrologic model
concentrate on the deep part of the unsaturated zone. The
unsaturated-zone hydrologic model will be developed at site scale,
whereas the surface-water and saturated-zone hydrologic models will
be developed at both site and regional scales. The hydrologic zones
described by these models are those that significantly affect the
resolution of hydrologic-related design and performance issues; these
zones therefore are the principal subjects of hydrologic
investigations. The logic diagram of Figure 2.1-1 shows the
relations among the hydrologic models and the overall geohydrologic
program. The diagram expands the unsaturated-zone hydrologic model
to show the components and parameters categories that are used in
that model. The diagram shows that the unsaturated-zone model
consists of numerical and conceptual models, which in combination
will provide a hydrologic description of the unsaturated zone.

The unsaturated-zone hydrologic model consists of three major
components: (1) the geohydrologic framework, (2) rock properties, and
(3) initial and boundary conditions. The geohydrologic framework
establishes the unsaturated-zone system genmetry. Rock properties
include unsaturated-zone hydraulic and gaseous-phase properties.
Boundary conditions include hydrologic infiltration (land surface)
and water-table boundaries. These components form the basis for
developing the numerical models that quantitatively describe various
aspects of the zone and are used as a basis for developing the
technical rationale for the planned work. °

2.1.2 Parameters and testing strategies

In SCP usage (U.S. Department of Energy, 1988) activity
parameters are those parameters that are generated by testing and
analysis in the field, laboratory, or office; they represent the most
basic measurements that will be used to characterize the geohydrology
of Yucca Mountain and vicinity. Many of the activity parameters are
building blocks to support various aspects of the project. Some,
such as hydraulic conductivity, support design and performance issues
directly. Others primarily provide bases for analyses and
evaluations to be conducted within the Geohydrology Program or within
other characterization programs.
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Figure 2.1-1. Loglc dlagram of Geohydrology Program, including model components and parameter categories.
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In SCP Table 8.3.1.2-1, activity parameters for the Gechydrology
Program are grouped according to parameter categories. The activity
parameters associated with activities of this study also appear in
the figures and tables of Section 3 of this study plan. Parameter
categories serve to group similar types of performance and design
parameters supporting performance-assessment and design issues
resolutions (SCP Sections 8.3.2 through 8.3.5) and match them with
groups of similar types of activity or characterization parameters to
be obtained during site characterization. Parameter categories in
the SCP were introduced as a classification scheme to aid in
assessing the appropriateness and completeness of the data collection
program. In Figure 2.1-1, the parameter categories are shown
supporting specific model components that make up the site
unsaturated-zone model. This figure corresponds to SCP Figure
8.3.1.2-3, and in that document is accompanied by parallel logic
diagrams for the surface-water and saturated-zone components of the
Geohydrology Program.

In SCP usage, a characterization parameter is a parameter,
obtained by a characterization program, that has a logical, direct
tie to a performance or design parameter, and for which a testing
basis can be defined. Most characterization parameters will be
developed from some combination of activity parameters, and will be
the products of data reduction, tests and analyses, and modeling.
Hydrologic analyses generated in this study can be traced from
activity parameters through characterization parameters and to their
intended use in satisfying performance-assessment requirements for
issues resolutions.

In this and other study plans, it has been useful to group the
measured or calculated parameters of the various activities (activity
parameters) into a limited set of characterization parameters, more
broadly defined parameters that encompass activity parameter data
collected in the field and laboratory, or generated by modeling. By
introducing these parameters, it becomes easier to understand how the
study relates to satisfying the information requirements of
parameters in the design and performance issues. The grouping of
activity parameters according to characterization parameters is given
in Table 2.1-1. Characterization parameters also appear in the logic
diagrams accompanying the activity descriptions of Sections 3.4, 3.5,
3.7, and 3.8.

Characterization parameters will be expressed as functions of
space and (or) time and will be presented in formats that will
facilitate use of the data in resolving design and performance
issues. In future SCP progress reports, a testing basis will be
developed for each characterization parameter, and will consist of
some means of expressing the goals, confidence limits, and accuracy
associated with each characterization parameter, so that requirements
of performance parameters can be satisfied. An example of a testing
basis could be that some statistical measure of the parameter, such
as the mean, be known to a specific degree of accuracy.
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Table 2.1-1. ivi

rs_wi ite-char riz n_par r

Activity Characterization
Parameter

Activity Parameters Associated with Characterization
Parameter

Activity 8.3.1.2.2.4.4 - Hydraulic conductivity
Radial-borehole tests

Gas permeability

.

Water permeability

Hydraulic gradient

Activity 8.3.1.2.2.4.4 - Gaseous diffusion
Radial-borehole tests

e

Permeability, water

Permeability, relative, gas, rock matrix

Permeability, saturated, gas, rock matrix

Pneumatic permeability, bulk, fractured rock

Permeability, pneumatic

Fracture permeability

Gas permeability, excavation effects

Porosity pore-size distribution, matrix

porosity, bulk, fractured rock

Porosity, matrix

Porosity

Bulk density, rock matrix

Grain density, rock matrix

Fracture characteristics: distribution, aperture,
weathering

Anisotropy

Fracture aperture

Fracture permeability

Moisture retention, rock matrix

Wwater content, gravimetric, rock matrix
Water content, volumetric, rock matrix
Permeability, relative, water, rock matrix
Porosity pore-size distribution, matrix
Porosity, bulk, fractured rock
Porosity, matrix

Porosity

Bulk density, rock matrix

Grain density, rock matrix

Anisotropy

Fracture aperture

Fracture permeability

Water potential, distribution and fluctuation
Water potential, rock matrix, and total fractured rock
Pneumatic potential, distribution and fluctuation
Pore-gas composition

Radioactive isotopes

Stable isotopes

Gaseous diffusion coefficient, fractured rock units
. Diffusive tortuosity, fractured rock and rock mass

Temperature, distribution and fluctuations
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Table 2.1-1. Asgociation of activity parameters with site-characterization parameters (continued)

Activity

Characterization
Parameter

Activity Parameters Associated with Characterization
Parameter

*Activity 8.3.1.2.2.4.5 -

Excavation-effects tests

Activity 8.3.1.2.2.4.5 -
Excavation-effects tests

Fracture permeability

Fracture effective
porosity

Fracture saturation

Initial fracture permeability around excavations

Changes in fracture permeability due to excavation
effects

Changes in rock stress due to excavation effects

Fracture locations

Fracture characteristics

In-situ rock stress and mechanical property
meagurements

In-situ stress changes, magnitude and direction

Fracture deformation

Changes in rock stress due to excavation effects

Effects of stress changes on fracture aperture

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness

Changes in fracture effective porosity due to
excavation effects

Rock density

Rock porosity

Fracture locations

Fracture characteristics

In-situ rock stress and mechanical property
measurements

Changes in rock stress due to excavation effects

Effects of stress changes on fracture aperture

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness

Moisture content, in-situ degree of saturation -

Changes in fracture saturation due to excavation
effects

Fracturé locations

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness
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Table 2.1-1.

Activity

Characterization
Parameter

Activity Parameters Associated with Characterization
Parameter

Activity 8.3.1.2.2.4.7 -
Perched-water tests

Activity 8.3.1.2.2.4.8 -
Hydrochemistry tests

Hydraulic conductivity

Hydraulic gradient

Ground-water flux

Storage coefficient

Flow paths, ground
water and gas

Travel times, ground
water and gas

Hydraulic conductivity, perched-water zones
Transmissivity
Porosity, rock units near ramps and drifts

Water potential (total), perched-water zones
Hydraulic head, perched-water zones
Radioactive isotopes

Stable isotopes

Water quality

Potential

Infiltration rate
Discharge rate
Flow rates, perched-water zones

Storage coefficient, perched-water zones

Radioactive-isotope activity

Stable isctopes

Pore-gas composition

Water quality, cations and anions

Flow paths, hydrochemical determination

Radiocactive-isotope activity

Stable isotopes

Pore-gas composition

Water quality, cations and anions

Travel times, hydrochemical determination
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A common requirement of the activity parameters is that
sufficient confidence can be placed in their numerical values and in
the understanding of their relations for hydrologic modeling and
hypothesis testing. That is, confidence in the calibration of a
model to a given level is dependent on the extent to which the input
data and observations are well characterized and credible. These
empirical data are affected by uncertainties due to measurement
errors and to presence of both random and correlated large-scale
spatial variability (heterogeneities). The presence of these
uncertainties must be considered in order to assess the accuracy with
which numerical hydrologic models simulate the natural geohydrologic
system. The sensitivity of the performance measure to various

' parameters can, nevertheless, be investigated, and such models can be

used as tools to improve understanding of the functioning of each
zone, to test hypotheses, and to further guide data collection.

Some of the specific parameters listed in Table 2.1-1, although
not required directly for resolving performance and design issues,
are required to accomplish satisfactory hydrologic modeling, which in
turn increases confidence in the accuracy of the parameters that are
required for performance and design analyses. Because model
parameters cannot be known explicitly everywhere throughout the
modeled area, the input parameters must be eéxpressed as statistical
distribution functions. Numerical models will be used as a principal
approach to assess whether the data collected to describe the present
and expected geohydrologic characteristics provide the information
required by the performance and design issues.

A principal testing strategy of the study, therefore, is to
utilize approaches that minimize uncertainty of the activity
parameters and in the understanding of their relations within the
constraints of available resources. Some degree of uncertainty is
inevitable, because parameters vary in space and time, measurements
contain errors, and hydrologic processes are slow and difficult to
measure. As described below, however, the strategy of the study is
to increase confidence by utilizing multiple approaches for
determining parameters not readily amenable to measurement or
analysis, by testing hypotheses, and by developing acceptable models.

A major advantage to using multiple approaches for determining
parameters is that, in general, reliance is not placed only on one
test to determine a parameter. Some tests will provide only partial
information, whereas others will provide extensive information
necessary for determination of a hydrologic parameter. By combining
the test results and studying their relations, a greater
understanding and confidence of any particular parameter can be
achieved. For example, the estimation of fluid-travel times (a
critical issue) can be addressed with multiple approaches. Fluid
travel time can be estimated by calculating the residence of
environmental tracers in the pore water or by calculating the
velocity at which fluid flows through the rock from the bulk
hydrologic parameters. The hydrochemistry tests will provide
residence times for pore and fracture fluids at the repository site.
The combination of intact-fracture, bulk-permeability, percolation,
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radial-borehole, and major-fault hydrologic properties tests will
provide data on permeability, effective porosity, and pore-size
distribution necessary for the calculation of travel time. 1In
addition, the percolation tests will provide velocities at various
steady-state infiltration rates in small volumes of rock. Fluid
potential distributions will be obtained from the radial-borehole and
major-fault hydrologic-properties tests, and if perched water is
encountered, hydrologic tests and hydrochemical tests will be
conducted to evaluate water flux, flow paths and travel times.

Because of the nonstandard nature of some of the tests, the
possibility that one or more tests may fail in achieving the desired
objectives is recognized. The use of multiple approaches for
determining parameters increases confidence that the failure or the
partial failure of one or more tests will not severely inhibit the
ability of the characterization activities in providing the
information required. Prototype tests for site characterization,
especially those related to characterization of the unsaturated zone,
have been performed (see Dennis, 1991) which has increased the
confidence level that test objectives can be achieved.

For some activity parameters, it is necessary to measure them at
different scales. For example, various tests are designed to measure
unsaturated fracture hydraulic conductivity, from the conductivity of
discrete fractures to that of increasingly more extensive fracture
networks. The smallest-scale test is the intact-fracture tests which
entails direct observation and measurement of fluid and mass
transport within a single fracture. The purpose of the small-scale
testing is to develop an empirical foundation for modeling flow and
transport through single fractures. When this discrete-fracture
model is evaluated (calibrated and validated), it can be used to
simulate a larger network of discrete fractures. The percolation
tests will then be used to evaluate the fracture-network model. 1In
turn, another numerical model, based on this fracturé-network
approach, will be applied to simulate the percolation tests. The
error in evaluating flow through the percolation test block by the
fracture-network modeling approach may be large, because the
percolation-tests scale may not be representative of the entire rock
mass. For this reason, the bulk-permeability and radial-borehole
tests will be conducted to evaluate the effect of size on variations
of hydrologic properties. In the bulk-permeability tests, the
pneumatic permeabilities of different volumes of rock will be
evaluated directly from cross-hole tests, data that will then be used
to estimate the scale at which the continuum approach is valid. The
variable-scale discrete model developed from intact-fracture tests
will be used to predict the hydrologic properties of a large volume
of rock that will be tested later in the main test level of the ESF.
Results from this model will be compared with results using the
fracture-network model developed from percolation tests. If
predictions prove to have insignificant error, the technique can be
used to extend results of the bulk-permeability tests to other parts
of the ESF and repository block. In turn, the validity of this
extrapolation method will be tested directly by the radial-borehole
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tests (Activity 8.3.1.2.2.4.4), the surface-based vertical- and
horizontal-borehole tests (Study 8.3.1.2.2.3), and gaseous-phase
movement study (Study 8.3.1.2.2.6) which averages permeabilities for
very large volumes of Tock by recording pressure changes at various
levels in boreholes caused by barometric fluctuationms.

The process of variable-scale testing and modeling will delineate
the scale at which the continuum approach can be used with minimum
error as well as provide large-scale understanding of the host rock.
The results will increase confidence that an understanding has been
gained of the relations between hydraulic conductivity and fracture
characteristics, and that the appropriate scale has been selected for
modeling and testing of the hydrologic hypotheses. The testing and
refinement of hydrologic hypotheses provide a logical and systematic
approach to improving our understanding of how the geohydrologic
system functions. The result will be an improved conceptual model
which, in turn, leads to increased confidence in the hydrologic
models and, ultimately, in the geohydrologic program (Figure 2.1-1).
In turn, results of the study will provide a basis for updating and
revising the hypotheses.

2.1.3 Hydrologic hypotheses

The unsaturated-zone hydrologic hypotheses describe in general
terms the manner in which fluids (water and gas) may move through the
unsaturated zone. The testing and refinement of hypotheses provide a
logical and systematic approach to the ultimate definition of how the
geohydrologic system functions. The results will be an improved
conceptual model which, in turn, leads to increased confidence in the
geohydrologic evaluation of the repository site.

The hypothesis component shown in Figure 2.1-1 is tied to
Table 2.1-2, which lists current hypotheses for the unsaturated zone.
The table also shows objectives and approaches of the activities that
are directly involved in testing these hypotheses.

In conducting preliminary performance and design analyses,
assumptions must be made regarding parameters and hydrologic
processes and conditions. These preliminary analyses may include
assumptions involving parameters such as flow paths, velocities,
fluxes, gradients, conductivities, anisotropies, boundary conditions,
and structural and geohydrologic-unit controls on unsaturated flow.
Concepts that may affect these aspects of the hydrologic system
include the potential for lateral flow and capillary barriers in the
unsaturated zone, conditions under which matrix and fracture flow
occur, and accumulation of perched water. The ongoing process of
hypothesis testing helps to increase confidence that the assumptions
made in preliminary analyses are reasonable.

2.1.4 B}drologic modeling
In assuming that the overall hydrologic system within the

unsaturated zone at Yucca Mountain can be described by conventional
theories of fluid storage and movement in porous and fractured media,
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and the activity objectives of Study 8.3.1.2.2.4

Hypothesis

SCP number

Activity objectives

Fractures and fracture systems and barriers to or
conduits for liquid-water flow, depending on
ambient matrix saturation.

Discrete fractures and fracture networks can be
modeled as equivalent porous media.

Orientation of fractures and faults influences
degree of transmissiveness, thereby introducing a
fundamental system anisotropy. ’

8.3.1.2.2.4.1

8.3.1.2.2.4.2

8.3.1.2.2.4.1

8.3.1.2.2.4.2

8.3.1.2.24.3

8.3.1.2.2.43

8.3.1.2.243

8.3.1.2.24.4

- 8.3.1.2.2.4.4

To evaluate fluid-flow and chemical-
transport properties of singie, relatively

" undisturbed fractures.

To determine the hydrologic conditions
that contro! the occurrence of fiuid
flow within fractures and matrix and to
provide experimental data against
which the validity of numerical models
can be tested.

See above objectives.

See above objectives.

To determine the scale at which the
host rock behaves as an equivalent
anisotropic porous medium.

To compare hydraulic test results { l
against a distribution of simulated

results calculated from a large number

of realizations of the possible fracture
networks conditioned on average

fracture orientation and/or fracture
«jansity data.

To use a numerical fracture-flow model
to establish the minimum dimensions at
which other rock masses with the
same fracture characteristics behave as
equivalent porous media and to
examine the dependence of rock-mass
dimensions on changing saturation.

To evaluate the potential for lateral
flow of water within dipping units.

To evaluate the potential for lateral
flow of water along geohydrologic-unit
contacts.
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Table 2.1-2. Relations between unsaturated-zone hydrologic conceptual model hypotheses
and the activity objectives of Study 8.3.1.2.2.4 (continued)

Hypothesis

SCP number

Aciivity objectives

Hydrologically interconnected fracture systems
and rock matrix define a macroscopic composite
or equivalent porous medium.

Unsaturated latera! flow can occur at the contact
between the Tiva Canyon welded (TCw) and -
Paintbrush nonwelded (PTn) units, depending on
the flux and the permeability contrast across the
contact.

Lateral flow can occur within the PTn, because of
intercalation of layers with contrasting hydraulic
properties within the unit.

Fiow in the Topopah Spring welded unit {TSw) is
downward and occurs under steady-state
conditions. Flow is primarily in the matrix when
the flux is less than some value related to the
saturated matrix hydraulic conductivity, and flow
is primarily in fractures at fluxes larger than that
value.

The nearly vertically oriented fault zones and their
associated fractures can be highly effective
pathways for vertical liquid-water flow with large
flux, especially in the competent TCw and TSw.
Under some conditions, faults can impede lateral
flow and thus produce perched-water bodies
where the faults intercept significant lateral flow.

Perched-water bodies and capillary-barriers may
be temporarily present within the UZ system.

8.3.1.2.2.4.4
8.3.1.2.2.4.2

8.3.1.2.2.4.3

8.3.1.2.2.4.4,
8.3.1.2.2.4.8

8.3.1.2.2.4.4

8.3.1.2.2.4.4

»

8.3.1.2.2.4.7,
8.3.1.2.2.4.10

8.3.1.2.2.4.7
8.3.1.2.2.4.7

8.3.1.2.2.4.7

To detect vertical flows of water, as
both vapor and liquid, in the
unsaturated zone.

See above objectives.

See above objectives.

To evaluate the potential for lateral
flow of water along gechydrologic-unit
contacts, using radial borehole tests in
the ESF, and to evaluate
hydrochemical-isotopic data from any
gas and pore water collected.

To evaluate the potential for lateral
flow of water within dipping units,
using radial borehole tests in the ESF.

To detect vertical flow of water, as
both vapor and liquid, in the
unsaturated zone using radial borehole
tests in the ESF.

-

To detect the occurrence of any
perched water, estimate the hydraulic
properties of the zones, and determine
the implication of existence of such
zones of flux, flow paths, and travel
times.

To detect the occurrence of any
perched-water zones.

To estimate the hydraulic properties of
the zones.

To determine the implications of the
existence of such zones on flux, flow
paths, and travel times.
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|
Table 2.1-2. Relations between unsaturated-zone hydrologic conceptual model hypotheses l‘ |
and the activity objectives of Study 8.3.1.2.2.4 (continued)

~L

Hypothesis ‘ SCP number Activity objectives
Volumes containing many pores and fractures are 8.3.1.2.2.4.8 To understand the gas transport
definable such that changes in boundary fluxes processes within the unsaturated zone
equal changes in internal moisture storage. and to provide independent evidence of
flow direction, flux, and travel time of
gas.
8.3.1.2.2.4.8 To design and implement methods for

extracting uncontaminated pore fluid
from rock excavated during ramp
construction.

8.3.1.2.2.4.8 To determine the flow direction, flux,
and travel time of water in the
unsaturated zone by isotopic
geochemistry technigues.

8.3.1.2.2.4.8 To determine the extent of water-rock
' interaction so that geochemical
modeling can be performed to deduce
the flow path and to understand the
geochemical evolution of the
unsaturated zone water.
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the present and probable future spatial distribution and magnitude of
hydrologic parameters can be predicted from appropriately constructed
hydrologic models. The successful development of calibrated
numerical models of the hydrologic system will increase confidence
that the geohydrologic framework, distribution of input parameters,
and nature of initial and boundary conditions are appropriate for
utilization in performance and design analyses. :

Hydrologic modeling produces the velocity field essential for
defining flow paths and computing ground-water travel time. Such
modeling requires sufficiently detailed knowledge of the
geohydrologic framework and the three-dimensional distribution of
hydrologic parameters. The importance of these ESF unsaturated-zone
tests for determining the magnitude and distribution of these
hydrologic parameters is emphasized. In-situ, underground, multiple-
approach, variable-scale testing is necessary for developing a
complete and accurate geohydrologic program of the repository block
under Yucca Mountain.
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2.2 Constraints on the study

2.2.1 Ptototype testing

The USGS investigators responsible for the activities described
in Section 3 have chosen and proposed testing procedures that they
expect will work as planned. The investigators recognize, however,
that there is a degree of risk associated with many of the tests that
have not been previously tried and have therefore planned and
conducted prototype tests to validate the performance of the proposed
testing methods. For a summary of results of prototype tests, see
Dennis (1991).

Prototype testing serves several purposes, including the
development of reasonable and adequate quality-assurance procedures
and an assessment of the data-acquisition and storage needs of
individual tests. Primarily, prototype testing provides an
opportunity to understand, implement, refine, and practice testing
procedures prior to the actual testing. For example, certain
hydrology tests (bulk permeability, percolation, and excavation
effects) have never been performed at the proposed scales.
Similarly, many of the proposed testing methods have never been
applied to unsaturated, densely welded, fractured tuffs, such as the
Topopah Spring welded unit at Yucca Mountain (Figure 1.1-4).

Equipment selection and development is a major objective of the
prototype testing. As such, specification of equipment to be used
during site characterization cannot be completely defined until this
testing is done. For standard testing methods, equipment lists may
be found in the technical procedures noted for each activity
described in Section 3 of this plan.

Because the underground facilities have not been constructed at
Yucca Mountain, geologic and hydrologic prototype testing has been
conducted at G-tunnel in Rainier Mesa, which is located at the Nevada
Test Site (NTS) about 60 kilometers (40 miles) from Mercury, Nevada.
Prototype testing and equipment development for the air permeability
testing activity was conducted at the Apache Leap Tuff site near
Superior, Arizona. Prototype drilling, instrumentation, and testing
established procedures that will be needed for site-characterization
tests to provide quality-assured data for the licensing process.

References are made to specific prototype tests in each of the
activity descriptions of Section 3.

2.2.2 Representativeness of repository-scale and correlation to
repository conditions

The ESF is located within the repository area and will penetrate
the same geohydrologic units as does the repository. Because of
this, the environment in which ESF tests will be conducted is an
approximate representation of the repository area and representative-
ness should be enhanced by the current ramp-based rather than shaft-
based design. How well each test will represent future or present
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conditions of the repository at the scale of the repository depends
on a number of factors relating to the particulars of the test.

The ESF hydrologic-test results will be extrapolated across the
site on the basis of an integrated drilling plan (SCP.Section
8.3.1.4.1, Development of an integrated drilling program) and an
integrated geologic- and hydrologic-characterization program.
Geologic studies (Study 8.3.1.4.2.1, Vertical and lateral
distribution of stratigraphic units within the site area;
8.3.1.4.2.2, Structural features within the site area; and
8.3.1.4.2.3, Development of a three-dimensional geologic model of the
site area) will provide larger-scale models that will allow ESF-scale
test results to be extrapolated across the site surface-based
hydrologic testing in boreholes (Activity 8.3.1.2.2.3.2, Site
vertical-borehole studies) and will also increase confidence in the
ability to extrapolate across the repository site.

The representativeness of the current testing plans is considered
to be much more representative than what was described in the SCP
Section 8.4.2.1.5 (Representativeness of planned testing) for tests
in a vertical shaft. The current ESF will have a minimum of two
ramps with drifts in the TSw2, with an option for two additional
ramps and drifts in the CHn. Drifts will extend from the ramps to
the Ghost Dance Fault, Solitario Canyon Fault, and Imbricate Fault
zone. Figure 1.1-3 illustrates the appropriate locations of where
the ramps and drifts will cross major geologic structures that will
allow for a visual and a hands-on inspection for geologic and
hydrologic rock properties.

2.2.3 Accuracy and precision of methods

Selected and alternate methods for testing in each activity are
summarized in tables at the end of each activity description (Section
3). These methods were selected on a basis of their precision and
accuracy, duration, and interference with other tests and analyses.
The accuracy and precision of the exploratory-studies facility
hydrologic tests is difficult to quantify prior to testing and
implementation of the methodology. The degree of accuracy and/or
precision of each method within activities is a qualitative, relative
judgement based on current knowledge and familiarity with, and
understanding of, the method. Prototype testing was also helpful in
assessing the accuracy and precision of the methods proposed for
collecting site characterization data. For selected methods, if
values for accuracy and precision exist, they will be listed in the
USGS technical procedures which are referenced in the activity
descriptions of Section 3.

2.2.4 Potential impacts of activities on the site

The current ESF design consists of the followiﬁg:
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1. Two ramps: Designated as the North and South Ramps, will
extend from the surface and comnect underground with the Main
Drifct;

2. Main Drift in the TSw2 that connects the North and South
Ramps; .

3. Core test area of the Main Test Level: Principal area in the
Topopah Spring Member where the majority of testing will be
conducted;

4. Calico Hills Ramps: Ramps that provide access from the
Topopah Spring Member to the Calico Hills geologic barrier
and provide access to the Imbricate, Ghost Dance, and
Solitario Canyon fault zones;

5. Calico Hills Main Drift: A lateral drift through the Calico
Hills unit that will provide access for the exploratory
drifts to the Imbricate, Ghost Dance, and Solitario Canyon
fault zones;

6. Lateral Drift Extension from Main Drift: A drift constructed
by the drill and blast method. The diameter has not yet been
determined; :

7. East-West Drift to test Ghost Dance Fault;

8. Drifts from ramps to test Ghost Dance Fault, Solitario Canyon
Fault, and Imbricate Fault zone (see Figure 1.1-3).

Surface facilities will include a power substation, sewage
treatment lagoons, construction and testing-support buildings,
various trailers, and an access road.

After construction is completed, additional in-situ tests will be
conducted, principally in the Main Test Level. The in-situ test
activities described in this plan will have relatively little impact
on the natural-state site conditions. Hydrologic disturbances from,
ESF testing activities could potentially impact site performance by
increasing the water flux at the repository horizon, changing the
hydrologic properties of the unsaturated zone, and creating
preferential pathways for liquid and gaseous transport of
radionuclides. The only tests that currently have been identified to
be performed in the ESF that may introduce water into the unsaturated
zone are the percolation and the hydrologic properties of major
faults tests. Since the test blocks for the percolation test will be
separated from the rock mass and isolated within the drift, the water
added to the rock can be recovered. I1f the decision to use water
following air injection tests in fault zones is made, the quantity of
water used will be tagged with a tracer and kept to a minimum. Test
areas will be limited to fault zones away from other tests.
Therefore, there is no indication that the testing activities will
introduce a significant amount of water to the unsaturated zone or
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that the use of water will result in permanent changes to the in-situ
hydrologic properties of the rocks.

2.2.5 Time required versus time available
The in-situ hydrologic tests described in this study plan are

constrained by the schedule for the start and completion of the ramps
and drifts. The ESF testing is also constrained by the need to

- complete the in-situ tests for input to the YMP environmental impact

statement-performance assessment and license application. Section
5.1 presents current schedules for the four activities described in
this plan.

2.2.6 Limits of analytical methods

Although numerical modeling of tests planned in this study will
be performed, the problem remains of identifying parameters in a
distributed system with many degrees of freedom available.
Measurements in the tests will be made at a few locations in a system
in which the numerical mesh of the model may have thousands of
unknowns. The use of all available data can reduce uncertainty, but
some uncertainty will remain. Uncertainty analyses may be considered
as an alternative to the solution of those problems that incorporate
the unknown features of the system.

2.2.7 Potential for interference among activities, and from ESF
construction

YMP requires that all construction and testing must go through
analysis to evaluate test interference due to construction and
interference from other tests. Such analysis will ensure that
interference has been eliminated or minimized. Generally, the
selected tests of this study will have little or no interference with
other planned tests. In cases where tests do interfere, the USGS
investigators have planned the testing sequence accordingly, in order
to maximize data collection and minimize interference. All of the
water that will be used in hydrologic tests will be tagged with a .
tracer to determine if any interference is occurring in adjacent test
areas. The decision as to which tracers are to be used will be made
on a case-by-case basis as part of the test planning process.

SCP Section 8.4.2.3.1, Exploratory studies facility testing
operations, layout constraints, and zones of influence, discusses the
constraints imposed on the underground layout by each experiment and
the estimated zone of influence of each experiment. - The design
requirements generally arise from requirements that the in-situ
conditions such as stress state, degree of saturation, and
temperature in the region where the experiment is to be conducted not
be altered by other activities in the ESF. Flexibility in choosing
the final location and orientation of an experiment may also be an
important constraint because of local variations in geology and
fracture orientation. The zone of influence is intended to describe
the extent to which each experiment alters or influences the
surrounding region. In the conduct of each test, it is vital to
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insure that the data derived from the test are not influenced by I
other experiments that mav be underway at the same time. The

criteria for determining if a potential interference existed was [
taken to be whether the zone of influence of one experiment impinged

on another experimental-area to such a degree that the results of the
experiment could be affected. To insure conservatism in this

approach, the potential for interference was considered high if the
zones of influence of two experiments overlapped. Because the

maximum zones of influence of each test were overlaid onto a layout

to check for potential interference, timing of the test was not taken \
into consideration during the analysis. If interference concerns
showed up during the analysis, timing of the tests involved was
considered to determine if the tests were separated sufficiently in |
time to preclude the interference problem (i.e., one test may have

been completed, leaving no permanent alteration of the rock, before

the second was begun). If potential interferences were found during

the analysis, the adjustments to the timing of the experiments or the
layout were considered.

The test-to-test interferences concerns were evaluated (SCP
Section 8.4.2.3.1) as outlined above only for the experiments
proposed for the Main Test Level. Experiments and observational
activities planned for the underground excavations were evaluated
with regard to potential zomes of influence, but further evaluation
was not considered necessary due to the nature of the tests
(primarily observational and sample collection) or the limited amount
of rock affected, or the large physical separation between these
tests and others.

The interference analysis of all experiments proposed for the ‘ i
Main Test Level was performed based on the current test definitions, |
available analysis results, and prototype test data. The designs of
several of the experiments may change as site evaluation proceeds.

These changes will require a reevaluation of potential interferences I
among the applicable tests.

On the basis of analyses presented in the SCP Section 8.4.2.3.6.1
(Potential for interference between tests), the locations and
separation distances between tests are considered to be acceptable.
Hydrologic interference between drifts is not likely to be observed,
although the possibility of flow in large-aperture fractures from one
drift to another cannot be ruled out. Additionally, no mechanical
interference or unacceptable vibratory interference is expected. A
portion of the hydrochemistry testing is expected to be performed at
the same location as the radial boreholes tests, the use of an air
tracer will enable recognition of potential interferences between
these tests. ' ‘
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The study is organized into ten activities:

-~ Intact-fracture tests

Percolation tests
Bulk-permeability tests
Radial-borehole tests
Excavation-effects tests

Calico Hills tests

(ACTIVITY DELETED)

.1.2.2.4.7 -
.1.2.2.4.8 -

.1.2.2.4.9 -

.1.2.2.4.10 -

Perched-water tests

Hydrochemistry tests

Multipurpose-boreholes testing near the
exploratory shafts' (ACTIVITY DELETED), and

Hydrologic properties of major faults

encountered in the ESF.

Five test activities are planned during the ESF construction phase:

radial borehole, excavation effects, perched water, hydrochemistry, and

hydrologic properties of major faults. This study plan includes the

plans for radial-borehole, excavation-effects, perched-water, and
hydrochemistry; which are described in Sections 3.4, 3.5, 3.7, and 3.8,

respectively.

The plans for hydrologic properties of major faults will

be described in Section 3.10 in a subsequent revision of this plan.
Three other activities will be conducted as a part of the in-situ testing

in the ramps and drifts of the ESF:
bulk permeability.

subsequent revision of this plan.

3-1

intact fracture, percolation, and
The plans for these activities will be described in a
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3.1 Intact-fracture test

The intact-fracture tests will be conducted in a USGS laboratory.
The rock samples. for this test will be obtained from the ESF. Because
the test is not a part of the ESF construction-phase testing, the plan
for this activity will be presented in a subsequent revision of this
study plan. : )
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3.2 Percolation test

The percolation tests will be conducted in ramps and drifts of the
ESF. Because the tests are not part of the ESF construction-phase
testing, the plan for this activity will be presented in a subsequent
revision of this study plan.
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3.3 Bulk permeability tests

The bulk permeability tests will be conducted in the ramps and drifts
of the ESF. Because these tests are .not part of the ESF construction-
phase testing, the plan for this activity will be presented in a
subsequent revision of this study plan.
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3.4 Radial-borehole tests

3.4.1 Objectives
The objectives of this activity are to:

1. quantify the gas permeability and anisotropy of the
geohydrologic units within the unsaturated zone.

2. evaluate the effects of excavation in the ramps and drifts on
hydrologic properties of unsaturated-zone geohydrologic
units.

3. estimate tortuosity and effective porosity of the drained
pore spaces of the unsaturated geohydrologic units;

4, quantify the boundary effects at the geohydrologic unit
contacts;

5. compare pneumatic and hydraulic test results especially at
the geohydrologic unit contacts; and

6. monitor for flow of water, as both Gapor and liquid, in the
unsaturated zone;

3.4.2 Rationale for activity selection

It is hypothesized that most fractures in the unsaturated zone
beneath Yucca Mountain probably are drained and devoid of significant
liquid water (Montazer and Wilson, 1984; Wang and Narasimhan, 1985).
The air in these fractures, as well as within the unsaturated pores,
is nearly saturated with water vapor. This vapor-saturated air
probably is mobile in the more extensively fractured tuffs and, to a
lesser degree, in the moderately to nonfractured tuffs. Two
mechanisms cause flow of the vapor-saturated air: the natural
geothermal gradient and the transient pneumatic-potential gradient
that results from atmospheric-pressure fluctuations.

Two simplified cases of water flow in the unsaturated zone
include upward movement of water vapor and downward migration of
liquid water. Upward migration of vapor-saturated air may indicate
the potential for upward migration of gaseous radionuclides. 1In
addition, downward water movement may be indicative of potential
radionuclide-solute transport. In both cases, the natural vapor and
liquid-water fluxes may be influenced by the thermal field created
after emplacement of high-level radioactive waste.

Although water vapor in the unsaturated zone probably cannot
transport significant amounts of radionuclides, the transport of
gaseous radionuclides in the vapor-saturated air is a concern.
Gaseous radionuclides, such as tritium and carbon-14, may be
transported to the atmospheric environment by natural gradients or

‘disturbed gradients imposed by repository emplacement. Therefore,

permeabilities, anisotropy, porosities, travel time, and transport
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mechanism in the air-filled voids of the unsaturated zone are
important in assessing the performance of a potential repository.
Tortuosity, air-filled effective porosity, and air permeability
should be determined in order to evaluate the potential transport
rate of the gaseous radionuclides. Tortuosity and air-filled
effective porosity are needed to calculate the effective coefficient
of diffusion of the gases through the rock and thus to evaluate
diffusive transport. Gas permeability is needed to calculate flow
velocity so that convective transport can be evaluated. Porosity,
tortuosity, air permeability and anisotropy will be determined by
testing (gas injection into the rock), passive monitoring of
pneumatic pressure, and gas sampling and analysis. These activities
are described in greater detail in Section 3.4.3.

Flow of liquid water in the unsaturated zone is expected to be
dovnward; however, heterogeneity in tuff properties could result in
deviation of flow from the vertical. Two situations could cause this
deviation: (1) anisotropy in permeability within geohydrologic units
and (2) contrasts in permeability between adjacent geohydrologic
units. 1In the latter case, if a large contrast in permeability
exists between units, then perched-water or capillary-barrier
conditions may form. If these conditions occur along dipping
geohydrologic-unit contacts, water may flow laterally. The existence
of major structural features, such as faults, may result in diversion
of water. The case of water diversion caused by marked contrasts in
permeability of different geohydrologic units will be investigated by
the hydrologic properties of major faults tests (Activity
8.3.1.2.2.4.10).

Understanding the potential for lateral flow of water along
geohydrologic-unit contacts is crucial in calculating the rate at
which water may percolate through the repository host rock and the
travel time to the accessible environment. Large contrasts in
hydrologic properties exist at the TCw-PTn and PIn-TSwl contacts.
The potential for a capillary barrier between the matrix of the TCw
and the matrix of the PTn and a potential barrier between the matrix
of the PTn and the fractures of the TSwl will be investigated. In
addition, the potential for perched water and lateral flow at the
PTn-TSwl contact and at contacts in the layered anisotropic PTn unit
will be examined on both small and large scales. Diversion of
downward flow by the welded unit could significantly reduce the
downward flow of water to the proposed repository. The upper and
lower contacts of the PTn have been identified as test sites; ramp
construction may identify additional contacts of highly variable
permeabilities in the PTn that will require testing. Initial testing
will consist of injecting gas across the contacts followed by long
term monitoring and ultimately water will be injected across the
geohydrologic contact during the final phase of testing.

Free drainage of the repository host rock is considered a
favorable condition for a repository in the unsaturated zone. Free
drainage will assure that, with wetter climatic conditions, saturated
conditions may not develop within the repository host rock. Air-

filled pore and fracture space is available to transmit any recharge t~)
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pulse; hence, air permeability is an indicator of the potential for
free drainage in the unsaturated zone.

Excavation of underground openings alters the natural state of
stress within rock. Stress redistribution will cause fractures and
pores to open or close depending upon their location in the newly
established stress field. In turn, bulk permeability and porosity of
the rock will change as a result of changes in fracture and pore
sizes. Changes in porosity directly affect the saturation level of
the rock; therefore, saturation also is sensitive to stress changes.
The effects of excavation on tuff hydrologic parameters are important
for two reasons: (1) the excavation of ramps and drifts may affect
the interpretation of hydrologic information obtained from the radial
boreholes, and (2) the disturbed zone surrounding the ramps may
create new pathways for radionuclide migration and thus may require
corrective measures. Gas-injection packer tests will quantify the
hydrologic characteristic changes around ramps and drifts.

In order to develop a standard cross-hole pneumatic and hydraulic
test system that can be used in the ESF hydrologic tests (radial-
borehole tests, bulk-permeability tests, and excavation-effects
tests) and also can be applicable to the surface-based air
permeability testing, prototype testing was conducted at the
University of Arizona'’s Apache Leap Tuff site located near Superior,
Arizona. The test system was made up of several components,
including testing and preparation of hardware, software, technical
procedures, data analyses, and field-test configuration. The
prototype testing identified both strong and weak components of the
system. In summary, the measurement instruments, pressure
transducers, thermistors, thermocouple psychrometers (TCPs), mass
flow controllers, etc. all functioned well while the packer system,
used to isolate test intervals, had some deficiencies. The constant-
rate test methods and pressures-squared differences analysis methods
(Brar, 1975) were found to work well and a Scientific Notebook Plan
(HP-241T) for conducting surface-based air permeability testing has
been written and approved.

3.4.3 General approach and summary of tests and analyses

The radial-borehole tests were originally conceived as
construction-phase tests designed to quantify the effects of vertical
shaft excavation; however, the tests have undergone several
modifications in design since they were first envisioned.

The radial boreholes testing configured for two ramps, (see
Figure 3.4-1), consists of four test Programs: 1) air permeability-
anisotropy testing of the geohydrologic units using a three-borehole
arrangement, 2) air-injection testing across the geohydrologic
contacts using a four-borehole arrangement, 3) long-term monitoring
of selected intervals in one or more boreholes at each site, and 4)
water-injection testing at the contact sites following completion of
the long-term monitoring. Because the two ramps offer some
duplication of tests, one or more of the contact sites may be
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Main Test
Level

Figure 3.4-1. ESF configuration e
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selected for hydraulic testing before long-term monitoring. This
would supply data on possxble perched-lateral flow and capillary
barriers sooneér than originally proposed. In addition, it will allow
long-term monitoring of the drying process.

Air permeability-anisotropy testing of the geohydrologic units
will be conducted in a alcove perpendicular to the ramp. The alcove
will contain three 30-m HQ boreholes also orientated quasi-
perpendicular to the ramp. The actual location and drill angle of
the boreholes will be determined after the fracture-mapping data is
reviewed. The three boreholes will be instrumented with pneumatic
packers and/or downhole liner system and sensors. Single and cross-
hole air injection testing and cross-hole tracer testing will be
conducted. The goals of the testing are to quantify the: 1)
permeability, 2) anisotropy, 3) effective porosity, and 4) tortuosity
of the geohydrologic units. Testing will be conducted in alcoves
located in the north and south ramps (see Figure 3.4-2). The
following is a list of alcove stratigraphic locations.

NORTH RAMP
1. Alcove in upper TCw
2. Alcove in lower TCw
3. Alcove in middle PTn
4, Alcove in TSwl

SOUTH RAMP
5. Alcove in upper TCw
6. Alcove in lower TCw
7. Alcove in middle PTn
8. Alcove in TSwl
9

. Alcove in TSw2

Air and water injection testing across and along the
geohydrologic contacts will also be conducted in alcoves
perpendicular to the ramp. Testing will require four 30-m boreholes,
two on each side of the contact, also drilled perpendicular to the
ramp. The boreholes will be instrumented with pneumatic packers
and/or a downhole liner system and sensors. Following installation,
single and cross-hole air-injection testing, and possibly a limited
number of water injection tests, will be conducted. At the
completion of the testing all or some of the boreholes will be
instrumented for long-term monitoring. The long-term monitoring
instrumentation will consist of pneumatic: packers, pressure
transducers, thermistors, and thermocouple psychrometers (TCPs). The
isolated intervals will also have surface gas lines so that gas
samples can be taken. The long-term monitoring program is expected
to last approximately 5 years. Following completion of the long-term
monitoring program, single and cross-hole water injection tests will
be conducted at all sites. The goals of the geohydrologic unit
contact testing are to: 1) quantify the boundary effects of the
contacts on air flow, 2) monitor for any long-term change in
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Geohydrologic
Stratigraphic unit
© unlt (where
unsaturated)
) Alluvium
Alluvium QAL .
Tiva Canyon
.n"': Ctrlyl on welded unit
(TCw)
Yucce
Mountain Paintbrush Tuff
Meamber nonwaelded unit
(PTn)
Pah Canyon
¥ Member
-
g Topopah Spring
4 welded unit
T
i
Member [~ - —=—=-
(TSw,)
Calico Hills non-
welded unit (CHn)
-------- Py
Tultaceous beds 4
Viaric '
of Calico Hills L ) P 7
Prow Pass P s’
Member P 7 Zeollized
L . (CHea)
s~
. 3 Bulltrog Crater Flat
. Member unit
(CFu)

3.4-6

1,5
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3,7

4,8

Figure 3.4-2. Stratigraphic locations of bermeablllty;‘ixnlsotroﬁy test sites.
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pressure, temperature, or water potential at the contacts,and 3)
quantify the boundary effects of the contacts on water flow. Testing
will be conducted in the north and south ramps at but not limited to
the following locations (see Figure 3.4-3):

NORTH RAMP
1. Alcove at TCw-PIn contact
2. Alcove at PTn-TSwl contact
SOUTH RAMP
3, Alcove at TCw-PTn contact
4, Alcove at PIn-TSW1l contact

Because the ramp is expected to be generally unlined it will
influence the moisture content, temperature, and pneumatic pressure
of the surrounding rock. In order to quantify these influences on the
prieumatic testing and long-term monitoring, pneumatic testing and

- long-term instrumentation must be conducted as soon as possible
following the ramp reaching an identified test level. This early
baseline data is required in order to ascertain the degree to which
the moisture and temperature state of the rock is impacted by the
ramps.

Figure 3.4-4 summarizes the organization of the radial-borehole
activity. A descriptive heading for each test and analysis appears
in the boxes of the second and fourth rows. Below each test/analysis
are the individual methods that will be utilized during testing.
Figure 3.4-5 summarizes the objectives of the activity, site-
characterization parameters, and activity parameters. Cross-
references to other study plans which provide input to the radial-
borehole tests also appear in both figures.

The two figures summarize the overall structure of the planned
activity in terms of methods to be employed and measurements to be
made. The descriptions of the following sections are organized on
the basis of these charts. Methodology and parameter information are
tabulated as & means of summarizing the pertinent relations among (1)
the activity parameters to be determined, (2) the information needs
of the performance and design issues, (3) the technical objectives of
the activity, and (4) the methods to be used.

The exact scheduling.bf the radial borehole testing and
associated activities is dependent on the ramp construction schedule
and the access provided during ramp construction.

3.4.3.1 Borehole drilling and coring

3.4.3.1.1 Permeability-anisotropy boreholes

The permeability-anisotropy borehole test sites will
consist of three 30-m HQ boreholes. . The boreholes will be
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Geohydrologic
Stratigraphic unit
unit (where
unsaturated)
Alluvium
|
Alluvium (
Tiva Canyon
Tiva Canyon welded unit
Member (Tow)
1,3
Yucca
Mountain Paintbrush Tuff
Member nonwelded unit
(FTn)
Pah Canyon
5 Member
-
=
g 2,4.
£ Topopah Spring
E ) welded unit
Topopah (TSw,)
' . l ----------
(TSwy)
Calico Hilis non-
welded unit (CHn)
------- 7]
Tuftaceous beds s
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of Calico Hilis 7/
(CHm) PR
Prow Pass P 7
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Figure 3.4-3. Stratlgfaphic locations of geohydrologic contact test sites.
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located in alcoves off the main ramps. Each alcove will be
perpendicular to the ramp and the boreholes will be drilled
in the far end of the alcove. The boreholes will be drilled
in a conical configuration based on an expanding triangle as
shown in Figure 3.4-6. The borehole drill locations are
configured in an equilateral triangle with 2-m sides. The
boreholes are then drilled at an 8-degree angle off
perpendicular of the triangle and away from the center of the
triangle. This drilling will expand the equilateral triangle
so that the equilateral sides will measure 9.3 m when the
boreholes are 30 m in length. However, this configuration
may be modified based on future information on fracture
orientation, etc. obtained in the ramps. The boreholes will
be dry drilled with tracer-tagged compressed air. The HQ
core will be collected, packaged, labeled, and transported to
an off-site laboratory for hydrologic analysis. The alcove
must be large enough to allow the drilling operations and
sample handling operations to proceed concurrently.

Following drilling the boreholes will be logged. Nine
preliminary test sites for permeability-anisotropy testing
have been selected (see Figure 3.4-2). The final test site
locations will be selected during ramp construction.

The length of the radial boreholes was chosen to insure
that the testing is conducted in both the zone of stress
redistribution associated with the ramps and in the
undisturbed zone outside the stress redistribution zone. The
stress redistribution zone is predicted to extend for two
ramp diameters from the ramp wall into the surrounding rock.
This prediction is based on the solution derived from the
theory of elasticity for a circular opening. The borehole
length of 30 m extends well beyond the predicted disturbed
zone of 16 m and will allow testing of both disturbed and
undisturbed rock.

3.4.3.1.2 Geohydrologic unit contact boreholes

The geohydrologic unit contact testing borehole test
sites will consist of four 30-m HQ boreholes arranged in a
rectangle straddling the contact (see Figure 3.4-7). The
boreholes will be drilled in alcoves off the main ramps. The
alcoves will intersect the geohydrologic contacts and be
perpendicular to the ramps. The alcove size will depend on
the angle at which the ramp intersects the contact. The
boreholes will be drilled perpendicular to the ramps,
parallel to the contact, and parallel to each other (see
Figure 3.4-7). Two of the boreholes will be located
approximately 1.5 m above ‘the contact and separated by 2 m,
and two boreholes will be located approximately 1.5 m below
the contact and separated by 2 m. These dimensions will
probably be altered based on geologic and hydrologic
information obtained at the contact test sites. Four
preliminary test sites for contact testing have been selected

‘ 3.4-11 Deceaber 28, 1992
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(see Figure 3.4-3). However, information obtained during
ramp construction, such as identification of zones with large
changes in permeability and/or porosity within geohydrologic
units, may require addition of test sites. Following
drilling the boreholes will be logged.

Like the permeability-anisotropy boreholes, the contact
boreholes also will be dry drilled using tracer-tagged
compressed air as the drilling medium to provide bit cooling
and removal of cuttings. The length selection for these
holes is also based on the same stress redistribution
rationale as in the permeability-anisotropy boreholes. The
HQ core will be collected, packaged, labeled, and transported
for off-site hydrologic analysis.

3.4.3.2 On-site laboratory hydraulic-parameter testing of
core and drill cuttings.

Core and drill-cutting samples obtained during the drilling
process will immediately be sealed in wax, or placed in air-tight
canisters and transported to a field laboratory, where
gravimetric-water content of selected core and cuttings will be
determined. Information obtained by this method will be used in
the interpretation of gas-injection tests and will serve as
baseline data for the newly drilled boreholes.

Table 3.4-1 indicates that an alternative to waxing or
sealing the samples in containers is to transport the samples to
the laboratory without preparing or preserving them first.
Drilling and sampling downtime could be reduced if this practice
were adopted, but the samples also could begin to dry out if they
were not quickly processed and analyzed.

3.4.3.3 Off-site laboratory hydraulic- and physical-parameter
testing of core - . .

Core and cutting samples not utilized during on-site
hydrologic testing will be sent off site to laboratories for
testing the following properties: volumetric water content,
grain demsity, porosity, bulk density, water potential, water
retention, saturated-water permeability, and relative water and
gas permeability. The information obtained from these tests will
be used in the interpretation of gas injection tests and will
serve as baseline data for the newly drilled boreholes. Methods
used to measure these important hydrologic parameters are
described in the matrix hydrologic properties testing activity
(Activity 8.3.1.2.2.3.1) in YMP-USGS SP 8.3.1.2.2.3,
(Unsaturated-zone percolation - surface-based studies), along
with possible alternatives. Table 3.4-1 gives the activity
parameters addressed by these tests.

3.4-14 Decexber 28, 1992
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Table 3.4-1. Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4.4)

{continued)

Methods (selected and alternate)

Activity parameter

Fracture logging of core

Off-site detailed examination for fracture

characteristics used in test analysis
(selected)

On-site cursory examination for fracture
characteristics used to locate test intervals

{selected)

Fracture characteristics: distribution,
aperture, weathering, roughness, and
frequency

Borehole television surveys

Television logging to determine fracture

characteristics
{selected)

Fracture characteristics: distribution,
aperture, weathering, frequency, and
orientation

Borehole geophysical surveys

Neutron-moisture survey to determine
volumetric water content
{selected)

Water content, volumetric, rock matrix

In-situ pneumatic and gas-tracer testing

Single-hole and muitihole, steady-state, gas-

injection and -withdrawal tests
{selected)

-
Single-hole and multihole, gas-injection,

constant-flow-rate, transient tests
{selected) - - w

Single-hole and multihole, gas-injection,
constant-pressure, transient tests
(alternate)

Permeability, Gas

Anistropy

Fracture aperture
Fracture permeability
Excavation effects

Permeability, Gas

Anistropy
Porosity
Gas permeability, excavation effects

Permeability, Gas
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Table 3.4-1. Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4.4)

Methods (selected and alternate) Activity parameter .

Borehole drilling and coring

Drill and core boreholes dry {No activity parameters)
{selected)
Cross-reference to YMP-USGS SP 8.3.1.4.2.2 {See YMP-USGS SP 8.3.1.4.2.2)

{Geologic mapping in the ESF)

On-site laboratory hydraulic-parameter testing of core and drill cuttings

Prepare samples by waxing, or place in airtight {No activity parameters)
containers, and transport to on-site suriace field

laboratory

{selected)

Measure gravimetric water content by drying Water content, gravimetric, rock matrix
and weighing preserved sample to estimate
water potential indirectly

(selected)
" Measure gravimetric water content by drying -
and weighing non-preserved sample
(alternate)
Qff-site laboratory hydraulic- and physical-parameter testing of core
Matrix hydrologic properties testing Bulk density, rock matrix
{selected)
" Grain density, rock matrix
. Moisture retention, rock matrix
" Permeability, relative, gas, rock matrix
- Permeability, relative, water, rock matrix
- Permeability, saturated, water, rock matrix
. Permeability, saturated, gas, rock matrix
- Pneumatic permeability, bulk, fractured rock
* Porosity pore-size distribution, matrix
- Porosity, matrix
® Water potential, rock matrix
Laboratory determination of gravimetric water Water content, volumetric, rock matrix
content of cores only ‘
(selected)
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Table 3.4-1. Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4.4)
{continued)
\{/
‘ Methods (selected and alternate) Activity parameter
In-si neumatic and gas-tracer testing {continu
Single-hole and multihole, gas injection, Anistropy
constant-pressure, transient tests
{alternate)
" Porosity
- Gas permeability, excavation effects
Cross-hole gas tracer testing, cross reference to  Travel time
8.3.1.2.2.4.8
{selected)
" Estimate tortuosity
Borehole instrumentation and monitorin
Stem and instrument using removable-packer (No activity parameters)
system
{selected)
Monitor atmospheric pressure changes within Pneumatic-potential distribution and
. ] test intervals using pressure transducers fluctuation
N
{selected)
Monitor changes in chemical composition of Diffusive tortuosity, fractured rock and rock
rock-unit gases mass
{selected)
® Gaseous diffusion coefficient, fractured rock
_ units
Monitor changes in temperature within borghole Temperature, distribution and fluctuations
using temperature sensors '
(selected)
Monitor changes in water potential within Water potential, distribution and fluctuation
boreholes using psychrometer
(selected)
llection an n f gas samples from the r. rehol
Cross reference to 8.3.1 .2.2.4.8 ESF Pore-gas composition
hydrochemistry tests '
{selected) _
" Radioactive isotopeés
" Stable isotopes
3.4-17 December 28, 1992
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3.4.3.4 Fracture logs of core

If continuous coring is possible, a cursory examination of
the core for fracture characteristics (i.e., type of fracture,
frequency, depth to fracture, etc.) will be made on-site during
drilling. In the laboratory, a more detailed examination of the
core will be made to develop detailed fracture-characteristic
logs. Fracture data from boreholes will be used in conducting
the permeability-anisotropy and geohydrologic contact testing
along with selection of the long-term monitoring zones. No
alternative methods for this activity were identified, although
borehole-television cameras will also be used to view fractures
in situ.

3.4.3.5 Borehole television surveys

Following completion of drilling, all boreholes will be
logged with an oriented television camera for fracture
characteristics and lithology. The survey will be used for
fracture orientation and to determine whether the fractures
intersecting the borehole are open or closed. The fracture data
will be used to supplement geologic mapping in the ESF and to
determine the location of test intervals and long-term monitoring
zones. An alternative to borehole-television surveys is to
maintain orientation of the core during drilling. This would
require a special oriented-core barrel. The oriented core could
be used to determine fracture orientation; however, it is often
difficult to determine from core whether fractures are open or
closed, and if they are drilling-induced or natural, especially
at greater depths where weathering is not as prominent.

3.4.3.6 Borehole geophysical surveys

Following television logging all boreholes will be neutron-
logged. Neutron surveys also will be conducted in the
permeability-anisotropy boreholes on a periodic basis. These
data will be used to look at long-term drying trends in the far-
field environment.

3.4.3.7 In-situ pneumatic and gas-tracer tests !

Single and cross-hole gas injection tests will be conducted
at the permeability-anisotropy and geohydrologic unit contact
sites. Testing will use a downhole liner to isolate numerous
sections of each borehole. These isolated sections can then be
used as monitoring or injection zones. The fracture-log data
obtained from the drill core and video-camera surveys will be
used to select the test zones. The early test site boreholes
will probably have their full lengths tested. After some
experience and initial analysis, the testing density can probably
be reduced.
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Fluid-injection or -withdrawal (production) field tests are
used to evaluate the in-situ permeability and storativity of rock
subjected to natural overburdening and confining stresses.
Laboratory testing of core is another method commonly used to
evaluate rock permeability and porosity. Unfortunately,
laboratory permeability tests require subjecting the drill core
to stress conditions expected in the field in order to accurately
determine in-situ permeabilities; this requires prior knowledge
of the stress conditions, including stress directions and
magnitudes. In addition, the in-situ permeability of fractured
rocks with large fracture permeability would be grossly
underestimated if laboratory-test results on core, which usually
represent matrix permeabilities, were used exclusively.

Another alternative to measuring permeability directly from
cores or in-situ field tests is to use a fracture model to
estimate permeability indirectly (Dershowitz, 1991; Van Golf-
Racht, 1982; Rissler, 1978; Snow, 1965). Fracture data,
including fracture orientations, surface roughness, densities,
and apertures, are collected from drill-hole video, core, and
geophysical logs and then used directly in a fracture model to
compute rock permeability. This method is somewhat restrictive
because a large fracture data base is required to characterize
the rock and determine permeability; there is a great deal of
uncertainty associated with measuring in-situ fracture apertures
accurately because borehole unloading can result in near-borehole
fracture deformation, and fracture lengths are very difficult to
determine if only one drill hole is present or the distance
between multiple holes is large. Due to the inherent problems
associated with using fracture models and laboratory
permeabilities to determine in-situ rock permeability, fluid-

. injection or -production field tests provide the most effective
method of determining this important parameter.

Prototype testing has determined tiat several gas-injection .
and -withdrawal methods will be utilized during the testing
program. They include: (1) single-hole, constant-flow-rate,
transient tests; (2) single-hole steady-state, gas-injection and
-withdrawal tests: (3) .cross-hole constant-flow-rate transient
tests; and (4) cross-hole steady-state gas injection and
withdrawal tests. : :

Single-hole fluid injection or withdrawal (production) field
tests are commonly used to evaluate reservoir or aquifer
permeability. These tests utilize only one active well and no
observation wells.. Rock parameters are evaluated from data (flow
rates, pressure, and temperatures) collected from a single
borehole (Earlougher, 1977). The two single-hole methods listed
above and in Table 3.4-1 are briefly described below. A thorough
treatise on each method can be found in the references
accompanying each description. o

Steady-state, .gas-injection and -withdrawal tests will be
used to determine the permeability of individual fractures.

3.4-19 , December 28, 1992
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Steady-state tests consist of injecting gas into or withdrawing

gas from the rock until the downhole pressure and uphole measured
injection (withdrawal) flow rates remain constant. Trautz (1984) \
used this method to characterize fractures in unsaturated —
fractured tuffs. Schrauf and Evans (1984) also used this method

to evaluate the relation between the gas conductivity and

geometry of natural fractures in the laboratory.

The single-hole constant-rate transient test consists of |
injecting gas into the rock at a constant rate and at the same

time monitoring the transient pressure response (i.e., change in
pressure with time). Constant-production-rate, transient tests

are commonly used in the oil industry to evaluate gas-reservoir
parameters (Earlougher, 1977). An alternative to this method, I
" which is listed in Table 3.4-1, is a constant-pressure, transient
test. As the name implies, gas is injected or produced from the
rock at a constant pressure while the change in gas-flow rate is
monitored with time. Such a test is seldom made because it is

much easier to measure pressure accurately than it is to

accurately measure flow rate (Earlougher, 1977). Constant-rate
tests, however, may inadvertently become constant-pressure tests,
and so it is desirable to be able to analyze both types of tests. |

Cross-hole pneumatic and hydraulic field tests, commonly
referred to as "interference tests" in the petroleum industry,
are used to evaluate reservoir properties such as permeability -
and storativity, determine the location of structural features
such as faults, no-flow and recharge boundaries, and evaluate
isotropic versus anisotropic conditions in reservoirs I
(Earlougher, 1977) and fractured aquifers (Hsieh and Neuman, ‘
1985; and Hsieh and others, 1985). Cross-hole testing is a
descriptive phrase used to describe a multiple-well test.
Multiple-well tests require at least one active (producing or
injecting) well and at least one observation well; however, only
one active well will be utilized at any given location and time I
during this study. Gas will be injected or produced from an
{solated test interval in one of the boreholes and the response l
of the formation to the change in fluid pressure will be
monitored in numerous nearby observation intervals located in the
other boreholes. The test results, namely active- and |
observation-well fluid pressures, and injection or production-
flow rates, are used to calculate reservoir aquifer parameters.
Analysis of the test results is dependent upon flow-domain
boundary conditions, the type of fluid injected into the
formation, the saturation state of the formation, and the type of
test conducted.(e.g., steady-state or transient).

The methods described with regard to single-hole tests apply I
equally to cross-hole testing. The greatest difference between

the two test configurations is the quality of results that can be
determined from the test data. Single-hole test results can be
heavily influenced by wellbore conditions (i.e., skin effects

caused by wellbore damage or improvement), making it difficult or
impossible to calculate reservoir parameters.- In addition, it is

.
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impossible to characterize the anisotropic nature of a reservoir
using a' singlé-hole test. The cross-hole tests provide a
convenient test configuration for gaining important hydraulic
information about the geohydrologic units penetrated by the
ramps, information that could not be obtained from single-hole
testing methods alone. Types of cross-hole tests ‘to be conducted
include: (1) constant-rate transient gas-injection tests; and
(2) steady-state, gas injection and withdrawal. A possible
alternative to these methods could be constant-pressure, gas-
injection tests.

3.4.3.7.1 Permeability-anisotropy pneumatic testing

Single and cross-hole gas injection tests will be
conducted at the permeability-anisotropy test sites. During
single-hole testing, intervals will be tested and analyzed
for spatial correlations (Winberg, 1991). During cross-hole
testing, two boreholes will be used as monitoring boreholes.
They will be fitted with downhole liners isolating up to 30
jntervals in each borehole. These intervals will be
connected to the alcove by small-diameter tubes. The tubes
can be attached to pressure transducers and used to monitor
the pressure in the downhole interval or attached to pumps to
obtain gas samples. The third borehole will be fitted with a
liner with a single large-capacity injection zone. The
injection zone is adjustable and can be moved throughout the
borehole. The single large-capacity injection zone will be
connected to the surface with a large-diameter tube through
which gas can be injected or pumped. The tube will be
connected to a surface gas source and used to conduct
pneumatic tests. Each of the three boreholes will be used as
the injection borehole while the remaining two boreholes are
monitored.

Cross-hole pneumatic tests between the permeability-
anisotropy boreholes will be used to define the three-
dimensional permeability tensor in the same manner that Hsieh
and Neuman (1985) used cross-hole hydraulic tests to
determine the hydraulic-conductivity tensor of saturated,
fractured rock. Hsieh and Neuman's (1985) method will be
modified to account for gas flow. An important feature of
Hsieh and others’ (1985) method is that it allows the
investigator to determine the anisotropic nature of the
medium without prior knowledge of principal-permeability
directions or magnitudes. Virtually all of the previously
proposed methods required that one or more principal
directions be known prior to the test (Papadopulos, 1965;
Hantush, 1966; Snow, 1965). . . :

A 3.4.3.7.2' ‘ ‘Geohydrologic-unii-contact pneumatic testing
Single and cross-hole gaé injection tests will be

conducted at the geohydrologic contact test sites. During
single-hole testing, intervals will be tested and analyzed
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for spatial correlations (Winberg, 1991). During cross-hole
testing, three of the boreholes will be fitted with downhole
liners isolating up to 30 intervals in each borehole. These
intervals will be connected to the alcove by small-diameter
tubes. The tubes can be attached to pressure transducers and
used to monitor the pressure in the downhole interval or
attached to pumps to obtain gas samples. The fourth borehole
will be fitted with a downhole liner with one large-capacity
injection interval. The large-capacity injection interval is
adjustable and can be moved throughout the boreholes. A
single larger-diameter tube will connect the large-capacity
injection interval to an alcove gas source and will be used
to inject or pump gas. Each of the four boreholes will be
used as injection boreholes while the remaining three are
used as monitoring boreholes.

Cross-hole pneumatic tests between the geohydrologic unit
contact boreholes will be used to quantify the hydrologic
characteristics of the geohydrologic contacts. Compressed air
will be injected into an isolated interval in one borehole
and the pressure response monitored in numerous intervals in
monitoring boreholes on both sides of the contact. The
boreholes will be placed so the influence of the contact on
the injection zone and monitoring zones in boreholes on the
same side of the contact will yield information as to what
type of boundary the contact represents. Numerous isolated
intervals in all four boreholes will be used as the injection
zone. Use of numerous injection intervals over the full
lengths of all the boreholes will evaluate contact
characteristics over a large area and evaluate the
geohydrologic units’ near-contact permeability and effective
porosity over a large area.

3.4.3.7.3 Gas tracer testing

Following pneumatic testing, cross-hole tracer testing
will be conducted at both the permeability-anisotropy and
geohydrologic unit contact test sites. Tracer travel times

. between selected intervals can be compared to velocities
calculated from pneumatic testing and used to estimate
tortuosity. Tracer testing will be conducted in cooperation
‘and under guidelines of the geochemistry staff using methods

- referenced in Section 3.8.

3.4.3.8 In-situ hydraulic testing

Following pneumatic and tracer testing, one or more of the
permeability-anisotropy and geohydrologic unit contact test sites
may be selected for hydraulic testing. Pneumatic and hydraulic
test results will differ due to gravity, air entrapment,
Klinkenberg effect, and other possible influences. However, an
opportunity to compare pneumatic and hydraulic test results is an
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important need in the site characterization program. If reliable
techniques can be derived for estimating permeability (and
hydraulic conductivity) from air- and water-injection test data
at the field-scale (that scale which corresponds to the zone
which is evaluated in the air- or water-phase testing), then
pneumatic testing results may be more efficient and provide a
more comprehensive assessment of the permeability of the
formations. It will be necessary to perform single and cross-
hole hydraulic tests at select locations in order to determine
the usefulness of effective air permeability in calculating
hydraulic conductivity, and may provide some insight into
questions on water flow across geohydrologic unit contacts.

Obviously, sites chosen for a comparative analysis of
hydraulic and pneumatic testing should be representative of other
locations in both welded and nonwelded units. However, they
should also be situated away from areas where water might
interfere with other test activities. The selected hydraulic
test sites should provide the confidence needed for correlating
pneumatic and hydraulic parameters. All water will be tagged to
facilitate identification.

Hydraulic testing will also allow for long-term monitoring
following water injection. Because the two ramps provide
matching test sites, this will allow long-term monitoring of the
same formation following air versus water injection.

Those sites not tested before long-term monitoring will be
tested following the long-term monitoring program.

Figure 3.4-4 lists the types of cross-hole pneumatic and
hydraulic tests that will be conducted during cross-contact

testing. Constant flow-rate transient tests and steady-state

tests will be utilized.

3.4.3.9 Borehole instrumentation and monitoring

The second phase of the tests consists of instrumenting and
monitoring selected intervals in one or more boreholes at all
radial borehole sites and periodically withdrawing rock-gas
samples. Permanent instrumentation will be installed in selected
boreholes and continuously monitored for in-situ water potential,
pneumatic pressure, and temperature changes for a period up to 5
years. .

Long-term monitoring of the radial boreholes will enable
detection of changes in the water potential, pneumatic pressure,
and temperature associated with possible water pulses, barometric
influences, or ramp influences that are occurring in the
unsaturated zone. During infiltration events, percolation of
water will disturb the in-situ water potential and temperature.
Water potential will be monitored with thermocouple psychrometers
that measure relative humidity in the unsaturated zone. This is
related to water potential in the voids by Kelvin’s equation
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(Hillel, 1971). Prototype testing by the USGS has shown that
thermocouple psychrometers can be calibrated with salt solutions
to a sensitivity of 0.05 bars and accuracy of 0.7 bars over a
range of -1 to -75 bars, Prototype thermistor testing has
developed thermistors with sensitivity of 0.001 deg C, and
accuracies of 0.005 deg C over a range of 10 to 50 deg C.
Prototype pressure transducer testing and development has
resulted in units with sensitivities of 10.0 Pascals, and
accuracies of 20.0 Pascals over a range of 0.5 to 1.5 atms.

A preliminary data analysis of the pneumatic tests and
borehole television logs will be used to determine optimal
emplacement of the long-term monitoring stations. At least three
stations will be installed in each selected borehole. Each
station will be instrumented with a thermocouple psychrometer,
pressure transducer, thermistor, and access tube for gas
sampling. Sensor leads will be connected to a local data-
acquisition system (DAS) located near the collar of the borehole
in the ramps or drifts. The DAS will convert analog to digital
signals which will be sent to the integrated data system (IDS).
The design and operation of the system is based on the prototype
systems developed in G-tunnel and during the Hydrologic Research
Facility prototype boreholes work.

After the sensors and data-acquisition system are installed,
data monitoring will continue throughout the in-situ phase tests
being conducted throughout the ramps and Main Test Level. No
alternatives were identified for the methods presented in Table
3.4-1.

3.4.3.10 Collection and transport of gas samples from radial
boreholes

Gas sampling (collecting, transporting, and analyzing gas
samples) will be conducted as part of the plans described in
Section 3.8 (Hydrochemistry tests). "A urief description of
activities is presented here so that the reader has a better
understanding of the interface between the radial-borehole tests
and the hydrochemistry tests.

Two sets of gas samples will be taken from the radial
boreholes. The first will be for analysis of the general
composition of air in the unsaturated zone, including nitrogen,
oxygen, argon, and carbon dioxide. Drilling and injected gas
will be identified by the tracers. This sampling will be
conducted approximately every three months and will continue
throughout the in-situ phase tests. The second set will be for
analysis of gaseous radioactive and stable isotopes: carbon-14,
carbon-13, tritium, oxygen-18, and deuterium. Sampling for the
second set is complicated and may last about five weeks. For
this reason, this sampling will be repeated only annually but
will continue throughout the duration of the in-situ phase
testing. ' - - - )
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3.4.3.11 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.4-1. Also listed are the selected and alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables. The selected
methods in Table 3.4-1 were chosen wholly or in part on the basis
of accuracy, precision, duration of methods, expected range, and
interference with other tests and analyses.

The USGS investigators have selected methods that they
believe are suitable to provide accurate data within the expected
range of the activity characterization parameter. Models and
analytical techniques have been or will be developed to be
consistent with test results.

3.4.4 Quality assurance requirements

The USGS Quality Assurance Program Plan-for the YMP (USGS, 1989)
requires technical procedures for all technical activities that
require quality assurance.

Table 3.4-2 provides a tabulation of technical procedures
applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.

Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, and calibration needs, quantitative or
qualitative acceptance criteria of results, description of data-
documentation, identification, treatment and control of samples, and
records requirements are included in chese documents.
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Table 3.4-2. Technical procedures for the radial-borehole activity {(SCP 8.3.1.2.2.4.4)

Technical procedure number (YMP-USGS-)

Technical Procedure

HP-12

HP-38

T8D
TBD

HP-32

HP-73

HP-28

TBD

TBD

GP-11
TBD

hydraulic- an

Borehole drilling and coring

Method for collection, processing, and
handling of drill cuttings and core from
unsaturated-zone boreholes at the well site,
NTS

Method for measuring humidity, pressure, and
temperature of intake and exhaust air during
vacuum drilling

Borehole cleaning and verification techniques

Borehole drilling and coring horizontal holes dry

r testing of core and dril in

Method for monitoring moisture content of
dritl-bit cuttings from the unsaturated zone

Calibration and use of the Sartorius Electronic
Toploader {balance} Model 1507 MP8

hysical-parameter testing of core

Laboratory procedures for the determination of
moisture-retention curves on rock core

Procedures for the measurement of (1)
volumetric water content, (2) bulk density, {3)
porosity, (4) saturated water and gas
permeability, (5) relative permeability

Cross-reference t0 8.3.1.2.2.3.1 fora
complete listing of matrix hydrologic-properties
technical procedures

Fracture logging of core

Logging fractures in core

On-site fracture logging of core
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Table 3.4-2. Technical procedures for the radial-borehole activity {SCP 8.3.1.2.2.4.4)
(continued) '
Technical procedure number (YMP-USGS-) Technical Procedure
Borehole television surveys

GP-10 | Borehole video fracture logging

TBD Borehole video logging in horizontal boreholes
TBD Operation of borehole television

T8D Method for cleaning borehole walls prior to

television camera survey
Borehole geophysica! survevs
HP-62 . Method for measuring subsurface moisture

content, using a neutron moisture meter

in_sity pneumatic and gas-tracer testing

T8D Air permeability testing in the ESF

T8D Operation of borehole liner system in ESF

T8BD Calibration of pressure transducers for air
permeability testing _

T8D Calibration of thermistors for air permeability
testing

TBD ' Calibration of TCPs for air permeability testing

Borghole instrumentation and monitoring

HP-14 ‘ ' Method for calibrating Peltier-type
’ thermocouple psychrometer for measuring
water potential of partially saturated media .

HP-17 ' Method of calibration and testing for operation
of pressure transducers for air-permeability
studies in the unsaturated zone
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Technical proéedures for the radial-borehole activity (SCP 8.3.1.2.2.4.4)
{continued)

Technical procedure number (YMP-USGS-)

Technical Procedure

TBD
TBD

TED

TBD

T8D

TBD

TBD

T8D

HP-56

HP-131

ion_and monitorin ntinued

Data-acquisition system operations check

Field procedure for connection of sensor leads
and initializing data-acquisition system

Field procedure for in situ calibration of
pressure transducers

Field procedure for in situ evaluation of
thermocouple psychrometer sensor
performance

Field procedure for stemming and
instrumentation boreholes

Flow-test data identification, shipping,
handling, and archiving ’

Laboratory procedures for calibration of
thermal sensors

Final checkout and acceptance of
instrumentation packages and emplacement
into radial test holes, exploratory studies
facility NTS (preliminary plan)

mples from the radial borehol

Gas and water-vapor sampling from
unsaturated-zone test holes

Methods for handling and transporting
unsaturated-core and rubble samples for
hydrochemical analysis

Procedure for shipping and handling gas
sampies
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3.5 Excavation-effects test
3.5.1 Objective of nctivity‘

The objective of this activity is to estimate the magnitude and
extent of modification to the Topopah Spring welded unit (TSw)
hydrologic properties caused by excavation and the mechanical
supports of the ESF openings.

3.5.2 Rationale for activity selection

Permeability before and after excavation is a parameter required
in SCP Table 8.3.1.2-1. This parameter is required to estimate
errors that may be introduced in evaluating hydrologic properties in
other tests in the ESF. Data from the percolation (Section 3.2),
bulk-permeability (Section 3.3), and radial-borehole (Section 3.4)
tests may be influenced by hydrologic properties of the rock around
openings constructed to conduct the tests. Therefore an evaluation
is needed to determine the significance of excavation effects and to
develop methods to correct for changes in physical properties that
may be introduced by modification of the rock hydrologic properties
near these openings.

3.5.2.1 Theoretical background

Excavation in fractured rocks can significantly alter the
physical properties of the rock near an underground opening
(Montazer, 1982). Olsson (1992) reported a factor of eight in
the reduction of water flow rate through a fractured zone into
one drift after excavation using blasting. The location was at
the Swedish Stripa project site, which is in the saturated zone.

These changes are a concern because modification of the
hydrologic properties, such as permeability, may alter existing
pathways or introduce new pathways for Zas and liquid flow. The
travel time of liquids and gases along these changed or new
pathways may be significantly different from those along natural
pathways. If travel time is significantly changed, then the
effects of excavation will have to be considered during other
hydrologic tests.

The magnitude of changes in fracture permeability, effective
porosity, and saturation depends on the excavation method, in-
situ stress tensors, and fracture orientation around the opening.
Fracture permeability may increase or decrease, depending on the
orientation of the excavation with respect to fractures and to
in-situ stress. Fractures that are parallel to the long axis of
the opening (but not radial from this axis) and in close
proximity to the walls are expected to open due to the stress
relaxation in the radial direction. However, radial fractures

. are expected to close due to stress increase in the tangential
direction. In addition, deformation of fracture apertures may
significantly change saturation within the fractures, so that
some fractures attain larger water saturation. These complex
relative permeability relations may be evaluated by monitoring
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fracture deformation, saturation, stress changes, and
permeability during construction.

3.5.2.2 Parameters required for evaluation

To evaluate the excavation effects, some or all of the
following parameters will be required. The choice will depend on
the approach that will be followed as described in Section 3.5.3.
The parameters are:

(a) pre-mining fracture permeability around the excavation,
(b) pre-mining state of rock stress,

(c) pre-mining water saturation,

(d) mechanical properties of the in-situ rock,

(e) stress changes after the opening is made,

(f) fracture deformation, and

(g) permeability changes due to excavation.

3.5.3 General approach

In order for the excavation effects to be considered significant,
the changes in fracture permeability around underground openings need
to be measurable and the final permeability values statistically
different from the initial values, as well as, those of the
surrounding vicinity.

There are two approaches that may be utilized to evaluate the
excavation effects. The first approach is a deterministic one where
the physics of the process is investigated. It is achieved by
measuring all the parameters mentioned above in Section 3.5.2.2 and
using them to support a geomechanical model. The model may allow
prediction of excavation effects at other locations within the ESF
where rock stress and properties are different. This approach will
need to be evaluated at least twice at two locations where the stress
and rock properties are different. It will be desirable to measure
parameters (e) through (g) in Section 3.5.2.2 during and after
excavation. This will give more case studies to verify the
geomechanical model to predict changes in the study vicinity. An
advantage to this approach is that a physical model may be applied to
predict changes in permeabilities where conditions are different.

The second approach is a statistical one. The changes in
fracture permeability before and after an excavation is made are
measured. The same set of measurements is repeated at several other
locations to gather enough data to minimize uncertainty levels in
predicting permeability changes at different locations. An important
restriction to this approach is that predictions will be valid only
to areas where the physical properties and stresses of the in-situ
rock are similar to those where the measurements were made, provided
that the same excavation method is used. The number of repetitions
required to achieve a given uncertainty level can be estimated after
making a few initial in-situ measurements at two or more locations.
This approach will have little interference with construction and
will not require an extensive instrumentation scheme.
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3.5.4 Test approaches

Figure 3.5-1 summarizes the objectives and organization of the
excavation-effects tests. Cross-references to other study plans
which provide input to the excavation-effects tests also appear in
Figure 3.5-1. Figure 3.5-2 lists the test procedures. A brief
description of each method appears in the boxes below each procedure.

Figures 3.5-1 and -2 summarize the overall structure of the
planned activity in terms of approaches and procedures to be employed
and measurements to be made. The descriptions of the following
sections are organized on the basis of these figures. Methodology
and parameter information are tabulated as a means of summarizing the
pertinent relations among (1) the activity parameters to be
determined, (2) the information needs of the performance and design
issues, (3) the technical objectives of the activity, and (4) the
methods to be used.

3.5.4.1 Initial evaluation

Since a prototype to this test has not been made, at least
one statistical test is required to verify that (a) changes in
permeability are measurable, and (b) that the final :
permeabilities are statistically different from the initial
values as well as those of the surrounding vicinity. If either
condition is shown not to be true, then the tests will not be
continued. However, if both conditions are shown to be true,
then either approach, as listed above in Section 3.5.3, or a
combination of the two approaches, can be employed. The choice
will depend on the cost and interference with construction
involved with each approach.

This stage will be accomplished by conducting a comparison of
air-permeability profiles around a planned opening before and
after its excavation. The measurements will be made in the ESF
from boreholes drilled parallel to a proposed opening.

The test will be conducted from two alcoves excavated along
both sides of a planned excavation as shown in Figure 3.5-3. The
location of the site will be determined based on drift-wall
mapping such that the opening will intersect many fractures.
Although this selection will result in a biased sample, it will
be a sample that may indicate worst-case scenarios.

Following the completion of each alcove, up to twelve
boreholes, six on each side, will be drilled for permeability
measurements. These boreholes will have a maximum length of 30 m
(100 fr) and be parallel to the planned excavation with a minimum
length of 25 m (80 ft). The boreholes will be within one
excavation diameter (or width) from the wall of the planned
excavation. This interval is chosen because the stress
redistribution, and hence, expected permeability changes around
circular openings is mostly effective within two radii. If
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required, additional undisturbed zone permeability estimates
beyond the two-radii zone will be estimated in the radial-
boreholes tests (Section 3.4).

After the boreholes are drilled, they will be logged with
geophysical surveying devices to estimate the water saturation,
density, and porosity in the vicinity of the proposed excavation.
Then an initial permeability profile along the boreholes will be
measured. Rock excavation will proceed until it is past the
depth of the boreholes. A second geophysical log, using the
neutron moisture and epithermal neutron tools, will be run in the
boreholes prior to additional permeability tests. Finally, a
second permeability profile will be made in the same boreholes.

If it can be demonstrated that permeability changes are
measurable and that the final values can be differentiated from
the initial values as well as those of the surrounding vicinity,
then either of the following approaches can be followed to
complete this test.

3.5.4.2 Physical approach

After verifying that the effects are significant, and if this
approach is chosen, calibrated instruments will be installed
around another planned excavation to measure all the parameters
listed above in Section 3.5.2.2. 1Initial fracture permeability,
state of stress, water saturation, and mechanical properties of
the in-situ rock will be measured. Rock stress and permeability
changes, and fracture deformation during and after the
excavation, also will be measured. These measurements will be
conducted from up to 30 boreholes drilled around a proposed
opening in the ESF as shown in Figure 3.5-4. However, since this
approach requires extra instrumentation, the decision to
implement it needs to be made at least six months in advance so
that enough time is allowed for stress and deformation instrument
procurement and calibration.

A coupled hydrologic-mechanical model will be used to analyze
the results and predict excavation effects at other locations
within the ESF where rock stress and properties are different.
Uncertainty will be associated with the in-situ measurements.
This uncertainty will propagate to the predicted results. It is
yet to be determined whether the level of uncertainty from
physical models is different from that resulting from statistical
models to justify one approach over the other.

Although the borehole density in this approach seems high,
the stress disturbance caused by the drill holes is expected to
be very small compared to the disturbance that will be caused by
the excavation. This is based on the assumption that if the rock
behaves as a linear elastic material then most of the stress
redistribution will take place within two radii (one diameter) of
a circular opening. Since the biggest borehole is not expected
to be larger than 150 mm (6 in) in diameter, the disturbed zone
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around these boreholes is not expected to extend beyond one
diameter from the borehole wall.

3.5.4.3 Séatistic&t‘approacﬁ

If the statistical approach is chosen to complete the test,
then the experimental procedure will be similar to that described
earlier in the section on initial evaluation (Section 3.5.4.1 and
Figure 3.5-3). No extra instrumentation will be needed. The
number of repetitions will depend on the required level of
uncertainty which has not yet been defined..

5 Test procedures

All boreholes will be instrumented after they are logged for

fractures with a video camera. This will allow instrument
installation to be more precise such that the measurements will
reflect values in fractured zones. The following procedures will be
utilized during this test. The first seven procedures will be
required for both approaches. The latter three will be required only
if the physical approach is implemented.

3.5.5.1 Drift-wall mapping

Locations of the proposed testing sites will be based on
fracture maps which are a part of Activity 8.3.1.4.2.2
(Geologic mapping of the ESF) in Study 8.3. 1 2 2 (Structural
features in the site area).

3.5.5.2 Borehole drilling and coring

Boreholes will be drilled following the completion of side
alcoves, if needed. The tentative borehole locations are shown
in Figures 3.5-3 and 3.5-4. A predetermined drilling scheme,
rather than a random one, will be used for this study. A random
drilling scheme will not be used since a limited and small number
of boreholes will be drilled. A few boreholes will not have a
uniform distribution to cover the area surrounding the opening.

3.5.5.3 Borehole-deviation survey

. All boreholes will be logged using a deviatometer. This is
essential for the analysis stage of this test where the locations
of the instruments, which will be installed later, relative to
the opening are required. The line-of-sight method will be used
for boreholes that appear to be straight.

3.5.5.4 Borehole fractuie logging

All boreholes will be logged with a video camera to locate
the fractures and possibly fractured or damaged zones. USGS
personnel will log the cores of the same boreholes for sections
that cannot be viewed clearly with the video camera. This is
required in order to determine the depth settings of the .
different instruments needed for this test and for updating the
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fracture map which is required for the analysis stage. The
television log is preferred over the core-logging method where
wall smoothness can be observed. Additionally, some of the
fractures seen on cores may be induced by drilling rather than
being natural fractures. ’

) 3.5.5.5 Borehole geophysical surveys

All boreholes will be logged using neutron-moisture,
epithermal neutron (porosity), and gamma-gamma tools before and
after excavation. These parameters will be needed for the
analysis stage of this test. Laboratory methods will be used to
determine more accurate estimates for porosity and density.
Laboratory determination of water content is another alternative
to geophysical surveying, although not as accurate.

3.5.5.6 In-situ stress and mechanical property measurements

The in-situ stress and mechanical property measurements will
be required in the vicinity of the proposed testing locations.
This information will be performed under Investigation 8.3.1.15.1
(Spatial distribution of thermal and mechanical rock properties).

3.5.5.7 Air-permeability measurements

Permeability boreholes will be drilled after completing the
side alcoves as shown in Figures 3.5-3 and 3.5-4. Based on
borehole fracture logging, the depth settings of the packers will
be determined. This is done in order to monitor fracture
permeability in the permeability boreholes. Permeability will be
measured before excavation is started to gather baseline values.
Another set of measurements will be taken after the opening is
complete, i.e., past the permeability boreholes. If the physical
approach is chosen, then measurements during excavation will be
desirable. The testing methods are described in Section 3.4
(Radial borehole tests). ' : )

3.5.5.8 Rock stress and fracture deformation measurements

Boreholes for monitoring stress changes and fracture
deformations will be instrumented after the completion of the
side alcoves. Stress changes and axial borehole deformation are
required for the modeling stage of this test. The borehole
pressure cell (Haramy and Kneisley, 1991) will be considered for
measuring changes in rock stress. The U.S. Bureau of Mines
three-component borehole deformation gage (Bickel, 1978) is
another alternative provided that one gage is used in a borehole
located in an area where vibrations will not affect gage
sensitivity. Borehole extensometers will be utilized to monitor
axial deformation (strain) in the angled boreholes (Figure 3.5-
4). All instruments will be connected to a data-acquisition
system for continuous monitoring. ~ .
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3.5.5.9 Stress-aperture relationship of fractures

Since . fracture aperture is stress-dependent (Olsson, 1992), a
relationship between fracture aperture, which is related to
permeability, and stress will be required to model fractured rock
behavior. This information will be collected under the Intact-
fracture test in the exploratory studies facility (SCP Volume IV,
Part B, Section 8.3.1.2.2.4.1).

3.5.5.10 Excavation-effects test modeling

Fracture data (statistical and mechanical parameters),
permeability profiles, fracture deformation, stress-aperture
relationships, and rock mechanical properties will be utilized to
validate coupled hydrologic-mechanical models to predict
permeability changes around different underground openings in the
potential repository. There are several models that may be used
to simulate such a behavior. Examples of such models are
reported by Olsson (1992). ’

3.5.5.11 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.5-1. Tests that are part of other studies are not included in
this table.

The table lists selected as well as alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables, The selected
methods in Table 3.5-1 were chosen wholly or in part on the basis
of accuracy, resolution, duration of methods, expected range, and
interference with other tests.

‘The USGS investigators have selected methods which they
believe are suitable to provide accurate data within the expected
range of the activity parameter. Models and analytical
techniques have been or will be developed to be consistent with

test results.

6 Quality assurance requirements

The USGS Quality Assurance Program Plan for the YMP (USGS, 1989)

requires technical procedures for all technical activities that

“require quality assurance.

Table 3.5-2 provides a tabulation of technical procedures

applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.
Technical procedures that belong to . tests that are part of other
studies are not included in this table,
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Table 3.5-1. Summary of tests and methods for the excavanon-eﬁects activity

(SCP B8.3.1.2.2.4.5]
Methods {selected and alternate) Activity parameter
Drift-wall mappin jvi .3.1.4.
Drift-wall mapping Fracture characteristics

Borehole fracture iogging
Borehole deviation survey using a deviatometer -

(seiected)
Using the line-of-sight method : -
{alternate)
Borehole television survey for jocating setting Fracture aperture
depths of instruments
{selected)

. ‘ Fracture distribution

Fracture orientation

Oriented-core for locating setting depths of Fracture distribution
instruments
{alternate)

Fracture orientation

Fracture roughness

orhl.hilrv

Neutron logging to est:mate water content _ Moisture content, in situ degree of
(selected) o _ . saturation
Laboratory determination of water content from - 2 .

cores
{{alternate)

Porosity (epithermal neutron) logging to estimate in Rock porbsity
situ porosity o
{selected) -

Laboratory determination of porosity .
{alternate)
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Table 3.5.1. Summary of tests and methods for the excavation-effects activity

(SCP 8.3.1.2.2.4.5) (continued)
Methods (selected and alternate) Activity parameter
Borehol ical surv ntin
Gamma-gamma {density) logging Rock density
{selected)
Density determination from laboratory "
measurements
{alternate)
In-si T and mechanical pri i
investigation .11
In-situ stress and mechanical properties In-situ stress and mechanical properties
measurements
Air permeability m remen
Cross-hole pneumatic and hydrologic tests Initial fracture permeability around
{selected) excavations
® Changes in fracture permeability due to
excavation effects
Rock stress and fracture deformation measurements
In situ measurements of stress, using borehole In situ stress changes, magnitude and
pressure cells orientation
(selected)
- Changes in rock stress due to excavation
effects _
In situ measurements of stress, using U.S. Bureau of In-situ stress changes, magnitude and
Mines 3-component borehole deformation gage direction
{alternate)

Changes in rock stress due to excavation
effects
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Table 3.5.1. Summary of tests and methods for the excavation-effects activity
(SCP 8.3.1.2.Z.4.5) (continued)

Methods (selected and alternate) Activity parameter
Rogk_str nd fractur formation measurements {continue

Measurement of longitudinal deformation using Fracture deformation
borehole extensometers .
(selected)

- Changes in rock stress due to excavation

effects
Stress- re relationships in fractyres {Sec. 3.1
Stress-aperture relationships from core Effects of stress changes on fracture
samples aperture
xcavation-effects modelin

Test using numerical hydrologic-mechanical model Changes in fracture effective porosity due
(selected) _ to excavation effects

” Changes in fracture saturation due to

excavation effects

- Changes in fracture permeability due to
excavation effects
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Table 3.5-2. Technical procedures for the excavation-effects activity

(SCP 8.3.1.2.2.4.5)
Technical procedure number (YMP-USGS-} . Technical procedure
.Borehole drilling and coring
HP-12 Method for collection, processing, and handling of
drill cuttings and core from unsaturated-zone
boreholes
TBD Method for measuring humidity, pressure, and

temperature of intake and exhaust air during
vacuum drilling

Borehole-deviation surveys
TBD . Borehole deviation surveys

TBD Oriented core logging

Borehole fracture | in

GP-10 Borehoie video fracture logging

TBD Borehole fracture logging from oriented cores
Borehole geophysical surveys

TBD Method for measuring in situ porosity, using

porosity (epithermal neutron) logs

T8D Method for measuring in situ density, using
gamma-gamma logs

HP-62 Method for measuring subsurface moisture
content, using a neutron moisture meter

k str nd f r formation measur n

TBD Method for assembling, calibrating, installing, and
- using rock stress gages in boreholes

TBD , Method of assembling, calibrating, installing, and
using extensometers

xcavation-eff modelin

T8D Method for evaluating the correctness of a
coupled-hydraulic-mechanical finite-element model
(bench-mark problems)
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Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, quantitative or qualitative acceptance criteria
of results, description of data documentationm, identification,
treatment and control of samples, and records requirements are
included in these documents.
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3.6 Calico Hills test

The Calico Hills test has been deleted from this current ESF
unsaturated-zone study. If the YMPO decides to expand ESF testing to
include the Calico Hills geologic unit, the following tests will include
tests in this unit: Radial boreholes, Perched water, Hydrochemistry,
Excavation effects, Hydrologic properties of major faults, Intact
fracture, Percolation, and Bulk permeability. Preliminary test locations
have been selected in the Calico Hills for in-situ hydrologic
characterization tests for these eight tests.
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3.7 Perched-water test.
3.7.1 Objectives of activity
The objectives of this activity are to:
1. detect the occurrence of any pefched water;

2. estimate the hydraulic properties of perched-water zones; and

3. determine.the implication of the existence of such zones on
water flux, flow paths, and travel times.

3.7.2 Rationale for activity selection

Perched water in the hydrogeologic system may imply a particular
flow path for water (Montazer and Wilson, 1984). In addition,
temporal variations in occurrence and characteristics of such perched
water could indicate dynamic or static conditions of the unsaturated
zone. Therefore, analysis of the spatial and temporal occurrence of
perched water would help identify various flow paths of water. When
the flow paths are identified, calculations of flux and travel time
become possible. The Darcian flux is determined by dividing the flow
rate by the cross-sectional area that is perpendicular to the '
direction of flow (Freeze and Cherry, 1979). Travel time is
estimated by dividing the length of the flow path by the flux and
estimated effective porosity. Direct estimation of the travel time
from land surface to the perched water is also possible through
analysis of the ages of pore, fracture, and perched water at known
depths. The age-dating methods are described in hydrochemistry tests
in Section 3.8.3.

The activity is designed to detect and estimate properties of any
perched-water zones in the part of the unsaturated zone penetrated by
the ESF. This evaluation is needed to understand the hydrogeologic
conditions causing accumulation of perched water; the implication of
such a zone on flux, flow paths, and travel time; and whether perched
water is a transient or permanent feature.

Surface boreholes, drilled in advance of construction of the
North and the South Ramps, may encounter perched water. 1f perched
water is detected in any of the North or South Ramp geology
boreholes, it will allow full preparation for sample collection and
testing in the ramps. If perched water has not been detected in the
North or South Ramp geology boreholes, it will be necessary to
visually inspect ramp walls for indications of perched water, and to
sample and test, if any is encountered. All ramp and drift walls
will be visually inspected for the occurrence of perched water during
ESF construction. e : - C
At the Nevada Test Site and vicinity, perched water is known to
occur principally within or above the tuff and lava-flow aquitards,
as described by Winograd and Thordarson (1975). In the underground.
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the tuff aquitard. Nine perched springs occur within the tuff
aquitard and lava-flow aquitard. Perched water has not been
positively identified in the bedded- or welded-tuff aquifers.
Perched water within or above the tuff aquitard generally occurs in
poorly connected fractures. The general absence of perched water in
the welded-tuff aquifer is attributed to both abundant hydraulically
connected fractures and absence of a perching bed; these prevent
accumulation of perched water.

workings beneath Rainier Mesa, the perched water occurs only within L/
i

Beneath Yucca Mountain, man-induced or natural perched water has
been encountered during drilling of test well USW H-1 (Rush and
others, 1984) and during drilling of test hole USW UZ-1 (Whitfield,
1985). In test well USW H-1, water was perched above an underlying
5.m-thick bedded or reworked ash-flow tuff at the base of the Topopah
Spring Member of the Paintbrush Tuff. This may have been
contaminated water resulting from the large amount of water used
during drilling, with water and detergent as the circulating media.
In test hole USW UZ-1, drilling in the Topopah Spring Member was
discontinued at a depth of 387 m (1,269 ft) because a large volume of
water was encountered, and the water level could not be lowered
significantly. All or part of this water may be contamination from
geologic test hole USW G-1 located 305 m (1,000 fr) to the southeast
of test hole USW UZ-1.

The conceptual model of flow in the unsaturated zone indicates
that perched water may occur within or immediately above the
Paintbrush Tuff nonwelded unit (PTn) and the Calico Hills nonwelded
unit (CHn) (Montazer and Wilson, 1984). This water could occur where
displacement along faults has created permeability contrasts on
opposite sides of the fault. - The occurrence of perched water would
probably be by percolation downward into underlying units, by flow
down the fault planes or zones, by lateral flow along contacts, or by
combinations of these pathways.

No perched water is expected in the host rock, except perhaps
{mmediately above the CHn. The presence or potential for future
perching of water in the host rock, however, might interfere with
construction, operation, and ultimate performance of a repository at
Yucca Mountain. In addition, perched water could cause substantial
modification of geochemical interactions, transport processes, flow
paths, and travel times. For example, inflow of perched water during
construction of the ESF or repository might substantially affect
construction techniques, schedules, and safety concerns because of
the potential for flooding. Perched water in the PTn, abo