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Executive Summary

This report presents a strategy for scaling boreholes to satisfy seal performance requirements for
the Yucca Mountain Site Characterization Project Inherent in this strategy are answers to the
following concerns: where to seal relative to the potential repository and geologic setting: how
to seal, relative to selection of seal materials. geometry and placement methods: and when to seal
(during the stages of potential repository operation. The strategy for scaling boreholes addresses
performance requirements given in 10 CFR 60 (1986) and presented in Issue 1.12 and the
availability of technologies to place borehole seals as discussed in Issue 4.4 (DOE. 1988). This
strategy also includes an evaluation of the performance of the sealing system. Because
performance reliability is critical to the strategy reducing the likelihood of degradation and
selecting measures to avoid deleterious events are both addressed through performance and design
calculations.

The strategy is intended to provide guidance for those acquiring site information from the
surface based program (Figure ES 1). This report is consistent with iterative performance
assessment and ties sealing design concepts with site-specific features. The borehole sealing
concepts are flexible in that they may be modified if the assumptions made about the rock
properties change as a result of site characterization efforts if additional scenarios for seal
degradation are defined, or if changes in potential repository or waste package (design occur. The
strategy also provides recommendations to the surface-based testing program in maintaining
access to boreholes grouting in seal zones preparing borehole sealing plans, and evaluating the
risks of abandoning boreholes.

Borehole Performance Goals and Performance. In previous studies (Fernandez et al.
1987). the regulations for borehole-seal performance (10 CFR 60.134) require that "boreholes

shall be designed so that following closure they do not become pathways that compromise the
geologic potential repository's ability to meet the performance objectives." The position adopted
was that the restriction of vertical flow through the boreholes to only 1 percent of the potential
for vertical flow through the rock mass satisfies this requirement For both boreholes and rock
mass. the effective hydraulic gradient was assumed to be I for the condition of vertical
infiltration under attmospheric pressure. Considering the area within the potential repository
perimeter, the potential vertical flux through the rock mass was the effective hydraulic
conductivity of the rock units between the potential repository and the water table times the floor
area of the potential repository drifts, or more conservatively, the total area within the potential
repository. The potential flow through boreholes was the sum of the cross-sectional areas of the
boreholes within the potential repository area times the effective hydraulic conductivity of the
seal material (including the effect of the seal host-rock interface). Considering a range of rock-
mass hydraulic conductivities, selecting a low value of rock-mass conductivity results in a low
required hydraulic conductivity for the seal material.
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Figure ES-1
Development of Borehole Sealing Strategy
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The current strategy recognizes that groundwater flow to the accessible environment below the
potential repository is the main concern in scaling boreholes. Several scenarios exist for water
flow towards or away from the potential repository that allows boreholes to become preferential
pathways. potentially compromising the ability of the geologic disposal system to meet
performance requirements. These water-flow scenarios could affect the significance of the
boreholes within and near the boundary of the potential repository. These scenarios include:

Inundation of a potential repository drift under unanticipated conditions. resulting
in lateral spreading from the edge of the drift (Figure 2-2)

Flooding events near alluvial recharge areas resulting in a saturation front moving
downward. potential perching of water, and potential enhancement of flooding at
the Tiva Canyon contact (Figure 2-3).

For a drift inundated with water a saturated flow plume would develop downward to the
groundwater table. A deep borehole (e.g.. UE-25a #7) intersecting such a plume represents a
preferential pathway for the flow of water to the accessible environment. While several
low-angled fracture sets exist the fracture systems in the welded tuff are dominantly vertical and
there is only a small tendency for lateral flow from the potential repository horizon.

Surface flooding and the development of perched water could compromise the ability of the
geologic potential repository to meet performance objectives following closure. The alluvium
could become saturated and recharge the borehole, resulting in perched water. The potential for
flooding at borehole locations depends on the size of the drainage basin. topographic features of
the drainage basin, stream characteristics and the presence of alluvium that could recharge the
borehole. Existing and proposed boreholes within or near the potential repository periphery could
be subject to flooding. With several exceptions the proposed boreholes are to be located outside
of flood-prone areas and are less subject to flooding.

Additional concerns have evolved regarding the potential for preferential flow of gaseous
radionuclides. due to convective airflow out of the potential repository to the ground surface.
Seals might degrade due to adverse loading and therefore not meet the basic hydrologic and
airflow performance objectives. These concerns have evolved from a literature review of
previous performance tests of potential repository seals which is a basic objective of the current
design investigations from technical issues raised by the NRC and from the need to provide
additional seal-design requirements for backfill to augment the basic isolation characteristics of
the unsaturated zone at Yucca Mountain. These concerns address sealing boreholes from the
potential repository horizon to the ground surface, within the potential repository or immediately
outside the potential repository area. The performance goal adopted restricts airflow through the
borehole seals to I percent of the total flow through the rock.

After radioactive waste is emplaced in the repository. convective air transport will develop
through shafts ramps, and boreholes accessing the potential repository. Convective airflow will
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also develop through the rock and other geologic features. As flow is drawn upwards from
cooler regions surrounding the potential repository lateral spreading can occur (Figure 2-5).
Lateral spreading depends upon advection or airflow and dispersion that in turn depend on
molecular diffusion and dispersivity. For boreholes near the edge of the potential repository.
flow tipward to the atmosphere could occur (depending upon the depth of the borehole) through
rock and then through the borehole.

Airflow may also be affected by contrast in permeabilities which could force air to migrate
laterally. The Paintbrush nonwelded tuff formation possesses relatively fewer fractures and lower
conductivity than the underlying Topopah Spring Formation. Flow could exit in Solitario
Canyon and boreholes to the west of the potential repository could be affected. To the east of
the potential repository the convective cell formation would be contained in the welded unit until
a cooler region is reached and air is drawn back towards the potential repository.
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The airflow through deep boreholes penetrating the potential repository is far more
significant than for shallow boreholes, since airflow through a hole is resisted
principally by flow through the web of rock below the borehole. Shallow boreholes
not penetrating the Tiva Canyon Member are inconsequential and need not be
sealed.

Stratigraphic contacts may direct perched water to travel laterally primarily to the
east of the potential repository. A seal placed at the stratigraphic contact reduces
the potential for the borehole becoming a preferential pathway.

For deep boreholes outside the potential repository perimeter sealing is not necessary in the
upper zone while sealing could be required in the lower zone extending to the east of the
potential repository. Away from the potential repository, the upper seal zone is not necessary
to prevent surface inundation and reduce contaminated airflow. This is because the surface
plume does not intersect the potential repository. and air would be drawn into the ground in
cooler regions. Yet the lower seal may be required, if perched water occurs on contact zones that
tend to move laterally to the east. This water could become a preferential pathway through deep
boreholes.

The above evaluations establish the need for sealing above and below the potential repository.
The following discusses borehole wall conditions for selecting sealing locations within a
borehole.

In selecting sealing locations above and below the potential repository, it was found that the
condition of the borehole wall depends on the degree of welding the lithophysae content. the
extent of clay and zeolitic mineral development. and the degree of fracturing in response to
borehole drilling. A classification scheme was developed, and borehole video logs were reviewed
as a direct means of assessing borehole wall condition. The categories included Category Cl for
an excellent hole with no or few lithophysae: Category C2 for a good hole with a slight degree
of hole enlargement and lithophysae present and frequent fractures: Category C3 with a rough
surface and hole enlargement: and Category C4 with nonsymmetrical hole enlargement, large
lithophysac and pronounced fractures.

A high percentage of Categories C3 and C4 occur in the densely welded devitrified
tuff in the Tiva Canyon and Topopah Spring Units.

Category C1 occurs in the Paintbrush nonwelded tuff.

Categories C1 and occur in the upper portion of Topopah Spring Unit.

Categories Cl and C2 occur in the nonwelded vitric and zeolitic portions of the
Calico Hills Unit.



This evaluation suggests placement of key seals in the Paintbrush nonwelded tuffs, in the upper
portion of the Topopah Spring Unit, and in the nonwelded vitric and zeolitic portions of the
Calico Hills Unit. While borehole classifications show more favorable conditions in the
nonwelded tuffs that are relatively free of fractures, the assessed rock-mass strength for
nonwelded tuff is somewhat lower due to the contrast in unconfined compressive strength
between the welded and nonwelded tuffs (150 versus 15 MPa). The rock-mass strength is
important. because higher strength gives greater confidence in the mechanical stability of the
boreholes. Nevertheless, the varying conditions suggest that sealing locations with higher rock-
mass quality in welded and nonwelded units that are not intensely fractured can be selected.

Following development of the strategy. the performance scenarios are evaluated in (detail in
Chapter 4.0 for the following:

Air dispersion of radionuclides through fractured rock above the potential repository
and into a borehole

Convective air transport of radionuclides through rock above the potential repository
and into a borehole

Water transport of radionuclides from a flooded perimeter drift at the potential
repository horizon through fractured rock beneath the potential repository into a
borehole above the groundwater table

Transport of water from a flooded borehole within a potentially flooded area to the
potential repository horizon.

The results reached from the detailed evaluation of these scenarios are summarized below:

Significant lateral dispersion of air above the potential repository assuming the
more conservative case of isotropic rock conditions, is limited to approximately
600 m from the edge of the potential repository (see Figure 4-7).

Significant lateral dispersion of air above the potential repository assuming the
orientation and strike of the fracture system is probably more restricted on the cast
and west sides of the potential repository than on the north and south (see
figure 4-7).

Considering convective air transport. Lu et al. (1991) showed that where the
permeability of the nonwelded Paintbrush tuff was low relative to the welded tuff
lateral dispersion under the nonwelded unit was greater. It was also shown that
radionuclides could also be released to the west of where the bedded tuffs outcrop
on the west side of Yucca Mountain.
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If the perimeter drift were fully saturated water transport from the perimeter drift
to the groundwater table is estimated at a maximum vector of 30 degrees from
vertical.

From calculations estimating the flood heights for the PMF. about 30 shallow and
deep boreholes may be subject to flooding. Most of these boreholes are collared
in alluvium, Of the boreholes subject to flooding about 14 deep boreholes
penetrate t below the Tiva Canyon member. Three boreholes penetrate through
the Tiva Canyon and the Paintbrush nonwelded tuff into the Topopah Spring
Member. The remaining deeper holes (for example. USW WT-2. USW G-4. USW
11-4. and USW penetrate through the potential repository horizon. If these
holes are not sealed the deep boreholes are far more significant in enhancing flow
to the underground by I to 2 orders of magnitude.

Summary conclusions of "where" "when' and "how" to seal are presented below.

Where to Seal The two most significant issues addressed are the characteristics of the host
formation and the anticipated in situ and thermal stress environment at these prospective seating
locations as discussed above. The recommendations for where to seal are as follows:

Place seals in competent zones to eliminate the effects of surficial erosion.

Place seals in zones that are free of fractures or in zones having few fractures
(i.e. above and below the potential repository horizon). The results of the
current borehole wall classification show that the bedded. nonwelded tuffs above
the potential repository horizon and the Calico Hills Unit below the potential
repository horizon represent the best sealing locations. In welded tuff the less
densely welded upper portion of the Topopah Spring Unit presents an optimum
sealing location. The stiffer units are more desirable from the standpoint of
developing interface stress.

For boreholes upgradient of the potential repository or within the elevated
temperature zone outside the potential repository perimeter that penetrate to the
potential repository horizon place seals in the upper contact zones in the
Paintbrush or alternatively in the Topopah Spring Formation to restrict airflow
to 1 percent of the total that would occur through the rock, It is conservatively
assumed that the potential exists for perched water conditions at these borehole
locations and that the seals at these tipper contact zones would prevent saturation
of seals below the potential repository horizon.

Temperature effects are far more significant near the potential repository horizon
and suggest seal emplacement away from the potential repository horizon.

Place seals in the upper portion of the Topopah Spring Unit to the west of the
potential repository. as the potential exists for convective airflow to break out at
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the ground surface in Solitario Canyon. In other directions from the potential
repository the results of the air dispersion calculations suggest boreholes within
a distance of 600 n may represent preferential pathways for the release of
gaseous radionuclides.

When to Seal Prior to sealing the borehole casing would be removed and an open borehole
wall would be exposed at the sealing location. Elevated temperature in the potential repository
could collapse the casing resulting in no access to the seal location as a result of borehole
decrepitation. The "when" to seal issue is addressed by a corrosion assessment and stress
analysis of an open borehole which will evaluate potential corrosion effects on borehole casing
and the stability of open boreholes prior to sealing. This evaluation will consider the effects of
elevated temperature on casing and area borechole wall stability if sealing occurred 60 years after
waste emplacement. As of now, no site-specific data are available for the corrosion of carbon-
steel Casing at the Yucca Mountain site.

Considering casing configurations. deep casings such as those used in the grouting of UE-25a # 1 .
occurred over short distances, and the casings were freestanding over much of their length.
Shallow casings grouted to a depth of 100 to 2 ft. such as those used in UE-25a, #5 could be
subject to long-cell action. In deeper zoners the state of in situ stress is higher and rock mass
strength is lower (e g. the Calico Hills. In other areas, rock mass quality is lower in more
highly fractured tuff. The possibility then exists for collapse of the borehole against the casing.
exposing steel to the host formation. Here, the range of saturation is 46 to 84 percent for welded
tuff and 46 to 70 percent for nonwelded tuff (DOE. 1992). suggesting long-cell action. The low
conductivity of both welded and nonwelded tuff suggests that local-cell action would be
insignificant. Corrosion might be higher in these areas, because of the synergistic effects of
contact with the host rock and stresses within the casing: however, these zones are expected to
be isolated. reducing the potential for long-cell action and the actual corrosion rates will
probably be the same as those for carbon steel exposed to air and (possibly) a humid

The Kirsch solution (Goodman 1980) was used to evaluate stress concentration effects for open
boreholes and boreholes penetrating near the roof sidewall. and floor of a drift at the potential
repository excavation. The proximity of these locations, combined with stress-concentration
effects suggest that the development of shear stress of 10 to 20 MPa under some confinement
may occur and that the potential exists for localized rock-mass failure. Also elevated
temperatures at the lower seal location would occur due to the proximity of the potential
repository horizon to this location. The upper seal location would be affected much less
significantly.

In conclusion, seals should be emplaced prior to waste emplacement within the potential
repository boundary for the following reasons:
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To avoid the potential development of high boundary stresses during potential
repository heating in an open borehole.

To prevent collapse of the casing, which would limit access to selected sealing
locations

To prevent accelerated corrosion of casing due to collapse of the formation around
the casing (which would result in higher corrosion rates than those for atmospheric
corrosion) and due to potential synergistic effects between stress and corrosion.

A separation distance of at least 15 m (Fernandez et al, 1987) from the potential repository drifts
should be maintained to eliminate stress concentration effects.

How to Seal. Two basic areas are considered: 1 recommended design requirements for
borehole seals for air and water flow and (2) identification of sealing strategies that can be used
to mitigate seal degradation. Both are discussed below.

Seals should be emplaced at key locations to reduce the potential for airflow out of the potential
repository, to reduce the potential for water flow out of or into the potential repository to resist
loads and to provide strength. The analyses done for this report suggest that the best and most
effective seals should couple structural performance with hydrologic performance. For seals
below the potential repository. it is recommended that cementitious seals be selected with

conductivities of 10'3 cm/s with all effective interface aperture of 100 microns: for seals above
the potential repository cementitious materials should be selected with conductivities of
10 cm/s. with an effective interface aperture of 500 microns.

To resist load and provide strength, these seals should be placed as follows:

Seal locations, material properties, and placement methods should be selected that
provide adequate strength and deformational serviceability for sealing components
to resist various combinations of dead, seismic, and thermal loads. These include:

Dead loads from overlying seal materials

Thermal loads, due to the hydration of the cement and radioactive waste
generation

Differential volumetric expansion, due to placement methods, cement hydration.
and differences in selected material properties

Liquefaction and consolidation of backfill, due to seismic events.

In Appendix 1 the parametric studies using available data suggest that cementitious
seals be placed under a slight pressure and with a low placement temperature.
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Saturation of the backfill could load the seal and reduce effective stress. A
cementitious seal with a tensile strength of MPa and a compressive strength of
21 to 34 MPa (3,000 to 5,000 psi) is adequate for combined loads.

A backfill that has a specified porosity and grain-size distribution should be placed
between the rigid seals which will provide a capillary barrier to unsaturated flow
occurring downward or laterally at stratigraphic contacts.

Summary of Available Technologies to Seal Boreholes. One objective of this report was
to review the technologies available for borehole seal emplacement. Chapter 6.0 includes a
review of tasks needed to place seals. These tasks are as follows:

Removal of freestanding casing and borehole materials, if present
Reconditioning of the borehole wall
Selection of seal materials
Emplacement of seals.

As discussed in Chapter 6.0. technologies are available to accomplish casing removal borehole
reconditioning, and seal emplacement. However, some difficulty in removing materials from
selected boreholes may occur. As a consequence of the available technologies for sealing
boreholes, sealing concerns should be taken into account before new boreholes are drilled. The
following conclusions are included as part of the borehole sealing strategy:

Maintain detailed construction documentation

Select drilling methods, if possible, that will reduce wall-cake build-up

Select drilling methods, if possible that will result in better wall condition

Minimize risk of losing drilling tools and junk" in the borehole i.e. develop a
protocol for tool inspection make routine field inspections intermittent with
downhole operations

Utilize materials that are relatively easy to remove through fishing or milling

Limit the number of exploratory boreholes.

Risk Involved in Abandoning a Single Borehole. Chapter 4.0 and Appendix H present
calculations for the abandonment of a single borehole. For purposes of evaluation the existing
USW UZ-6 borehole has the largest diameter at the potential repository horizon. Also, it should
be considered that the effective hydraulic conductivity of the abandoned borehole equals 10 cm/s
(equivalent to an air conductivity of 0.4 meters per minute). The conductance can be compared
to the cumulative conductance for the three models. The relative significance of a single
abandoned borehole depends on the model employed. For the low conductivity model, where



the conductivity of the rock matrix is low (Model 1). a single abandoned borehole provides a
greater conductance than 100 boreholes combined together (or 30 boreholes penetrating through
the potential repository horizon). For Model 2, where the rock matrix conductivity is increased
over Model 1. the conductance of a single abandoned borehole represents about 10 percent of the
total flow For the most conductive model (Model 3), where the rock matrix conductivity is high
the flow through a single abandoned borehole is not significant, in that the design requirement
expressed as a hydraulic conductivity for seals is of the order of 100 cm/S.

The above analysis does not include fault zones that may have a higher conductivity If fault
zones are persistently higher in conductivity they might tend to dominate convective airflow, and
a single abandoned hole would have less significance. On the other hand, if the low-conductivity
model is appropriate with a flow resistance dominantly occurring in low-conductivity formations.
the abandoned borehole has added significance. Further, while no specific calculations are
presented of the potential impacts on water flow, the abandonment of a single borehole would

expected to have a similar impact. The project should recognize that the current
understanding of the hydrologic source is not complete at this time and will be updated as site
characterization information becomes available.

Based upon the preliminary calculations presented in the report the project proceeds at risk in
abandoning boreholes where access to sealing location cannot be assured or where performance
cannot be evaluated.

Recommendations for the Surface-Based Program. The evaluations and conclusions
presented in this report provide guidance for the surfaced-based program. This guidance is
provided for addressing sealing plans and answering questions regarding grouting, borehole
access, borehole abandonment, and at which point these issues should be addressed. These issues
are discussed in more detail below.

Maintain Casing. Borehole casing will be maintained for most of the planned boreholes,
although several boreholes.I have been proposed that require grouting of fractures and other
material in scaling zones where casing has been removed. Where casing has been removed, it
will be very difficult to reenter boreholes for purposes of seal emplacement and current
confidence is low that such an operation would be successful. Because of the potential risks
involved, it is recommended that casing be maintained in deep borcholes within the extended
boundaries of the potential repository to provide continued access to borehole scaling locations.

Fracture Grouting. Fracture grouting at the upper and lower scaling locations may be
necessary during site characterization to achieve borehole stability. These grouted fractures are
then potentially susceptible to stress relief during drilling or alteration during potential repository
heating. The high temperature regime may result in microcracking a tendency for grout filled
fractures to open up resulting in degradation of overall seal performance. For these reasons, it
is recommended that no grout should be introduced at the upper and lower sealing locations



during site characterization, since it could affect performance at the time of potential repository
decommissioning and well abandonment. It is therefore recommended that a general sealing
plan as outlined in detail by this report, be developed for all exploratory borcholes and that a
detailed sealing plan be developed for each borehole.

The seal plans developed by the project would exist as controlled documents with design
specifications and construction drawings and would consider general and specific problems
encountered at the sealing locations after detailed borehole inspection and in situ testing. Each
borehole would be surveyed for accurate well trajectories. The emphasis in the plan would be
to use a combination of mechanical calipers and video-logging during inspection to search for
obstructions. Injection pressures may be determined by controlled hydrofracturing in zones near
seal locations.

Borehole Sealing Plans. The borehole sealing plans would be developed through
consideration of general and specific problems encountered at the specific sealing locations after
inspection. The borehole sealing plans would specify the quantities of seal materials, material
specifications for cementitious seals and earthen materials, and QC methods to be followed
during placement. In areas where pregrouting is necessary, grout design would be tailored to
provide materials performance at specified grout-injection pressures viscosity, and strength. An
important issue to be addressed in the surface-based program is at what point sealing plans
should be in place. Calculations presented in this report state that, near the potential repository.
the potential exists for future deep boreholes to be affected by air dispersion or flooding. These
boreholes should be evaluated prior to drilling to define specific seal design requirements. It is
recommended that sealing plans be prepared for all proposed deep boreholes within the extended
boundary of the potential repository prior to borehole drilling and that work plans address issues
with respect to well abandonment and casing removal. Further, no grouting should be introduced
into sealing zones as part of the current surface-based program without addressing the risks in
not complying with federal regulations. In this manner work-plan preparation will reflect an
evaluation of the trade-offs in proceeding with the surface-based program relative to the risks of
well abandonment prior to drilling and well completion.
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1.0 Introduction

The Yucca Mountain Project (YMP), managed by the U.S. Department of Energy (DOE), is
exaimining the suitability of the disposal of high-level radioactive waste in a mined geologic
potential repository at Yucca Mountain. Yucca Mountain is situated both on and adjacent to the
Nevada Test Site (NTS) in Nye County, Nevada. The potential repository would be located in
an unsaturated tuff formation within Yucca Mountain.

In December l988 DOE 1988 issued a comprehensive site characterization plan (SCP) for
evaluating the suitability of Yucca Mountain as a potential site for a high level nuclear waste
repository. This plan (defined a broad range of activities, such as exploratory borings, surface
excavations excavations of exploratory ramps and limited subsurface lateral excavations needed
to characterize the site. This report develops a strategy to seal existing boreholes and proposed
exploratory boreholes associated with the site characterization effort. In developing this strategy
the report also considers the regulations pertinent to borehole sealing. The two primary
requirements that address the performance of the borehole seals defined in 10 CFR 60. are as
follows:

§60. 1 12. "Overall system performance objective for the geologic potential repository
after permanent closure":

"The geologic setting shall be selected and the engineered barrier system and the
shafts boreholes, and their seals shall be designed to assure that releases of
radioactive materials to the accessible environment following permanent closure
conform to such generally applicable environmental standards for radioactivity as
may have been established by the Environmental Protection Agency EPA with
respect to both anticipated processes and events and unanticipated processes and
events."

§60.134. "Design of seals for shafts and boreholes":

(a) "General design criterion: Seals for shafts and boreholes shall be designed so
that following permanent closure they do not become pathways that
compromise the geologic potential repository's ability to meet the performance
objectives over the period following permanent closure."

(b) "Selection of materials and placement methods: Materials and placement
methods for seals shall be selected to reduce, to the extent practicable. (1) the
potential for creating a preferential pathway for groundwater to contact the
waste packages or (2) radionuclide migration through existing pathways."

The SCP presents a process for responding to all regulations including those given above. This
process includes defining issues and associated information needs that must be resolved in order
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to respond to these regulations. The specific issues and information needs pertinent to this area
of borehole sealing are given below:

Issue 1.12:

"Have the characteristics and configurations of the shaft and borehole seals been
adequately established to (a) show compliance with the postelosure design criteria
of 10 CFR 60.134 and (b) provide information to support resolution of the
performance issues?"

Information Needs

1.12.1 Not applicable
1.12.2 Materials and characteristics of seals for shafts drifts and boreholes
1. 1 2.3 Placement method of seals for shafts drifts and boreholes
1. 1 2.4 Reference design of seals for shafts drifts and boreholes

Issue 4.4:

"Are the technologies of potential repository construction operation. closure and
decommissioning adequately established to support resolution of the performance
issues"

Information Needs

4.4.10 Determination that the seals for shafts drifts and boreholes can be
emplaced with reasonably available technology.

The primary areas of interest in the issues and information needs that must be considered are the
performance and design of the borehole seals and the technologies available to seal exploratory
boreholes.

This report presents a sealing strategy and provides information to address the design of
exploratory boreholes. materials and characteristics of the design, and available technologies for
seal emplacement. This report is organized to present a sealing strategy in Chapter 2.0 based
upon fundamental considerations. such as location with respect to the potential repository
boundary and flooded areas and depth. Subsequent chapters provide more detailed evaluation
to answer specific questions regarding the sealing strategy.

The issues and uncertainties addressed in this report are presented in Table 1-1. This table
presents the type of information. the issue or uncertainty addressed seal performance goals and
the parameters of concern. The information type identifies what information is needed. The
property issue or uncertainty identifies why the information is needed. In answering these
questions. the parameter(s) of concern identify information developed. The table identifies the
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current and needed confidence level and identifies which section of the report and supporting
appendices address each issue. Each supporting section states how the information is
subsequently used in performing analysis or formulating strategies.
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Table 1-1
Issues and Uncertainties in Sealing Exploratory

Boreholes Addressed in this Report

Property Issue or Performance Parameters) of Needed Current Report | Supporting
Information Type Uncertainty Goal Concern Confidence Confidence Section

Borehole Sealing What is the water-flow Restrict water Required seal High Low 21
Strategy performance flow to less than performance

requirement for the 1 percent of expressed as an
potential repository? flow through the effective

potential permeability
repository.

What is the airflow Restrict airflow Required seal High Low 2.1
performance to less than performance
requirement for the 1 percent of expressed as an
potential repository? flow through the effective

potential permeability
repository.

What is the proximity of NA Categorize High Medium 2.2. 23
boreholes to the boreholes as to
potential repository and significance
flooded areas?

What seat locations NA Borehole High High 2.4. 3.4 D
within critical boreholes classification for
are available for wall condition
sealing?

What is the in situ NA Stress state Medium Medium 2.4. 3.3
stress at seal locations?

What is the temperature NA Temperature and Medium Medium 2.4. 3.3
and induced thermal thermal stress
stress at seal locations?

What is the rock mass NA Rock mass strength Medium Medium 2.4. 3.3
strength at seal
locations?

Refer to footnotes at end of table.



Table 1-1 (Continued)
Issues and Uncertainties in Sealing Exploratory

Boreholes Addressed in this Report

Property. Issue or Performance Parameteris of Needed Current Report Supporting
Information Type Uncertainty Goal Concern Conderence Confidence Section Appendix

Borehole Sealing What is the basic design NA None NA NA 2 5
Strategy configuration for shallow
(Continued) boreholes

What seal materials are Stable seals Seal hydrological High Medium to 2 5
available for selection with high and mechanical High

longevity properties

What is the basic design Air and water Seal locations and High Medium 2 5
configuration for deep flow effective lengths
boreholes permeabilities

General Site What is the basic NA Location. size. Medium High 3 1 A B
Information and description of the depth, and casing
Surface-Based exploratory borehole configuration of
Borehole system? exploratory
System boreholes

Geology and hydrology NA Stratigraphy Medium High 3 2 C
of Yucca Mountain

Rock hydrologic High Medium 3 2
Properties

Sources of water High Low 3 2
Where to Seal Where are deep NA Lateral distance High Low 4.1 E

boreholes affected by from the potential
inundation at the repository boundary
potential repository
horizon?

Where are boreholes NA Depth of flooding at High Medium 4.1 F
inundated by surface borehole locations
water flow?

Refer to footnotes at end of table.



Table 1-1 (Continued)
Issues and Uncertainties in Sealing Exploratory

Boreholes Addressed in this Report

Property Issue or Performance Parameters) of Needed Current Report Supporting
Information Type Uncertainty Goal Concern Confidence Confidence Section Appendix

Where to Seal For a potential perched NA The relative High Medium 4.1
(Continued) water scenario, which significance of

boreholes are water flow between
significant shallow and deep

boreholes
Where does air lateral NA Distance from the Medium Low 4 2 G
dispersion occur from potential repository
the potential repository? affected by air

dispersion
How is lateral air NA Distance air Medium Low 4 2
dispersion influenced by migrates into
contrasts in air Solitario Canyon
conductivity?
Where are the Seal Product of the High Medium 4 2 H
boreholes significant to conductivity effective
airflow located? permeability and

cross-sectional
area

How to seal for air- What is the hydrologic Water-flow Seal matrix and High Medium 5.1
and water-flow design requirement to effective interface-zone
performance restrict flow? permeabilities conductivity

What is the airflow Airflow effective Seal matrix and High Medium 5.1
design requirement to permeabilities interface-zone
restrict flow conductivity

When to Seal How stable are open Stable Stress to strength High Low to 5.3
and cased boreholes for boreholes prior comparisons Medium
heated and unheated to seating
conditions Corrosion Low Low 5.3

allowance

Refer to footnotes at end of table.



Table 1-1 (Continued)
Issues and Uncertainties in Sealing Exploratory

Borehcles Addressed in this Report
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Table 1-1 (Continued)
Issues and Uncertainties in Sealing Exploratory

Boreholes Addressed in this Report
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2.0 Exploratory Borehole Seal Strategy{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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Figure 2-4
Existing and Proposed Deep Holes In Flood-Prone Areas
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Table 2-1
Categorization of Existing Boreholes Within the Extended Boundary
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Table 2-1 (Continued)
Categorization of Existing Boreholes Within the Extended Boundary
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Table 2-2
Categorization of Proposed Boreholes Within the Extended Boundary
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Table 2-2 (Continued)
Categorization of Proposed Boreholes Within the Extended Boundary
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Figure 2-7
Review of Selected Boreholes for Borehole Wall Condition
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Figure 2-8
Design Concepts for Sealing Exploratory Boreholes
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Figure 2-9
Comparison of Borehole Plug Test with Experimental Data for Fractured Basalt.

Data for Plug Test from DOE (1988)
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In the following sections, preliminary grout/concrete formulations are proposed. Because scoping
laboratory analyses have not been performed to verify required flow characteristics, the reader
is cautioned on using these formulations as final mixtures.

2.5.2.1 Borehole Seal Formulation and Placement Considerations
In this section, two cementitious formulations are presented: (I) a standard grout formulation
for sealing fractures with apertures greater than 1 cm and borehole seals and (2) a standard
concrete formulation for placement in the larger cross-sections of the boreholes. Formulation 84-
1 2 (Licastro et al.. 1990) was used as a starting point for the cementitious formulations. Changes
were then made to the formulations to achieve the geochemical goals defined in the previous
section.

Class H cement has a lower sulfate content than Type K cement and therefore will reduce the
amount of ettringite formed (luring hydration. Class H cement is a coarser grind and thus reduces
water demand for the same flow characteristics. This allows a lower cement content to achieve
the same strength. The coarse grind also results in a slower rate of hydration during the first few
days and therefore a lower rate of heat generation. This is particularly important in large mass
pouts.

Reactive silica products (silica fume, silica flour, and slag) arc included to maximize the amount
of produced and reduce the free Ca(OH) 2 in the hardened state. The reactive silica and
lower water (demand of the cement results in the reduced porosity of the grout and concrete. The
higher silica content is also likely to be more compatible with the high silica content of the
Yucca Mountain tuffs. The compositions of recommended grout and concrete and
84- 12CRI ) are listed in Table 2-4.

Changes in the Ca/Si ratio were made by increasing the silica flour and reducing the slag (while
holding the cement and silica fume constant between 84- 12 and 84-12R2). Silica fume was kept
constant because of its extreme fineness. In the concrete with a lower cement content, the
relative amounts of cement and reactive silica were kept constant to maintain the Ca/Si ratio at
0.77. For the Ca/Si ratio calculations, the following chemical compositions for the cement and
reactive silica were used:

Material CaO (%) SiO2 (%)

Class H cement 64.1 22.27

Silica fume 0.1 96.0

Silica flour 100.0

Slag 44.64 32.68
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Table 2-4
Composition of Grout and Concrete Formulations

Component 84-12R2 84-12CR1

Weight percentage of total mixture

Class H cement 18.1 12.3

Water 17.9 10.9

Silica fume 4.1 2.8

Silica flour 12.6 8.5

Slag 21.0 14.2

Silica sand (20-40 mesh) 26.0

Concrete sand 16.4

Aggregate (3/4" MSA) 34.5

Dispersant D-65 0.3 0.4

Defoamer 0.1 0.02

100.1 100.02

Weight in lb/ft
Class H cement 23.5 17.6

Water 23.2 15.5

Silica fume 5.3 4.0

Silica flour 16.3 12.1

Slag 27.2 20.3

Silica sand 33.7

Concrete sand 23.4

Aggregate (3/4" MSA) 49.2

Dispersant D-65 0.4 0.6

Defoamer 0.1 0.02

Total 129.7 142.72

Water/cement 0.99 0.88

Water/reactive solids 0.32 0.29

Ca/Si 0.764 0.77
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Mixers for the grout 84- 12R2 should have a high shearing action. The size of the plug will
dictate the size of the mixer. Sizes range from the small 6-ft' grout mixer to the large capacity
MX and "Lightning" mixers. For large volume batches the cementitious material. dispersant.

and silica sand are weighed and blended together and transported to the mixing site as described
above. For snmall-volume plugs, each material can be weighed separately and then loaded into
the grout mixer.

Surfaces should be moistened just prior to the beginning of a placement. The first load dumped
or pumped into a plug should be several cubic yards of a grout slurry mixture of cementitious
material. dispersant. and water. This will help coat the rock surface and improve the bonding.
For borehole plugs. the hole should be washed to remove any drilling mud. The grout can then
be placed as described.

2.5.2.2 Pressure Grout Formulations and Placement Considerations
An additional consideration in selecting grouting material is the aperture of fractures that need
to be sealed. Cementitious grouts contain cement particles that could clog the fractures resulting
in limited or no penetration into the fracture.

Sealing of fissures in rock involves the use of grouts that can be pumped into injection holes
under pressures high enough to move the grout but not so high as to cause additional cracks in
the rock. Recent development of microfine cements has provided a material that has 50 percent
of its particles less than 4 um. with the largest approximately 13 um for MC-500. Microfine
cement grouts have been used in sealing fine fractures at NTS. in commercial field applications.
in research studies at McNary Dam. and in research studies at the COE Waterways Experiment
Station. The Ca/Si mass ratio is 1.53 for MC-500 microfine cement. Studies at the Waterways
Experiment Station have shown that addition of high silica fines (which would lower the ratio)
cuts the strength significantly. Adjusting the Ca/Si ratio for the microfine cement pressure grouts
is not recommended Table 2-5 lists the formulations for two pressure grout formulations using
the microfine cement MC-500 PG- 1 and PG-2. The major difference between PG-I and PG-2
is the water/cement ratio (higher for PG-1I to increase the fluidity). PG-1 should be used for fine
fissures having apertures of about 10 to PG-2 should be used for fissures having
apertures of 100 um to about 1 mm.
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Table 2-5
Microfine Cement Grouts

PG-1 PG-2
Microfine Cement MC-500. kg 80 80

NS 200 (Dispersant) liters 0.7 0.7

Water, liters 160 80

Yield, liters 187 107

For fissure apertures greater than about I mm. the use of Class A portland cement grout is
recommended for pressure grouting. Pressure grout formulation PG-3 is a neat Class A cement
grout for use in pressure-grouting fissure apertures of 1 mm to I cm. Pressure grout formulation

includes the addition of silica sand and is suitable for pressure-grouting fisure aperture.
greater than 1 cm. Aqua gel (a fine bentonite clay) is included in the formulations to reduce
settling of the cement grains and sand particles (bleeding) (see Table 2-6).

Table 2-6
Portland Cement Grouts

PG-3 PG-4

Cement. Class A, lb. 46.9 40 0

Gel. lb. 0.9 2.0

Sand (20-40 mesh). lb 22.9

Dispersant. D-65. lb. 0.14 0.2

Plastiment fl. oz. 1.5 1.6

Water lb 46.9 400

Density 94.4 Ib 105 1 lb ft

Water/cement

CaSi

1.00 1.00

3.0 30

It desired the Ca/Si ratio can be adjusted by adding silica fume and silica flour to the
formulations. Pressure grout formulation PG-5 is comparable to PG-3 for field use and
formulation PG-6 is comparable to PG-4 (see Table 2-7).
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Table 2-7
Adjusted Portland Cement Grout

PG-5 PG-6

Cement Class A. lb. 30.7 25.3

Silica Fume. lb. 6.1 5.1

Silica Flour. lb 12.8 10.5

Gel. lb. 0.6 1.6

Sand (20-40 mesh). lb 27.9

Dispersant. D-65. lb u.1 0.1

Plastiment, fl oz. 1.3 1.6

Water lb 44.7 36.4

95.0 lb t' 107,3 lb.

Water:Cement 1.46 1.45

Water reactive solids 0 90 0 90
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2.5.4 Available Technologies to Seal Boreholes
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Preliminary concepts have been presented by Fernandez et al. (1993) for remote borehole seal
testing. As discussed by them the testing would be performed using transicent or steady-state
methods to satisfy a test performance objective such as the following
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Table 2-8
Summary of Conclusions

Significance Significant boreholes are within and close to the edge of the potential repository

Deep boreholes are potentially more important than shallow boreholes

When to Seal Seal deep and significant boreholes within the potential repository boundary before
waste emplacement

Where to Place seals away from high-temperature zones near the potential repository
Seal

Place primary seals (cemenititious seals) where hole conditions are good or
excellent

Paintbrush tutf nonwelded to partially welded zones
Upper part of Topopah Spring Member
Calico Hills vitric and zeolitic zones.

Place earthen materials in selected fracture areas. in partially saturated zones not
in primary seal area (to dissipate porewater pressure), and in high temperature
areas

How to Seal Use low pressure squeezing to develop compressive stress at the interface zone

Increase length of plug up to 10 m to resist static, dynamic, and thermal loads see
Appendix J.

Lower the temperature of grout by reducing the heat of hydration and prechilling
materials (see Appendix 1).

Remove all freestanding casing.

Seal Use a rigid cementitious seal where structural performance is desired
Materials
Selection Avoid placement of cementitious seals in high-temperature environments.

Enhance stability of cementitious seals:

Minimize leachable phases portlandite Ca(OH), and reactive alkalis NaOH.
and KOH by adding excess reactive silica (silica flour and slag)

Reduce ettringite formation by selecting a cement with a low sulfate content.

Use earthen materials (clay and crushed rock) as a seal in highly fractured areas.

Avoid placing cementitious and clay seals together. possible

Where both are necessary use a calcic form of clay and or use a grout formulation
that will not release calcium.
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Figure 3-1
Existing Boreholes Less Than 100 Feet Deep (SAN0092)
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Figure 3-2
Existing Boreholes 100 to 499 Feet Deep (SAN0093)
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Figure 3-3
Existing Boreholes 500 to 999 Feet Deep (SAN0099)
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Figure 3-4
Existing Boreholes Greater Than 1,000 Feet Deep (SAN0098)
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Figure 3-5
Proposed Boreholes Less Than 100 Feet Deep (SAN0094)
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Figure 3-6
Proposed Boreholes 100 to 499 Feet Deep (SAN0095)



Figure 3-7
Proposed Boreholes Greater Than 500 Feet Deep (SAN0096)
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Table 3-1

Number of Existing and Proposed Boreholes by Category and Location
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Table 3-1 (Continued)
Number of Existing and Proposed Boreholes by Category and Location
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Unsaturated Zone Holes (UZ). The UZ objective is to obtain information on the hydrologic
properties, moisture content and moisture potential in the unsaturated zone. Nine existing holes
fall in this category. They range in depth from shallow (57 ft) to deep (1 .887 ft), with diameters
ranging from 30 to 48 in. at the surface to 3.94 in. at depth. The deeper holes have casings that
are fully grouted down to about 40 ft. and in only one case a separate casing is spot-grouted at
324 ft. For the deeper holes, the casing is generally spot-grouted at the base of the casing.
Typical drilling techniques include reverse air vacuum ODEX 1 15. or ODEX systems. The
circulating medium is air.

Unsaturated Zone Neutron Holes (UZN). The UZN objective is to characterize the present
infiltration processes and rates within the surficial materials of Yucca Mountain. The UZN
category includes 87 existing boreholes. ranging in depth from 20 to 150 ft. typically with a hole
diameter of 6 in. Typical casing is not grouted in place. Typical drilling techniques include the

ODEX 11. system. The circulating medium is air.

Water Table Holes (WT. The WT objectives are to determine the potentiometric surface at
Yucca Mountain and to characterize the chemistry of the groundwater. The \WT category
includes 16 existing boreholes. ranging from 1.100 to 2.100 ft deep. that as the name implies.
penetrate to the groundwater table. The casing is grouted near the surface usually less than 220
ft from the surface however. one existing hole has a casing grouted up to 250 ft from the
surface. In all cases except one. 2.875-in.-OD tubing with a 12-in screen is landed on fill at the
bottom of the hole. Usually the hole varies in diameter from 15 in. at the surface to 8.75 in. at
depth. Typically the holes are drilled using conventional rotary techniques with air foam.

Hydrologic Holes (H). The II objective is to characterize the hydrologic properties of rock.
including fracture and matrix properties. Five existing boreholes fall into the H category which
are either 4.000 or 6,000 ft in depth. The holes are typically 48 or 36 in. in diameter at the
surface and are 8.75 in. at the bottom. The fully grouted casing usually extends over a distance
of less than 330 ft. Typically. the deepest casing will be set with grout at the bottom of the
casing. which can occur as shallow as 1.840 ft and up to 2,585 ft. The holes are drilled using
conventional rotary techniques and air foam.

Exploratory Geologic Holes (G). The G objective is to determine the vertical and lateral
variability and emplacement history of stratigraphic units within the Yucca Mountain area. Six
existing holes fall in the G category. the majority of which range in depth from 2.644 to
ft: however one hole is only 551 ft in depth. extends to depths of about 2.600 ft. The
surface casing is generally grouted to a depth of less than 4(0 ft. with two deeper holes with
casing grouted to 280 ft. The deeper casing is not grouted over the entire depth: it is spot-
grouted at the bottom of the casing. Hole sizes range from 23 in. in diameter at the surface to
2.98 in. at dep!h. Typical drilling techniques include conventional rotary using bentonite mud.
polymer mud and air foam.
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Potential Repository Facility Holes (RF). The RF objective is to obtain basic engineering
properties of the soil and rock in the vicinity of the surface facilities. There are 12 existing
potential repository facility holes, typically shallow in depth. ranging from 60 to 306 ft. The
diameter of the holes is typically 9.875 in. at the surface to about 3.94 in. at the bottom of the
hole. The casing extends over most of the hole depth; however, in three holes PVC pipe was
grouted in place. Typical drilling techniques were conventional rotary and ODEX using air foam.
polymer mud, gel, and polymer and water.

Seismic Holes. The objective of the seismic holes is to characterize the geologic structure of
the Yucca Mountain areas. There are 43 holes in the seismic category. Twenty-one boreholes
have diameters of 8.75 in. over the entire depth with 6-in. flexible plastic tubing placed over the
entire length. The other holes are typically 200 ft in depth, 6.25 in. in diameter over the entire
depth, and cased with PVC pipe over the entire depth. No grout was used in either category. and
all because of the nature of the hole were backfilled and shot. Typical drilling techniques
include conventional rotary using air foam.

A Holes (A). The objectives of A holes are to examine the subsurface stratigraphy and
lithologic variations, determine the distribution and nature of structural discontinuities and obtain
limited hydrologic information. There are five existing boreholes in this category. ranging from

to 2.500 ft in depth. Hole size depends on the depth of the hole and ranges from 17.5 in.
at the surface to 2.98 in. at depth. Maximum depth at which the casing is grouted is 138 ft.
I Hydril tubing, 2.375 in. outside diameter (OD), and NQ rods extend to depth in some of the
holes. Many holes are 10 to 12 years old. Typical drilling techniques include conventional
rotary using bentonite mud, revert mud. and/or air foam as the circulating media.

B Hole (B). The objective of the B hole is to determine the geologic and hydrologic
characteristics of the tuff sequence penetrated. There is only one B-hole which is 4,002 ft in
depth. The hole diameter is 36 in. at the surface and reduces to 8.5 in. at the bottom of the hole.
The casing extends to 1.705 ft and is fully grouted 35 ft from the surface. The two casing
segments extending below 35 ft are spot-grouted at the base. This hole was drilled using
conventional rotary and air foam.

C Hole (C). The objective of the C holes is to determine the hydrologic characteristics of the
tuff unit penetrated. Only three holes of this type exist, and they extend to 3000 ft. Casing
extends to approximately 1.365 ft; however surface casing is fully grouted to less than 368 ft.
The second casing, which extends below the grouted casing at the surface. is only spot-grouted
at the bottom. The holes are large at the surface 36 or 48 in. and reduce in size to 9.875 in.
These holes were drilled using conventional rotary techniques and air foam.

P Hole (P). The primary objective of the one P hole is to obtain information about rocks of
Paleozoic age assumed to underlie the volcanic, tertiary rocks. The secondary objective is to
obtain geohydrologic information on these. There is only one paleozoic hole, which is 5.923 ft
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in depth. The hole diaimeter is 30 in. at the surface andl reduces to 6.125 in. at the bottom. The
casing extends to 4.256 ft. and the surface casing is fully grouted down to 341 ft. The second
casing is spot-grouted at 1,564 ft. and the final segment of casing extends from 1,487 to 4.256
ft and is grouted in multiple places. The hole was drilled using conventional rotary techniques
with air foam, water and polymer mud.

The proposed boreholes include additional UZ UZN. WT. H. and G holes. New. major
categories included as proposed boreholes are:

Systematic Drilling Program Holes (SD). The SD objective is to develop a
three dimensional characterization of the rock in the unsaturated zone.

Forty Mile Wash Recharge Holes (FMN). The FMN objective is to monitor
aquifer recharge in Forty Mile Wash during precipitation events.

Surface Facilities Holes (NRG and SRG). The NRG and SRG objective is to
determine soil and rock properties along the alignment of the north and south
ramps.

Large- and Small-Plot Rainfall Simulation Holes (LPRS and SPRS). The
objective in (drilling these holes is to monitor infiltration under artificial

precipitation rates.

Tracer Complex Studies (STC). The STC objective is to perform tracer pump
tests to characterize geohydrologic units and groundwater flow.

Volcanic Drill Holes (V). The objective in drilling these holes is to investigate
the origin of four aeromagnetic anomalies in (Crater Flat and Amargosa Valley.

Calcite-Silica Studies (pH). The objective of these holes is to determine the
ages. distribution, origin and paleohydrologic significance of calcite, and opaline
deposits along faults and fractures.

In Situ Stress Studies (ISS). The ISS objective is to perform in situ stress
hydrofracture studies at several locations.

I Historically exploratory boreholes were developed using conventional rotary. ODEX and
reverse-air vacuum drilling techniques. Depending on the type of hole, drilling fluids such as
air foam, bentonite mud. and polymer mud, were use. Typically, air is the circulating medium
when the ODEX and reverse-air vacuum techniques are used. The primary functions of the
drilling fluids are to remove cuttings, stabilize the borehole cool and lubricate the (drill bit.
control fluid loss. (drop cuttings into a settling pit. acquire information about the boring, and
suspend cuttings in the borehole when drilling flid is not being circulated. Because the drilling
fluid in the conventional rotary technique runs down the outside of the drill pipe the drilling
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fluids contact the rock along the entire length of the borehole. Therefore, residual drilling fluids
typically can build up on the wall of the borehole when drilling muds are used.

When using the ODEX system, the hole is drilled, and the casing is emplaced simultaneously.
The ODEX system is an eccentric (off-centered) bit attached to a down-the-hole hammer.
Because the circulating medium is air, no drilling fluids are introduced into the borehole. In
using reverse-air vacuum, air is introduced into the outside of the drill pipe and returns up
through the drill pipe. This is accomplished by creating a vacuum internal to the drill pipe.
Again no drilling fluids are introduced into the hole.

Drilling of proposed boreholes will be accomplished through the use of the ODEX system.
conventional rotary and a technique currently under development by the DOE. This technique.
termed the dual wall drilling/coring system is similar to the dual-wall reverse circulation rotary
method. The circulating medium is air with the cuttings being lifted up through the center of
the dual wall pipe. The primary objective of this technology is to acquire samples that are
representative of the in situ conditions, while minimizing contamination and maximizing the
quality of the borehole.

3.2 Geology and Hydrology
Because exploratory boreholes will be emplaced over a wide variety of stratigraphic units, a
description of the geology and hydrology that is relevant at Yucca Mountain is presented in this
section. The section is divided into three subsections: general geology subsurface geology and
rock hydraulic and physical properties.

3.2.1 General Geology
In Chapter 2.0. important features relative to sealing were described. This section describes these
features and their evaluation in detail. Yucca Mountain is broken into clongated blocks by five
west-dipping, north-striking normal faults. Within these blocks, however, the rock is highly
fractured and cut by minor faults. The potential repository is within a block between the
Solitario Canyon fault to the west and Bow Ridge to the east (Fox et al., 1990). The thickness
of the unsaturated zone is about 5(H) to 700 m (Montazer and Wilson, 1984). The fault block
within the potential repository area has a eastward dip of 5 to 10 degrees. A predominant
northwest-trending strike-slip system also exists. Unconsolidated alluvium found at the surface
exists within the washes that dissect Yucca Mountain. Surface runoff is infrequent and of short
duration, occurring only as a direct result of intense precipitation or rapid snow melt. Further,
the thickness lithology sorting, and permeability of the alluvium are quite variable. Figure 3-8
illustrates the features mentioned above. Discrimination is made between alluvium and bedrock.
Tectonic features, including mapped, inferred, and concealed faults and tectonic breccia are also
indicated. All of these features are shown relative to the perimeter drift boundary (Wittwer et
al. 1992). The surface is divided for modeling purposes into three infiltration zones-alluvium
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Figure 3-8
Surficial Geologic Features in the Vicinity of the Potential Repository

3-15



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-8 (Continued)
Surficial Geologic Features In the Vicinity of the Potential Repository
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Figure 3-9
Comparative Stratigraphic Terminology In Common Usage at Yucca Mountain

(Rautman and Flint, 1992)
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Vitric welded tuff: low porosity, low-grain density

Vitric, nonwelded tuff: high porosity, low-grain density

Zeolitized tuff high porosity, low-grain density (higher than the vitric) (Ortiz et al.
1985).

Welded tuffs, such as the Tiva Canyon and Topopah Spring Members, are characterized by
relatively low porosities (10 to 15 percent). Nonwelded and bedded tuffs, such as the Paintbrush
nonwelded unit, have higher matrix porosities (25 to 50 percent). Zeolitic alteration in the lower
part of the Topopah Spring Member and in portions of the Calico Hills Unit results in a decrease
in porosity. In the vitric zone, the porosity (25 to 40 percent) is slightly' higher than that of the
zeolitic ( 15 to 35 percent). The porosity of two samples from the vitrophyre unit at the base of
the Topopah Spring Member is only 2.2 percent. A prominent feature is the marked increase in
porosity in the upper portions of both the Tiva Canyon (cul and cue) and the Topopah Spring
Members (tul). The caprock units near the tops of the Tiva Canyon and Topopah Spring
Members have extremely low porosities (Rautman and Flint, 1992).

Densities in general increase as welding increases. Also, variations do occur within units having
similar degrees of welding; for example, there is a trend of increasing particle density in the
upper part of both the Tiva Canyon and the Topopah Spring Members (Rautman and Flint. 1992).

The most significant rock property for this report is the hydraulic conductivity of the rock unit
that is a function of the degree and nature of fracturing and the porosity of the rock. In general,
the hydraulic conductivity increases as the porosity increases, but the porosity is a poor predictor
of the hydraulic conductivity for a given sample, since the pore space may or may not be
interconnected (Nelson and Anderson, 1992). Because the porosity of the welded tuff is lower
than the porosity for the nonwelded tuff, the hydraulic conductivity is also lower. Typical matrix
and rock mass conductivity values for different rock types are given in Table 3-2.

As summarized by Nelson and Anderson (1992), where zeolites are present, the permeability is
greatly reduced from the permeability of unaltered samples at comparable porosities. This
reduction could be as great as 2 orders of magnitude, as illustrated above.

The property of hydraulic conductivity is specific for water and corresponds to an intrinsic permeability. For
airflow, the conductivity used subsequently for analyses is calculated from the air-fluid properties (density and
viscosity) and the intrinsic permeability.
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Table 3-2
Saturated, Matrix Hydraulic Conductivity of Selected Tuffs

Rock Type Matrix (cm/s) Rock Mass (cm/s)

Densely welded Tiva Canyon 2.5 x 10 1.2 x 103

Paintbrush nonwelded, vitric 1 x l0 1 X 10

Densely welded Topopah 3.5 x 10 1.2 x 10
Spring 3 x 102 to 10
Zeolitic nonweld and 4 x 10" to 1.5 x 10
bedded tuffs underlying the
Topopah Spring Member

Calico Hills vitric 4.6 x 10 2.4 x 10

Calico Hills, zeolitic 9.3 x 1O 2.4 X 10 4

Vitric nonwelded tuft 1 x 104 d

Densely welded tuff 2-3 x 10

Nonwelded bedded tuff 1 x 105 b

Sinnock et al. 1984.
"Montazer and Wilson 1984.
'Scott et al. 1983.
Winograd and Thordarson 1975.

The presence of fractures can also influence the saturated hydraulic conductivity of the rock.
Highly fractured, densely welded tuffs have an effective hydraulic conductivity about 5 to

6 orders of magnitude higher than their matrix conductivity (Scott et al. 1983), or between 10
to cm/s (Monitazer and Wilson. 1984). Thordarson ( 1983) measured the saturated bulk rock
hydraulic conductivity over a 120-m section of the Topopah Spring welded unit to be 1.3 by
10 cm/s. Weeks ( Montazer and Wilson. 1984) measured a range of hydraulic conductivities of
the upper 30 m of the Topopah Spring welded unit in borehole UE-25a #4 of 1.2 x 10 to
7.0 by 10 4 cm/s. The influence of fractures in the nonwelded tuffs can be considerably less. For
example. the nonwelded vitric tuffs have an effective hydraulic conductivity of only about I order
of magnitude higher than their matrix (Scott et al. 1983).

3.3 Environmental Conditions at Key Sealing Locations
This section presents specific information on environmental conditions at the key scaling
locations identified in Chapter 2.0, including the in situ state of stress. temperature and rock-
mass strength. Environmental conditions are also identified at the potential repository horizon.
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3.3.1 In Situ Stresses
This section presents an evaluation of the state of in situ stress at the upper and lower seal
location and at the potential repository horizon as described in the previous chapter. As
discussed in Chapter 5.0 of this report. the state of in situ stress at various seal locations forms
the far-field stress boundary condition used to evaluate stress in the rock for open boreholes and.
subsequently. for cased boreholes. The state of stress in rock adjacent to boreholes is
subsequently combined with other stresses induced in the rock. such as stresses from seal
emplacement and backfilling and increased thermal stress.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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Figure 3-10
Stress Contours for a Northern Cross Section
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Figure 3-11
Stress Contours for a Southern Cross Section
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Table 3-3
the Paintbrush/Topopah Spring ContactSummary of Stresses at

Minimum Maximum
Depth to Horizontal Horizontal
Contact Stress Stress Vertical Stress

Borehole ID (ft) (MPa) (MPa) (MPa)

USW H-1 332.4 0.72 1.44 2.09

USW H-3 450.7 0.70 1.41 2.66

UE-25a #1 422.1 0.64 1.29 2.53

USW H-5 569.6 0.91 1.82 3.29

USW UZ-6 585.1 0.92 1.84 3.39

USW MPBH 2 252.6 1.12 223 1.58

USW SD-4 246.8 1.15 2.29 1.55

USW SD-6 498.4 0.81 1.62 2.88

Maximum 1.15 2.29 3.39
Value

Minimum 0.64 1.29 1.55
Value

stresses using elastic closed form analytical solutions for a semi-infinite homogeneous. isotropic
half space. The analyses use the thermal and thermomechanical properties for the Topopah
Spring Unit from the Reference Informatinn Base (DOE. 1992). The calculations considered
times of 10: 35: 50 100; 300; 500: l(MX); and l0. years for each of the borehole
locations.

In addition, the following modeling assumptions are made:

Heat transfer occurs by heat conduction.

The potential repository is situated in a homogeneous, isotropic. and time
independent medium.

The analysis assumes a constant surface temperature of 19 C.

The analysis models the ground surface as a horizontal plane. The ground-surface
elevation for all boreholes was assumed at 4.500 ft.
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Table 3-4
Summary of Stresses at the Potential Repository Horizon

Minimum Maximum
Depth to Horizontal Horizontal
Contact Stress Stress Vertical Stress

Borehole ID (ft) (MPa) (MPa) (MPa)

USW H-1

USW H-3

UE 25a #1

USW H-5 1473.2 3.10 6.20 9.21

USW UZ-6 1271.2 2.89 5.78 7.85

USW MPBH-2 1025.1 2.44 4.88 6.23

USW SD-4 1030.4 2.47 4.94 6.26

USW SD-6 1242.6 2.86 5.71 7.66

Maximum 3.10 6.20 9.21
Value

Minimum 2.44 4.88 6.23
Value

The analysis evaluated five cases with different local area power densities (LAPD)
and correspondingly scaled LAPDs as presented in Table 3-6.

The waste configuration assumes the waste canisters are placed in vertical boreholes
in the floor of the emplacement drift. The center of the waste canister is assumed
to be 30 ft below the emplacement drift.

For the higher heat loadings (87 and 100 kW/acre), the waste is emplaced in the
northern end of the potential repository.

Tables 3-7 through 3-9 summarize the temperature calculations for several boreholes 60 years
after waste emplacement and at the time of peak temperature. For a heat loading of 57 KW/acre
the highest peak temperature (80 to 90°C) occurs at the potential repository after 100 to
300 years. Slightly lower peak temperatures occur at the lower contact zone over a 500- to
1.000 year period. The upper contact zone experiences lower peak temperature (46C) after
about 1.000 to 5.000 years.
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Table 3-5

Summary of Stresses at the Topopah Spring/Calico Hills Contact

Minimum Maximum
Depth to Horizontal Horizontal
Contact Stress Stress Vertical Stress

Borehole ID (ft) (MPa) (MPa) (MPa)

USW H-1 1411.9 3.05 6.10 8.78

USW H-3 1252.9 2.87 5.74 7.73

UE-25a #1 1461.1 3.09 6.18 9.13

USW H-5 1656.4 2.87 5.74 10.42

USW UZ-6 1458.3 3.09 6.18 9.11

USW MPBH-2 1372.0 3.00 6.01 8.52

USW SD-4 1302.5 2.93 5.85 8.06

USW SD-6 1467.5 3.10 6.20 9.17

Maximum 3.10 6.20 10.42
Value

Minimum 2.87 5.74 7.73
Value

Figures 3-14 through 3-19 present far-field thermally induced stresses for various heat loadings
for USW SD-4 and USW H-5 at the upper contact zone and at the potential repository horizon.
These boreholes were selected because USW SD-4 represented the most severe loading within

the potential repository boundary. USW H-5 was selected to evaluate the thermal effects near
the edge of the potential repository. At the potential repository horizon. the results show
horizontal compression of approximately 4 to 16 MPa and slight vertical decompression after
about 100 years. Radioactive waste heat generation sustains the horizontal compression for
several hundred years. After this time temperatures decline (from 5(K) to 10.000 years). At the
upper contact zone, the rock mass experiences a horizontal decompression of approximately I to
2 MPa and slight vertical compression. At this zone the results show a reversal in thermally
induced stress from tension to compression from 300 to l.000 years. After this time
temperatures decline gradually (from 2. to 1000 years).

Other boreholes within the potential repository or near the potential repository boundary show
similar trends in the development of far-field thermal stress. The analysis predicts a smaller rise
in temperature and thermally induced stresses at the potential repository boundary or just outside
of the potential repository boundary. At the potential repository horizon the thermally induced
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Figure 3.13
Borehole Locations for Thermal Stress Determinations
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Table 3-6

Summary of LAPD Cases Evaluated for Selected Seals

Nominal Adjusted Waste Power
LAPD LAPD Age Output Canister Spacing

Case (kW/acre) (kW/acre) (years) (kW/canister) (ft) (m)

1 20 20 30 1.52 39.7 12.1

2 20 20 60 0.96 25.2 7.68

3 57 51.6 30 1.52 15.39 4.69

4 80 72.5 30 1.52 10.96 3.34

5 100 90.6 30 1.52 8.77 2.67

Table 3-7
Summary of Temperatures at the Paintbrush/Topopah Spring Contact

Maximum Temperature

Temperature at 60 Temperature Time
Borehole ID years ( C) (°C) (Years)

USW H-5 19.91 28.48 1000

USW UZ-6 19.58 20.06 5000

UE-25a #1 24.05 26.53 5000

USW H-1 21.73 23.89 5000

USW H-3 19.18 19.18 5000

USW MPBH-2 22.27 29.09 2000

USW SD-4 21.81 46.22 1000

USW SD-6 20.31 39.22 1000

stresses for USW H-5 (as illustrated in Figure 3-18) show a slightly lower horizontal compression
after about 100 years than shown for USW SD-4. as this borehole is located at the western edge
of the potential repository. A slight vertical decompression occurs during this period. At the
upper contact zone. the analysis shows similar trends as those for USW SD-4. For boreholes at
some distance (UE-25a #1. USW WT- 15. USW (G-2, and USW WT-l). the analysis predicts
almost no thermally induced effects.
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Table 3-8
Summary of Temperatures at the Potential Repository Horizon

Maximum Temperature

Temperature at 60 Temperature Time
Borehole ID years (°C) (0C) (Years)

USW H-5 77.07 79.78 100

USW UZ-6 23.05 25.15 5000

UE-25a #1

USW H-1

USW H-3

USW MPBH-2 25.44 35.64 5000

USW SD-4 85.19 89.06 100

USW SD-6 84.21 99.78 300

3.3.3 Properties of the Rock Mass
Rock mass strength when combined with loading (ambient and thermal stresses) can be used as
an indication of borehole stability. The stability of the borehole is itself important as an
indication of where to place seals. Hoek and Brown (1980) proposed a criterion for the
strength of discontinuous rock masses. Laboratory and in situ strength data were compiled and
interpreted according to the following empirical relation:

Unconfined compressive strength of intact rock
Constants depending on rock quality
Major and minor principal stress at failure (ambient and/or thermal)

or alternatively.



Table 3-9
Summary of Temperatures at the Topopah Spring/Calico Hills Contact

Maximum Temperature

Temperature at 60 Temperature Time
Borehole ID years (C) (°C) (Years)

USW H-5 30.71 58.78 1000

USW UZ-6 24.29 26.79 5000

UE-25a #1 29.66 32.68 5000

USW H-1 27.56 31.72 5000

USW H-3 23.51 23.56 5000

USW MPBH-2 28.31 39.06 5000

USW SD-4 28.06 62.83 2000

USW SD-6 28.47 71.11 1000

= Normalized normal stress (ambient and/or thermal)
= Tensile strength normalized to uniaxial compressive strength
= Constants depending on rock quality
= Shear and normal stress on the failure plane normalized to uniaxial

compressive strength
= Normalized shear stress.

Hock and Brown (1980) provide a detailed discussion of the factors that influence rock mass-

strength and propose a method for estimating rock-mass strength from laboratory testing and field
investigations of rock-mass quality. The laboratory testing involves triaxial compression testing
of intact rock over the range of confining pressures expected in the field. The test data are then
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USW SD-4 PTn/TSw1 Contact
LAPD-20 Kw/acre and Waste Age=30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-14
Development of Temperature and Thermal Stress for USW SD-4

(LocalAreal Power Density of 20 kW per Acre) for Seal Locations 1 and 2
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USW SD4 PTn/TSw1 Contact
LAPD:57 Kw/acre and Waste Age=30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3.15
Development of Temperature and Thermal Stress for USW SD-4

(Local Areal Power Density of 57 kW per Acre) for Seal Locations 1 and 2
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USW SD.4 PTn/TSw1 Contact
LAPD=100 Kw/acre and Waste Age:30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-16
Development of Temperature and Thermal Stress for USW SD 4

(LocalAreal Power Density of 100 kW per Acre) for Seal Locations 1 and 2
3.35



USW H-5 PTn/TSw1 Contact
LAPD=20 Kw/acre and Waste Age 30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-17
Development of Temperature and Thermal Stress for USW H-5

(Local Areal Power Density of 20 kWper Acre) for Seal Locations 1 and 2
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USW H-5 PTn/TSw1 Contact
LAPD=57 Kw/acre and Waste Age=30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-18
Development of Temperature and Thermal Stress for USW H-5

(Local Areal Power Density of 57 kWperAcre)for Seal Locations 1 and 2
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USW H-5 PTn/TSwl Contact
LAPD-lOO Kw/acre and Waste Age-30 year
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-19
Development of Temperature and Thermal Stress for USW H-5

(Local Areal Power Density of 100 kW per Acre) for Seal Locations 1 and 2
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analyzed statistically to obtain the m constant for intact rock. The field investigations involve
rock mass classification. either by the Geomechanics Classification System Rock Mass Rating
(RMR) (Bieniawski 19X4) or the Q System (Barton et al. 1974). The results obtained are input
to empirical relationships to obtain in and s constants for the rock mass.

The method proposed by Hoek and Brown has been applied to the Topopah Spring lithophysal
and nonlithophy sal welded units and the Calico Hills Unit, for which laboratory and field data
are available. The analysis presented below provides median, upper, and lower bound estimates
to the expected rock mass strength for welded and nonwelded tuff.

Case and Kelsall ( 1987) present methods for determining the m and s parameters in the empirical
strength criterion. This approach was adopted with updated unconfined (uniaxial) compressive
strength, as presented in the Yucca Mountain Reference Information Base (DOE 1992).

The rock mass quality for the welded nonlithophysal Topopah Spring Unit and the nonwelded
Calico Hills Unit was assessed by using the values for RMR and Q Systems provided by
Langkopf and Gnirk (1986). The following is a brief summary of the rock mass quality obtained
by means of the RMR method:

Topopah Spring Unit

- Unconfined Compressive Strength-The unconfined compressive strength ranged
from 96 to 215 MPa: this results in an RMR strength ranging from 7 to 15.

- Rock Quality Designation (ROD)The average RQD obtained from data for
several exploratory boreholes ranged from 35 to 80 this results in an RMR/RQD
that ranges from 8 to 17.

- Joint Freguency-The joint frequency values after accounting for bias from
sampling near vertical fractures in vertical holes ranged from 2 to 16 fractures
per meter: this results in a joint-spacing RMR that ranges from 10 to 2O.

Joint Condition--A description of the rock mass condition upon which the lower
bound estimate is based, including slightly rough surfaces, separation(s) of less
than 1 mm and hard-joint wall rock. The upper bound estimate rating of 12 is
based on very rough surfaces, noncontinuous, nonseparated, hard-joint wall rock.

- Groundwater Condition-The excavation is above the groundwater table, is
considered dry, and is assigned the highest groundwater RMR of 10.
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Calico Hills Unit

- Unconfined Compressive Strength-The unconfined compressive strength ranged
from 10 to 34 MPa: this results in an RMR strength that ranges from 2 to 4.

- RQD-The average RQD obtained from data for several exploratory boreholes
ranged from 85 to 99; this results in an RMR/RQD that ranges from 17 to 20.

Joint Frequency-The joint frequency, after accounting for bias from sampling
in vertical boreholes, ranged from 0.5 to 1.2 fractures per meter, this results in
a joint spacing RMR that ranges from 20 to 25.

Joint Condition-A description of the condition upon which the estimate is based
includes slightly rough surfaces, separation of less than 1 mm, and soft-joint wall
rock. This condition results in a joint-condition RMR of 12.

- Groundwater Condition-The excavation is above the groundwater table, is
considered dry and is assigned the highest groundwater RMR of 10.

In the analysis presented by Langkopf and Gnirk (1986), the RMR adjustment for joint
orientation ranged from zero, for a favorable orientation, to minus 12 for a very unfavorable
orientation. These limits were also adopted herein for boreholes excavated through welded and
nonwelded units, a favorable orientation was adopted for an upper-bound estimate, and
unfavorable orientation was adopted for a lower-bound estimate.

The RMR for the Topopah Spring welded unit ranged from 35 to 74. with a corresponding rock
mass assessment of very good to fair rock conditions. The RMR for the Calico Hills nonwelded
unit ranged from 49 to 7 1, with a corresponding description of from good to fair rock conditions.
The Topopah Spring unit exhibits a greater degree of variability reflecting principally, variations
in the RQD and joint spacing indices.

Priest and Brown (1983) present empirical relations that scale the intact properties for estimating
the range of rock-mass strength from the RMR presented above. The upper bound corresponds
to the unconfined compressive strength plus one standard deviation. The lower bound
corresponds to the unconfined compressive strength minus one standard deviation. After
identification of the triaxial failure criterion, the Mohr failure envelope is determined using the
procedure outlined by Hock and Brown (1980).

Figures 3-20 through 3-23 present the results of the analysis and indicate a broad range of
conditions that could potentially be encountered. The lower bound for rock mass strength is
considered conservative. Hoek and Brown (1980) state that the envelopes be used for
preliminary analyses of underground excavation to establish the sensitivity of the design to
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Figure 3.20
Mohr Failure Envelope (TSw1 Unit Uthophysae-Rich)
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Figure 3-22
Mohr Failure Envelope (TSw2 Unit)
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Figure 3-23
Mohr Failure Envelope (CHn1 Unit)



development in response to borehole drilling. This section assesses materials present in boreholes
and the condition of the borehole wall to answer the following question: Are there unique
features that would complicate the scaling of the borehole

In the previous chapter selected borcholes were identified for logging, and a classification system
was developed. In this chapter, a more detailed description with photographs is presented. as
well as a more detailed description of borehole classification within individual units. In
summary the following generalization of the borehole wall condition can be made

A high percentage of Categories C3 and C4 occur in the densely welded devitrified
tuff in the Tiva Canyon and the Topopah Spring Members.

The Paintbrush nonwelded tuff typically falls in Category Cl.

The upper portion of the Topopah Spring Member typically falls into Categories C 1
and C2.

The tuffaceous beds of Calico I Hills nonwelded vitric and zeolitic tuff typically fall
into Categories Cl and C2.

Hole enlargement can occur within the softer nonwelded zones. such as the Calico
Hills and the Pah Canyon, where alteration to smectites have occurred.

No special problems are likely to arise from placing seals in borehole locations categorized as
C1 or C2. However, special considerations may be necessary for those areas that fall into
Category C3 and may be most likely for Category C4 locations, due to their high degree of
fracturing. irregularity, and hole enlargement. Problems could include loosing seal materials to
the formation and difficulty in actual placement of the seal.

In all drilling operations, other materials have the potential for entering into the holes. These
include the following:

* Defoamer Organosilicon Fluid Emulsion. This emulsion is added to an air
foam mixture and subsequently introduced into the hole in limited quantities. After
the hole is "blown out." trace amounts are anticipated to be left in the hole.

Lithium Grease and Other Lubricants. These lubricants are used in
assembling the drill stem and bit assembly. Only trace amounts are anticipated to
be located in exploratory holes.

Rock Drill Oil. This oil is used to lubricate the air stream. Only trace amounts
are anticipated to be left in the hole.
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Table 3-10
Problems Encountered/Anticipated in Exploratory Boreholes

Removal of 2.875-in OD tubing (or other size) with 12-ft screen: freestanding.

Steel casing grouted in at surface.

Eroded zones and sloughing holes.

Lost circulation.

Uncemented steel casing in deeper holes.

Uncemented steel casing in shallow neutron holes, 20 to 120 ft in depth.

Cement on wall, typically neat cement plus 2% CaC1. Cement was placed and then drilled out

Residual drilling fluids on borehole wall.

PVC pipe grouted at the surface.

Perforated casing cemented.

Perforated casing uncemented.

Steel casing spot grouted at the bottom or along selected areas over the length of the casing.

Water inflows.

Removal of grouted in seismometers.

Instruments in the UZ holes.

Deviations in the surface and at-depth coordinates.

In several of the drillers logs, hole enlargement and washout were noted. In USW UZ-6. for
example hole enlargement was noted between 324 and 372 ft. Categories C3 or C4 were
assigned to this interval where a number of high-angle fractures were observed.

In USW GU-3, washout occurred between 358 and 425 ft. Within this zone, pumice fragments
are common, and alteration of the groundmass to smectite varied from sparse to common. The
reason for the washout could be attributed not only to the poorly consolidated nature of the basal
tuff but also to the presence of the smectite. Both poor consolidation and the presence of clay
would make the tuff more susceptible to erosion. Even though some washout occurred at this
location, the wall was smooth and symmetrical and categorized as a Cl or C2.

3-48



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 3-25
USW UZ-6s; Tiva Canyon Member; Densely Welded, Devitrified; 150 ft. (C3);

Borehole Diameter-8.34 In.
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Figure 3-26
USW UZ-1; Yucca Mountain Member; Partly Welded to Nonwelded,

Vitric; 80 ft. (C1); Borehole Diameter-36 In.

Figure 3-27
USW UZ-1; Bedded Tuff (Vitric) Below the Yucca Mountain Member; 95 ft. (C1);

Borehole Diameter-36 in.
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Figure 3-28
USW UZ-6; Topopah Spring Member Caprock; Densely Welded,

Devitrifled; 520 ft. (04); Borehole Diameter-17.5 In.

Figure 3-29
USW UZ-6; Topopah Spring Member; Densely Welded, Devitrified; 850 ft. (04);

Borehole Diameter-17.5 In.
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Figure 3-30
USW WT-2; Topopah Spring Member; Densely Welded, Glassy Vitrophyre;

1,184 ft. (C2); Borehole Diameter-8.75 in.

Figure 3-31
USW WT-2; Bedded/Reworked Tuff (Vitric) at Base of Topopah Spring Member;

1,299 ft. (Cl); Borehole Diameter-8.75 in.
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USW WT-2; Calico
1,460 ft. (Cl);

Figure 3-32
Hills Member; Nonwelded, Vitric;
Borehole Diameter-8.75 in.

Figure 3-33
USW G-4; Calico Hills Member; Nonwelded to Partly Welded, Zeolitic;

1,416 ft. (C3); Borehole Diameter-12.25 in.
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Figure 3-34
UE-25 WT#18; Topopah Spring Member; Densely Welded, Devitrified;

1,241 ft. (C2); Borehole Diameter-12.25 in.

Figure 3-35
UE-25 WT#18; Calico Hills Member; Lava, Devitrified, Partly Zeolitic;

1,623 ft. (Cl); Borehole Diameter-12.25 in.
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Yucca Mountain and Pah Canyon Members.
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Figure 3-36
Thickness of the Tiva Canyon (TCw) Unit (REF0287)
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Figure 3-37
Thickness of the Paintbrush Nonwelded (PTn) Unit (REF0283)
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Figure 3-38

Spring Member Above the Repository Floor
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Figure 3-39

Total Thickness of the Rock Above the Repository Floor
(REF0283, REF0284, REF0287)
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Figure 3-40

Conductance of Stratigraphic Units Above Potential Repository in Percentage
of Maximum Conductance Encountered Over Entire Area, Model 1

3-62



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 3-41

Conductance of Stratigraphic Units Above Potential Repository
(Ln-value x 10 min), Model 2
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Figure 3-42
Conductance of Stratigraphic Units Above Potential Repository in Percentage

of Maximum Conductance Encountered Over Entire Area, Model 3
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4.0 Detailed Performance Evaluation of Seals
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Use the transformed section method (Freeze and Cherry 1979) to draw the flow net
and find the extent of lateral migration.

Appendix E presents these calculations for a drift assuming the strike direction of the fracture
is oriented parallel to the axis of the drift.' It is further assumed that the fractures are uniformly
spaced with a uniform smooth-wall aperture. The permeability tensor (K') for the orientation
along the fracture system is expressed as follows:
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the anisotropy in the permeability tensor for the rock mass that can be subsequently used to
construct a flow net.

The results of the calculations for the worst-case scenarios are presented in Figure 4-1. This
figure illustrates the flow net in the untransformed and transformed sections. Lateral spreading
may be affected by contrasts in permeability at contacts. A contrast from a more permeable to
a less permeable fractured zone might result in additional lateral spreading.

The flow as determined from the lateral spreading near a drift under worst-case assumptions.
shows lateral spreading at an angle of about 30 degrees that corresponds with the direction of the
principal permeability from the calculations in Appendix E. Because of the indicated anisotropy.
the direction of flow is not orthogonal with the horizontal potential lines in the unsaturated zone.
The lateral dispersion from the potential repository boundary is illustrated in Figure 4-2. This
figure also shows the depth to the groundwater table. The extent of lateral spreading (200 in)
is greater to the western side of the potential repository and less to the eastern side of the
potential repository.

4.1.2 Potential Flooding of Surface Boreholes
Surface boreholes may be subject to flooding. Currently the allowable amount of water that
could enter the potential repository is unknown. Further the manner in which water in the
unsaturated zone in a high-temperature environment could enter the potential repository is
unknown. Deep boreholes outside the potential repository may not influence water flow and may
not be significant. Nevertheless surface boreholes within or immediately adjacent to the
potential repository could potentially contribute flow. The following analyses consider ( I ) the
potential for boreholes to be flooded given their location relative to naturally occurring channels:
2) the potential for saturation of the alluvium surrounding the borehole that could result in flow

from the alluvium to the borehole: and (3) the potential for perched water within the borehole
that could contribute flow to the potential repository horizon.

4.1.2.1 Potential Inundation of Surface Boreholes
Exploratory boreholes represent potential pathways that could compromise the ability of the

geologic potential repository to meet the performance objectives following permanent closure.
Existing and proposed boreholes within the extended boundary of the potential repository may

be subject to flooding in certain low areas. Figure 2-4 presents a map of existing and proposed
deep boreholes within the potential repository showing the manly existing and several proposed
boreholes in alluvial areas subject to flooding. With several exceptions. the proposed boreholes
are to be located outside low areas and are less subject to flooding.

The potential for flooding of existing and proposed boreholes depends on the extent and depth
of flooding near each borehole. In turn the extent and depth of flooding depend on the size of
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Figure 4-1
Flow Net for Lateral Dispersion from the Potential Repository
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Figure 4-2
Extent of Lateral Flooding at the Groundwater Table
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the drainage basin topographic features2 of the drainage basin and stream characteristics near
each borehole. This report uses the Probabie Maximum Flood (PMF) because it represents a
hypothetical" flood that attempts to define the maximum flood potential at a specific site. The
PMP is defined as "the flood that may be expected from the most severe combination of critical

meteorologic and hydrologic conditions that are reasonably possible in the region" (National
Research Council. 1985). This evaluation identifies the drainage area tributary to the borehole
for stream flow. Empirical relationships relating the size of the area to peak discharge (Crippen
and Bue, 1977) provide an estimate of the peak discharges at borehole locations. The extent and
depth of flooding is determined using methods developed for natural channel flow (Fernandez
et 1989).

The analysis then considers the natural channel cross section as illustrated in Figures 4-3a and
4-3b. and uses the Manning equation (Trefethen. 1959) for open-channel flow in a natural
channel to estimate the height of flow in the channel near the borehole:
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Figure 4-3a

Extent of Flooding Near USW UZ-16
(a) Plan View and (b) Topographic Cross Section with Probable Maximum Flood Levels



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 4-4

Watershed Areas In the Vicinity of the Potential Repository
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Table 4-1
Potential Flooding of Boreholes
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

I~~~~~~~~~~~~~~~~~~~



Table 4-1 (Continued)
Potential Flooding of Boreholes
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Table 4-1 (Continued)

Potential Flooding of Boreholes
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Table 4-1 (Continued)
Potential Flooding of Boreholes
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Table 4-2
Relative Hydrologic Significance of Boreholes Subject to Flooding
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Table 4-2 (Continued)
Relative Hydrologic Significance of Boreholes Subject to Flooding
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Figure 4-5

Hydrologic Significance of Borehole Seals
Glover Solution
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Fluid travels mnuch faster along the fractures than through the blocks. and the speed
differs along fractures having different apertures (Endo et al.. 1984).

Therefore. analyses were performed to determine the nature and extent of such lateral spreading
due to the fractured nature of the tuff as discussed previously in Chapter 2.0.

The advection dispersion analysis was performed with a two-dimensional plane dispersion model
(Javandel et al.. 1984). Using a cartesian coordinate system with the x axis oriented along the
direction of the flow, the two-dimensional advection-dispersion equation can be written as
follows:
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Both longitudinal and lateral dispersion can occur in the two-dimensional plane.
Dispersion depends on both the longitudinal and lateral dispersion coefficients for
the media.

The gaseous radionuclides are nonreactive, and the retardation factor is

Radioactive decay is zero. due to the short transit time from the potential repository
to the ground surface .

Radionuclides are released from the waste packages at a constant rate
concentration (Co). (The resulting analyses are scaled to this concentration.

Airflow relationships were developed to construct the contour plots of average linear velocity.
The three combinations of bulk-rock conductivity presented previously were evaluated. These
combinations were selected to produce a range of conductivities for welded and nonwelded tuff
and to examine the influence of a thinner less permeable layer of nonwelded tuff on overall
airflow rates if the conductivities of the welded tuff were high

A sensitivity study was conducted using three different velocity values: 7 x 107. 7 x 10 and
4 x 10 m/min. In each case = 100 m. and = 1. 20. and 100 m. The coefficient of
molecular diffusion. D. was assumed to be zero due to its low value compared to other terms.
The distance to the ground surface was 300 m. An additional analysis was performed for lateral
spreading to the Paintbrush contact at a distance of 60 m. The results of the analyses for the
assumed properties are presented in Appendix G.

For the isotropic case the lateral spreading would be limited to several hundred meters from the
edge of the potential repository. This is a conservative estimate because the dominance of the
vertical fracture system would force flow to be more narrowly confined around the perimeter of
the potential repository . and in the case of convective airflow analysis there would be a tendency
for air to be drawn into the potential repository from cooler regions. For the anisotropic case.
lateral spreading would be limited to several meters using more realistic dispersivity values.

Figure 4-7 presents the potential maximum degree of lateral spreading. considering the
boundary and a boundary controlled by the north-south trending fractures. Two cases were
considered. In the first case lateral spreading occurs 600 m from the potential repository
boundary In the second case. the degree of spreading reduces on the western and eastern
boundaries of the potential repository.
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Figure 4-7

Extent of Lateral Spreading from the Potential Repository



4.2.2 Barometric and Convective Airflow
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Figure 4-9

Airflow Path at Ambient Temperature
(a) No Permeability Contrast and (b) Permeability Contrast of 1,000.

After Lu et al, 1991
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT} Figure 4-10
Airflow Path at Elevated Temperature

(a) No Permeability Contrast and (b) Permeability Contrast of 1,000.
After Lu et al., 1991

1750
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Geologic Map of Yucca Crest
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repository heating occurs the results show that boreholes within the potential repository. or more
specifically, the heated areas of the potential repository, would be significant and that the
boreholes near Yucca Crest have little added significance with respect to convective transport.

Where a significant contrast in conductivity occurs the results suggest separate flow regimes
above and below the nonwelded tuff and the need to place a high-quality seal in the Paintbrush
nonwelded tuff unit to reduce the potential for flow to occur across this zone above the potential
repository. Preferential flow of contaminated air could occur up through boreholes collared in
the Topopah Spring Unit to the west of the potential repository (USW 11-7 or USW WT-8). as
illustrated in Figure 4-l 1. High-quality seals need to be placed from the top of the Topopah
Spring Unit in these areas.

4.2.3 Performance Requirements for Airflow
This section presents the results of an airflow or advection calculation. considering existing and
proposed boreholes within the potential repository and the extended boundary of the potential
repository as presented in Section 4.2.1. Flow occurs completely through the seals from the
potential repository to the ground surface or in series through the rock web below the borehole
and then through the backfilled borehole (Figure 2-5). The calculations use the three rock-mass
models presented previously to find the performance requirements for borehole seals. This

section addresses the relative significance of drilling boreholes to varying depths and the
performance requirements that satisfy the performance goals established for airflow.

Flow will be established through the rock web near the heat source and through the backfilled
hole (for shallow holes) or through the entire backfilled hole (for holes penetrating through the
potential repository horizon). The performance requirement limits airflow cause by either
convective or barometric transport to I percent of the flow through the rock mass for all affected
boreholes. This is expressed mathematically as follows:

where
= Mean depth of potential repository to the ground surface

Mean conductance of the rock model
= Equivalent vertical conductivity of the backfill

A, = Cross-sectional area of boreholes near the surface depth
= Airflow gradient

A = Cross-sectional area of the potential repository.

Appendix H presents harmionic mean computations for individual boreholes. In these
Computations the seal conductivity is selected for each rock model and the harmonic mean is
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calculated for each borehole and summed over all boreholes that satisfies the above relationship.
The harmonic mean computation depends on the depth of borehole and the units penetrated. As
discussed in the appendix for deep holes penetrating the potential repository the equivalent
vertical conductivity equals the effective seal conductivity. For shallow boreholes the vertical
conductivity is nearly equivalent to that of the rock.

The air-dispersion calculations established the extended boundary of the potential repository.
Approximately 116 existing and proposed boreholes could be subjected to convective and
barometric airflow of these holes approximately 30 deep boreholes penetrate to the potential
repository horizon.

Using the criterion established for airflow above, the calculated conductivities satisfying the
I percent criterion are presented in Table 4-3:

Table 4-3

Required Seal Performance (m/min)
[Allowable Seal Conductivity Calculation

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

This analysis conservatively assumes that flow through the rock is over the area of the repository. It flow
through the rock of the extended repository is included, the seal performance requirement would be
somewhat higher.

The lower values for the seal conductivity (K) for the extended boundary of the potential
repository reflect air flowing through additional boreholes requiring a more conservative value
to satisfy the I percent flow requirement.

Tectonic features may affect the convective or barometric air transport out of the potential
repository. Scott and Bonk 1984 present several categories of tectonic features for the potential
repository. Assumming that fault zones are 15 in wide and fractures are 5 in the area of
these zones represents approximately 4 percent of the total potential repository area. The effect
of tectonic features such as faults would result in a higher and less restrictive performance
requirement for air conductivity for seals, if such zones exhibit higher conductivity than the
surrounding rock mass, since these zones would become dominant zones for airflow. When
encountering high-conductivity fault zones sealing boreholes becomes less imperative because
flow may dominantly occur through such zones. Alternatively tectonic features lower in
conductivity are unlikely to affect the seal performance requirements because their cross-sectional
areas are small compared to that of the potential repository.
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4.2.4 Conclusions from the Air Release Calculations
The product of the equivalent seal conductivity (K,) multiplied by the cross-sectional area (A,).
represents the seal-system conductance for a single borehole. Appendix H illustrates the relative
significance for the boreholes as the cumulative flow rate and for the 116 borcholes cumulative
thin rate plotted as a function of borehole length. The selected performance requirement depends
on the rock conductivity model employed. Model I is the least conductive rock combination.
while Model 3 is the most conductive combination. The results for all three models show less
significance by 5 to 6 orders of magnitude for surficial boreholes than for intermiediate-depth
boreholes penetrating the potential repository.

The following analysis is presented to provide guidance to the surface-based testing program as
to the consequence and risk involved in abandoning a borehole without sealing. The objective
of the following analysis compares airflow through a single abandoned borehole to the flow
through sealed deep boreholes.

The calculation presented above and in Appendix H shows cumulative flow through all boreholes
within the extended boundary of the potential repository. The most significant borceholes are deep
boreholes that are cased. Thus the casing provides access to sealing locations at depth. Yet.
severa1 boreholes may be uncased. and in these few instances an evaluation of the performance
of a single abandoned borehole for each of three models is of interest, since the placement of
high quality seals may not be possible.

For purposes of evaluation this report considers the existing USW UZ-6 borehole that has a large
diameter at the potential repository horizon. It also considers that the effective hydraulic
conductivity of the abandoned borehole equals 10 cm/s (equivalent to an air conductivity of
0.4 meters per minute). The conductance can be compared to the cumulative conductance for
the three models in Appendix II. The relative significance of a single abandoned borehole
depends on the model employed. For the low-conductivity model (Model 1). a single abandoned
borehole provides a greater conductance than 100 boreholes combined together (or 30 boreholes
penetrating through the potential repository horizon). For Model 2. the conductance of a single
abandoned borehole represents about 10 percent of the total flow. For the most conductive model
(Model 3. the flow through a single abandoned borehole is not significant, in that the design
requirement expressed as an air conductivity for seals is of the order of 4 m per minute
(equivalent to a hydrauilic conductivity of 100 cm/s).

The above analysis does not include fault zones that may have a higher conductivity. If fault
zones are persistently higher in conductivity, they might tend to dominate convective airflow, and
a single abandoned hole would have less significance. On the other hand if the low-conductivity
model is appropriate with a flow resistance dominantly occurring in low-conductivity formations.
the abandoned borehole has added significance.
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The 30 boreholes penetrating through the potential repository dominate airflow and require
scaling to the performance requirement. The surficial boreholes do not require scaling to the
performance requirements and can be backfilled or left untreated.
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5.0 Design Evaluation of Borehole Seals

This chapter presents hydrologic, airflow, and structural design evaluations that address the
selection of design requirements to satisfy the water-flow and airflow performance requirements
presented in the previous chapter. This chapter also addresses other how and when to seal issues.
Structural seal designs are evaluated for combinations of seal backfill thermal and seismic
loading. This design information is then used to identify important design issues and to select
seal materials and placement methods that will optimize seal (design.
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Direction of Flow

Note that the interface is modeled as a smoothwall fracture aperture
and horizontal scale is exaggerated

Figure 5-1
Model for Flow Through the Seal and Interface Zone
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The area of the interface is approximately equal to the interface aperture times the circumference:

From Case and Kelsall ( 1987) the hydraulic conductivity of a single fracture may be related to

the equivalent smooth-wall fracture aperture by the following relationship:

b = Smooth-wall aperture
K = Fracture conductivity
p = Mass density
g = Acceleration due to gravity
p = Dynamic viscosity (or absolute viscosity).

By definition. p = u * p. where = kinematic viscosity.

Substituting the above relationships in the relationship for parallel flow:

l2p

The relation states that flow through the seal matrix equals the product of the cross-sectional area

and the matrix conductivity. The flow through the interface is given by the cubic law for
smooth-wall fracture apertures, which states that there exist combinations of seal matrix
conductivity and interface aperture that satisfy the performance requirements. Another
relationship, which assumes a fracture runs down the center of the seal with interface aperture
properties equivalent to the properties of the interface zone states:
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Figure 5.2

Airflow Performance Requirements for Seals
(a) No Longitudinal Crack and (b) with Longitudinal Crack
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Figure 5-3

Hydrologic Design Requirements of Seals
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5.2 Considerations When Emplacing Seals
This section presents information on how and when to seal exploratory boreholes. Section 5.2.1
discusses the various stages in plug development and loadings of seals and includes a discussion
of open boreholes, open boreholes near the potential repository horizon, sealed boreholes, and
the postclosure environment. Section 5.2.2 discusses methods of analysis, modeling assumptions,
and input properties for performing analysis for open boreholes sealed boreholes and evaluations
of sealed boreholes during the postclosure period.

5.2.1 Stages in Plug Development and Sealing
Seals should be emplaced at key locations using selected material placement methods and
geometry to provide load resistance to various combinations of dead, seismic, and thermal loads
and to provide strength serviceability. The list of potential degradation mechanisms (Table 5-1)
shows those physical mechanisms that might affect hydrologic performance. including channeling

around the seal mechanical degradation and deformation of the seal, modification of borehole
fill properties and chemical degradation. Associated with each failure mechanism are strategies
to mitigate seal degradation. All of these general strategies are recommended to be part of the
overall sealing strategy.

In the following discussion. the various stages in casing removal, seal development and
postclosure seal performance are presented. At each stage the sealing design and emplacement
strategies can be adopted to mitigate seal degradation.

5.2.1.1 Casing Removal and Exposure of an Open Borehole
The results of previous studies (summarized in Chapter 2.0) established the importance of an
interface zone between seal and rock (DOE. 1988). Prior to sealing, the casing may or may not
be in contact with the surrounding formation. If the formation has collapsed around the casing.
the potential exists for casing corrosion and instability. For an open borehole, the radial stress
relieves and the tangential boundary stress increases, resulting in potential failure of the
surrounding rock. If waste is emplaced in the potential repository before seal emplacement the
tangential boundary stress increases in response to the higher-temperature environment. Further
if boreholes penetrate to the potential repository horizon, stress-interaction effects with the
underground openings could result in stress concentration effects near boreholes.

5.2.1.2 Plug Emplacement and Backfilling
During seal emplacement (Figure 5-4), the heat of hydration from the selected seal materials

an increase in temperature and thermal gradients that results in short-term thermal
stress. The plug expands thermally during curing and subsequently contracts during cooling.
Residual compressive or tensile stresses can develop within the plug and could result in potential
separation at the interface zone. The permanent effect, shown subsequently by modeling,
depends on (1) heat evolution due to hydration, (2) thermal diffusion to the surrounding welded
and nonwelded tuff. (3) thermal expansion of the plug. and (4) evolution of the thermomechanical
properties of the plug during the curing process.
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Table 5-1
Sealing Strategies to Mitigate Seal Degradation

Sealing Strategy to Mitigate Failure
Degradation Mechanism Initiating Process or Event Design Placement

Channeling around seal:
Interface bond separates in Increase in load resulting from Increase length of the plug (1) Decrease potential load by placing
shear flooding plug near surface (4)

Emplace seals periodically or
Lower than anticipated resistance continuously (2) Prov de higher interface zone bond
due to bond imperfections strength by using low pressure

Reduce hydraulic gradient across squeezing or by including expansive
the plug by increasing drainage into properties (5)
formation (casing removal), by
increasing the length of the seepage Place seals in areas where the plug
path (plug length), by decreasing emplacement is not as sensitive to
porosity (densifying and by emplacement procedures (6)
injection of grout into formation (3)

Implement quality control
procedures during placement (7)

Recondition wall to remove
mudcake or other material buildups
on borehole wall (8)

Interface bond fails in tension Seismic load in excess of interface Place seals away from the ground or (5)
strength zones of large anticipated (7)

displacements or accelerations (10)

Engineer deformational properties of
the seal to be similar to the
surrounding formation (11)

Provide stiffness and expansivity to
increase the interface effective
stress and inctional resistance (12)



Table 5-1 (Continued)
Sealing Strategies to Mitigate Seal Degradation

Sealing Strategy to Mitigate Failure

Degradation Mechanism Initiating Process or Event Design Placement

Zone around seal separates due Overpressurization-expansion results (1) (2) 3 (7) (5)
to improper placement in high stress and subsequent failure

at the interface seals
temperature zone

Differential hermal expansion
between seal and host rock Place cementitious seal at a

temperature lower than the
Insufficient seal-injection pressure surrounding formation (15)
and or volume

Mechanical degradation and
deformation:

Axial and radial deformation Erosion of surficial materials at (1) (2) (3) (10) (11) (12) (5) (6) (7) (8) (15)
surface leads to mechanical

Massive deterioration of seal instability at the surface Control thermal strains during Place a seal material that has the
cement hydration and subsequent least susceptibility to saturation

Shrinkage of material due to thermal cooling to prevent micro cracking of desaturation cycling
loading from waste the plug

Cracking due to saturation and
desaturation of seals

Cracking of plug material resulting
from a superimposed stress field
comprised of in situ thermal
seismic, and static stresses



Table 5-1 (Continued)
Sealing Strategies to Mitigate Seal Degradation

Sealing Strategy to Mitigate Failure
Degradation Mechanism Initiating Process or Event Design Placement

Modification of fill properties:
Settlement Static loading of fill from overlying fil Reduce potential load by periodic Reduce permeability by emplacing

(unsaturated and saturated) installation of weight bearing plugs backfill at high density and low
porosity (14)

Restrict water from entering
borehole (13) by

Emplacing a capillary barrier in the
unsaturated zone
Emplacing an impermeable fill in
saturated zones through selection
of suitable materials. compaction
control and use of additives

Liquefaction Dynamic consolidation caused by (13) (14)
seismic loads

Provide suitable gradation to reduce
dilation of particles in granular fill

Chemical degradation:
Dissolution of seal Heatedfunheated water moving past Balance geochemistry of seal with Place primary seals away fromthe seal will dissolve the seal that of the rock heated environment wh ch will

material decrease the kinetic rates of
Reduce the surface area of the grout dissolution
exposed to the groundwater by
having a low permeability grout Place grout bulb around primary

borehole seal to decrease the
potential of groundwater contacting
the primary seal
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1. Initial mixing and placement
2. Volumetric and thermal expansion (cement hydration)
3. Thermal contraction during cooling
4. Backfill emplacement and subsequent deformational response of plug
5. Postclosure period

Figure 5-4
Stages in Plug Development
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Separation at the interface zone. The permanent effect shown subsequently by modeling.
depends on ( 1 ) heat evolution due to hydration. (2) thermal diffusion to the surrounding welded

and nonwelded tuff. (3) thermnal expansion of the plug and (4) evolution of the thermnomechanical
properties of the plug during the curing process.

5.2.1.3 Increased Temperature Environment
After seal emplacement and potential repository decommissioning, the temperatures increase at
key sealing locations over a period of 50 to years. resulting in an increase in thermal stress
for the seals. As discussed previously, the thermal environment at specific sealing locations
depends on the elevation above or below the potential repository and on the proximity of the
borehole to the waste-emplacement areas. The farther away from the potential repository that
the borehole is located, the smaller the thermal effects during the postclosure period.

5.2.1.4 Saturation of the Backfill
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Figure 5-5

States of Stress Around Open and Sealed Boreholes
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casing in contact with tuff. In earthen materials that have variations in composition with respect
to permeability and saturation long-cell action resulting in nonuniform corrosion is an issue.

In local-cell action oxygen is reduced at microscopic cathodic sites. oxidizing iron at adjacent
anodic sites. This results in uniform corrosion and is not often severe in unsaturated earthen
materials. The corrosion rate of a dry host rock should be small, due to the high resistivity of
the electrolyte. Because of extremely high corrosion rates in earthen materials the idea of an
earthen material as a homogeneous static electrolyte is not always applicable.

As electrical conductivity of the host rock increases (increasing moisture content), long-cell action
becomes possible. In long-cell action a macroscopic distance separates the cathodic and anodic
sites. or zones. The driving force for the long-cell action derives solely from the difference in
availability of oxygen between the two zones, independent of the means of achieving this
difference. The host-rock conductivity of the electrolyte determines how far apart the zones can
be for long-cell action to occur. In high-conductivity situations the distance can be greater than

The dependence of long-cell action on differential availability of oxygen evolves from a variety
of corrosion phenomena. An anodic zone occurs (1) where salt content is higher or there is a
lower solubility of oxygen than at a nearby zone: (2) where the water velocity is lower than at
an adjacent region. even when the bulk oxygen concentrations for both regions are the same and
3 in a material of low permeability to water.

In unsaturated rock a thin film of water is left on the surface of steel exposed to soil. In contrast
aqueous solutions. where the diffusion film separates steel from water that contains a few parts

per million of dissolved oxygen air separates the casing from the host rock.
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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Soil electrical resistivity determines the intensity of local-cell action at any given
water saturation.

A soil that does not drain at all, but remains 95 to 100 percent water-saturated is
noncorrosive despite its resistivity.

A soil that drains slowly and therefore remains 50 to 95 percent water-saturated for
long periods will be corrosive, especially if its resistivity is low.

Where carbon-steel casing penetrates a homogeneous soil and the soil's water content
ranges between 50 and 95 percent water saturation in the upper zone of contact and
between 95 to 100 percent water saturation in the lower zone of contact. long-cell
action will occur. Cathodic activity may be so high that no corrosion will occur in
the upper drained zone. The observer, noticing intense pitting at the deacrated lower
depth might conclude the soil is very corrosive in the region whereas the corrosion
depends on the presence of the upper aerated zone.

The section potential also affects the development of long-cell action by influencing the degree
of saturation. Sands exhibit a flat curve of water saturation versus suction potential. Steel
contacts the sand at the critical water saturation at essentially one line. Cathodic activity would
be intense here, but the area of metal exposed as a cathode would be small. Clays retain
moisture at nearly 100 percent and air cannot enter, resulting in small cathodic activity. For
practical purposes. steel exposed entirely to this soil will not corrode. If the steel contacts a
drained impermeable clay soil, it will corrode at the anodic area because of long-cell action.

For other soils a range of saturation over some distance of the casing occurs and cathodic
activity over this distance is expected. There may be many feet of vertical distance above the
water table in which the water saturation is between 50 and 95 percent. Intense cathodic activity
would be expected throughout the vertical distance for steel in contact with this host rock.

Another factor affecting the corrosion rate is the rate that soil conducts electrolyte or host-rock
permeability. Schashl and Marsh ( 1963) reported experiments in sand that show the relationship
of the local-cell corrosion rate with permeability and indicate that as permeability reduces, the
corrosion rate reduces. Corrosion caused by local-cell action should decrease with depth of soil
as the material becomes less dense and less porous. Corrosion caused by local-cell action
decreases with depth for steel pilings driven into undisturbed soil, but corrosion commonly
increases with depth suggesting long-cell action.

5.3.2 Computation of the Corrosion Allowance
The following analysis evaluates the structural stability of the casing at key depths for selected
borcholes and supports the scaling strategy development for casing removal. The analysis uses
the corrosion-allowance concept which calculates the reduction in casing wall thickness under
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the condition of uniform corrosion that can be sustained before casing collapse develops. This
allowance is compared to the expected corrosion rate to show how long the casing may be
structurally sound. The preliminary analysis considers the geometric and material properties of
the casing, the depth to the casing (in situ state of stress) at approximate sealing locations and
the proximity of these locations to the potential repository heat sources (Figure 5-7). To perform
preliminary analysis a number of assumptions were required:

The formation contacts the casing at each seal location and subjects the casing to
a uniform isotropic external pressure due to the interaction of the steel casing with
the formation at each sealing location for the unheated case. The analysis uses the
SHAFT (Agapito and Associates. 1990) code to calculate the external pressure
acting on the casing.

The temperature increase caused by potential repository heating results in a thermal
stress field that depends on the sealing location. For boreholes penetrating the
potential repository or near the potential repository boundary the thermal stress
field is compressive while the stress field is slightly tensile farther away from the
potential repository. The thermal stress components are calculated for an isotropic
homogeneous medium using the STRESS3D) analysis presented previously. The
analysis averages the thermal stress components in the horizontal plane and
calculates the increase or decrease in external casing pressure for the heated case
using the SHAFT computer code.

The casing is comprised of either H40 or J55 carbon steel (Craft et al.. 1962).
which have yielded stresses of 50. or 65.000 psi. respectively. The mode of
failure is either elastic or plastic buckling. depending on the critical buckling stress
for the casing that in turn depends on the casing slenderness ratio (the ratio of the
external diameter to wall thickness).

The analysis is conservative in that if the critical buckling load were reached under thermal
loading the loads would likely redistribute and result in only localized buckling. The casing
would be deformed but would not pose a serious operational hazard. On the other hand the
casing may be suspended from above and subjected to tension or supported from below and
subjected to compression. Either tension or compression would result in potential biaxial loading
in which the casing could buckle under a combined state of stress. On balance the adopted
approach is reasonable for performing preliminary calculations and addressing issues of casing
removal prior to sealing.

Tables A-10) through A-12 present the casing geometries at three potential sealing locations.
including the contact the potential repository horizon (TSw2). and the
contact. The slenderness ratios range from 18 to 36 above the potential repository and from 18
to 30 at or below the potential repository. The critical elastic buckling stress (Craft et al.. 1962)
is as follows:
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Figure 5-7

Sealing Locations for Casing Stability Analysis
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Table 5-2

Borehole Casing Corrosion Allowance
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Table 5-3
Simple Stress Calculations for Open Boreholes

Radial Tangential
Seal Temperature Stress Stress Vertical Stress

Location Loading ( C) (MPa) (MPa) (MPa)

1 In situ 22.7 0 4.80 3.39

1 Thermal 26.7 0 3.42 3.49

2 In situ 29.2 0 14.56 9.21

2 Thermal 60.8 0 30.30 5.42

2 Thermal 87.2 0 36.68 9.90
(Center of

Panel)
3 In situ 29.8 0 17.48 10.42

3 Thermal 42.3 0 21.38 11.56

5.3.3.3 Structural Analysis of an Open Borehole Near Underground Openings
A zone of influence defines a domain of significant disturbance of the pre-mining stress field by

an excavation at the potential repository horizon (Brady and Brown. 1985). The excavation of
a drift in a rock mass disturbs the state of stress around the opening and generates a stress
concentration that may then cause failure in the surrounding rock mass. A proposed borehole
(Figure 5-9) in the zone of influence of an opening should not pass through the failure zone
around the opening. Neither should the state of stress around the proposed borehole, due to the
stress concentration around the opening cause failure around the borehole.

Because a drift is much larger than a borehole it is outside the influence zone of the borehole,
but the influence zone of the drift may include the borehole. An engineering estimate of the

boundary stresses (far-field stresses) for a borehole can be cotained by calculating the state of
stress at the center of the borehole prior to excavation (Brady and Brown, 1985).

St. John (1987) studied the state of stress around YMP drifts using finite- and boundary-element
methods for ventilated and unventilated cases. For purposes of analysis, these stresses are
assumed to be far-field stresses for evaluating thermal effects around open boreholes near the
potential repository openings. The far-field stress results include projected stresses for selected
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Figure 5-9

State of Stress Around an Open Borehole at the Potential Repository Horizon
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points around thc drift for the period of excavation and for points in time 0. 10. and 100 years
after waste emplacement.

The axes of the proposed boreholes are perpendicular to the axes of the drift (Figure 5-9). Such
boreholes would therefore be under a generalized plane strain condition, which includes in-plane
and out-of-plane shear stresses. The computer program SHAFT (Agapito and Associates, 1990
was used to obtain the state of the stress around the perimeter and the boreholes. The SHAFT
code models generalized plane strain conditions. The state of the stress for each sampling point
was used as the far-field stress for each borehole modeled with the SHAFT code.

For points at a distance from the drift, the major principal stresses are nearly horizontal and
vertical. For these cases, the Kirsch solution was used to calculate the stresses around the
borehole. For example. the states of stress for a point 10 m from the drift near the floor,
sidewall, and roof of the drift are shown in the Mohr diagrams in Figure 5-10.

This figure illustrates the low, medium-, and high-strength criteria for the Topopah Spring Weld
unit for the surrounding rock mass (described in Section 3.3.3). The uncertainty in the strength
parameters required a range to be defined for rock-mass strength criteria. This range is between
low and hig h criteria with the medium-strength criteria represented by an estimate of
the expected vat as discussed previously. The figures show that a hollow borehole might be
barely stable from the time of excavation until 10 years after emplacing the nuclear waste, but
medium-strength criteria are violated 100 years after emplacing nuclear waste. The analysis
suggests that boreholes should be sealed to prevent future failure due to stresses that arise from
the temperature increase in the potential repository. Further investigation could show that the
expected failure criteria is closer to the high-strength criteria shown in Figure 5-1 and that
failure is less likely.

5.3.4 Conclusion of When to Seal
No site-specific data are available for the corrosion of carbon-steel casing at the Yucca Mountain
site however, the following information is available on general corrosion rates for carbon steel
in air and soil:

The penetration rate for carbon steel in air ranges from less than 1 to approximately
7 mil per year (Mattsson, 1982). The National Association of Corrosion Engineers
(NACE) reports higher corrosion rates in acidic atmospheres (not considered a
factor at Yucca Mountain).

The penetration rate for carbon steel in soils varies from 5 to 100 mil per year
depending on resistivity, that in turn depends on moisture content.

Considering casing configurations, for deep casings such as those used in UE-25a #1, grouting
occurred over short distances, and the casings are freestanding over much of their length. For
shallow casings such as those used in UE-25a #5, grouting to a depth of 100 to 200 ft could be

5-26



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 5-10

Mohr Failure Envelopes for an Open Borehole Near an Excavation
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Figure 5-11

Stress Development at Ambient Temperature in the Plug and Rock
at the Upper Sealing Location
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Figure 5-12

Stress Development at Ambient Temperature In the Plug and Rock
at the Potential Repository Horizon
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Figure 5-13
Stress Development at Ambient Temperature In the Plug and Rock

of the Lower Sealing Location

5-32



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Table 5-4

Summary of Induced Thermal Stresses in Seals at the Interface Zone

Seal Rock

Seal Radial Tangential Vertical Shear Radial Tangential Vertical Shear
Location Stress Stress Stress Stress Stress Stress Stress Stress

(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

1 2.25 0.70 0.59 0.67 2.25 0.58 0.45 0.67

2 6.00 5.49 2.30 0.056 6.02 11.88 4.65 0.056

3 4.39 3.29 1.54 0.12 4.39 3.38 1.32 0.122



(a)
Rock Stress: USW SD-4 Seal Location 1. LAPD = 57 kW/acre Waste Age = 30 years
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Rock Stress: USW SD4. Seal Location 2. LAPD = 57 kW/acre. Waste Age = 30 years
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Figure 5-15
Rock and (b) Seal at the Potential Repository Horizon
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(a)
Rock Stress: USW SD-4. Seal Location 3. LAPD = 57 kW/acre. Waste Age = 30 years

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure 5-16
Evaluation of Scenarios in the (a) Rock and (b) Seal at the Lower Sealing Location
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6.0 Feasibility of Emplacing Borehole Seals{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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Figure 6-1

Strategies in Sealing Boreholes
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Figure 6-2
General Process for Design and Placement of Seals
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Figure 6-3
Decisions Associated with Design and Emplacement of Seals
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Table 6-1
Summary of Tests Used in Cement-Slurry Design

Slurry Property Laboratory Test General Field Requirements Test Reference

Slurry preparation for Balances and high-shear mixer. Mixing water variable with composition and API Document 10.
laboratory mixing and API cement class. Mixing time 35 sec on Sec 5. and Appendix A
testing high speed mixer.

Slurry viscosity Atmospheric thickening time tester. 10 to 15 Bc. which is a unit of consistency API Document 10.
used in cement testing (thin slurry). Sec 9

Pumping time Determined on pressure, temperature. Variable with type of job. Normal casing API Document 10.
thickening-time tester design is 2-1 2 to 4 hr fluid time. Sec B. and Appendix E

Free water Settling of slurry in 250 mL graduate after Maximum 1.5% tree water after setting 2 hr API Document 10.
setting. Sec. 6, and Appendices 8 and

Fluid loss of cement slurry High-pressure fluid-loss cell at 1.000 psi Variable with job requirements. General rule API Document 10.
on 325-mesh screen or core for 30 min. squeezing. 50 to 125 mL; production casing or Appendix F

liner. 50 to 200 mL.

Slurry density Standard mud balance or pressure Variable with mud densities and hole API Document 10.
density balance. conditions. Generally 12- to 16-lb gal. Appendix C

Rheological properties Rotational viscometer at various shear Depends on slurry water density. and desired API Document 10.
rates. flow rates. Plug laminar, or turbulence. Appendix H

Less than 0.1 md.
Permeability testing Special water-permeability apparatus for API Document 10.

set cement. Appendix G

From Smith 1990.
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Table 6-2
Tools Typically Used In Removal of Casing

Indicate free/unstuck casing:

Cement evaluation logs
Pipe recovery logs
Pipe stretch calculations

Washover the casing:

Rotary shoes
Washover pipe

Cut the casing:

Workstring

Wireline

- Inside cutter
- Hydraulic

- Outside cutter

- Chemical
- Jet

- Mechanical

- Mechanical

Remove the casing:

Retrieve

Mill out

Evaluate casing removal:

Retrieval

Mill out

- Outside mechanical cutter
- Casing spear

- Section mill

- Length recovered
- Geophysical logs (depth control)

- Hydraulics
- Wear markings
- Pipe measurements
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Figure 6-4
Washing Over the Casing
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Figure 6-5

Outside Mechanical Cutter
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Figure 6-6

Inside Hydraulic Casing Cutter
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Figure 6-7

Inside Mechanical Casing Cutter
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actuation and depends upon the type of tool chosen. The outside mechanical cutter will retrieve
the casing above the finished cut. Most inside cutters require a separate retrieval tool.

6.2.1.3 Chemical and Jet Cutters
Wireline-conveyed cutters generally consist of chemical and jet cutters. Both tools can cut from
inside the casing when activated by an electrical current controlled from the surface. The
chemical typically used in chemical cutters (Figure 6-8) comes from the halogen fluoride family.
This cutter provides a burr-free cut without pipe distortion, yet it will not perform in dry pipe
and it is recommended that there be at least l00 ft of fluid in the casing above the tool when
making a cut. At this time. 5½-in, casing is the largest easing that may be cut with a chemical
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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Figure 6-8
Chemical Cutter
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Figure 6-9

Jet Casing Cutter
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Figure 6-10
Removing Section of Casing
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Figure 6-11

Casing Spear
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Figure 6-12
Section Milling
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Table 6-3

Tools Typically Used In Removal of Fish
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Figure 6-13

Box Tap Threaded Onto Fish

6-26



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 6-14

Overshot and Grapple on Fish
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3. Hydraulics: A pump or pumps should provide circulation of the mud to maintain
a minimium annular velocity of 110 ft/min. If washouts are a problem or this
velocity is unattainable the rheology of the fluid should be adjusted to compensate
for reduced particle-lift capability at a reduced velocity.

4. Experienced supervision: General guidelines can be specified for getting the mill
started and controlling cutting removal. Yet no substitute exists for competent
operators and field supervision to maintain ideal Cutting conditions and avoid
problem as they are encountered in the field. Field control includes the following:

Maintenance of adequate fluid properties and circulation rate

Proper mill break-in operation (initial rotational speed and weight on mill)

Proper cuttings removal

Proper mill wear

Proper cutting size and length

Avoidance at downhole tools such as jars or bumper subs, that would make the
milling operation difficult to control

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure 6-16

Underreaming a Borehole
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Table 6-4
Advantages and Disadvantages of Cement Emplacement Methods

Advantages Disadvantages

Open or cased hole Static well condition required
Permits establishing the top of the plug Allows fluid slurry intermixing

Requires excess cement to compensate for
contamination
Need base for plug

Typically loss expensive Small volume per bail
Open or cased hole Not readily adaptable to setting deep plugs
Position of cement located easily May have to wait for cement set prior to

subsequent bails
May need to retard the cement
Not applicable in severely traversed
boreholes
Static well conditions required
Need base for plug

Plug Open or cased hole Static well condition required
Separated fluid within work string Need base for plug
Minimizes backflow
Pressure indication of desired
displacement
Permits establishing the top of the plug

High Pressure May cement secondary zone(s) of Uses more cement
Squeeze permeability May breach confining zone

Solids-laden fluids ahead of cement do May stick pipe during open-hole squeezing
not have to be displaced May require two blends of cement to achieve

desired pressure
More fluid lost to formation
May not get full coverage in the borehole

Low Pressure May cement secondary zone(s) of Must use clean lead fluid
Squeeze permeability Cement must allow for hesitation

May cement permeable formations May not got full coverage in the borehole
Uses loss cement than high-pressure May stick pipe during open-hole squeezing
squeeze
Less likely to sick pipe during open
hole squezzing
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Figure 6-17
Balanced Plug Emplacement
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Figure 6-18

Dump Baller Method of Plug Emplacement
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Figure 6-19

Two-Plug Method of Cement Plug Emplacement
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Note: 1) Injection pressure Is established from the
surface pressure, the fluid column height
and the formation fracture pressure

2) In a low-pressure squeeze, the fracture
pressure Is maintained below the formation
pressure

Figure 6.20
Low or High-Pressure Squeeze Conceptual Diagram
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Table 6-5

Effect of Mixing Water on the Performance of API Class H Cement"
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7.0 Borehole Sealing Strategy Conclusions and
Recommendations
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Significant lateral dispersion of air above the potential repository. assuming the
more conservative case of isotropic rock conditions is limited to approximately
m from the edge of the potential repository (see Figure 4-7.

Significant lateral dispersion of air above the potential repository. assuming the
orientation and strike of the fracture system is probably more restricted on the east
and west sides of the potential repository than the north and south sides of the
potential repository (see Figure 4-7).

Considering convective air transport. Lu el al. (1991 ) showed that where the
permeability of the nonwelded Paintbrush tuff was low relative to the welded tuff.
lateral dispersion under the nonwelded unit was greater. It was also shown that
radionuclides could also be released immediately to the west of where the beddded
tuff outcrop on the west side of Yucca Mountain.

It the perimeter drift were fully saturated, water transport from the perimeter drift
to the groundwater table is estimated at a maximum vector of 30 degrees from
vertical.

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}





{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{ COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
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APPENDIX A
DETAILED INFORMATION ON BOREHOLE CONSTRUCTION

AND LOCATIONS



Table A-1

Borehole Construction Information
Existing Boreholes within Potential Repository Boundary
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Table A- 1 ,

Borehole Construction Information
Existing Boreholes within Potential Repository
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Table A-2
Borehole Construction Information

Existing Boreholes Outside of Potential Repository Boundary and
Within Potential Repository Restricted Area
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Table A-2

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area
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Table A -2
Borehole Construction Information

Existing Boreholes Outside of Potential Repository Boundary and
Within Potential Repository Restricted Area
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Table A-2

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area



Table A-2 (Contnued

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area
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Table A-2

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area
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Table A-2
Borehole Construction Information

Existing Boreholes Outside of Potential Repository Boundary and
Within Potential Repository Restricted Area



Table A-2

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area
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Table A-2

Borehole Construction Information
Existing Boreholes Outside of Potential Repository Boundary and

Within Potential Repository Restricted Area
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Table A-3
Borehole Construction Information

Existing Boreholes Outside of Repository Restricted Area
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Table A-4

Borehole Construction Information
Proposed Boreholes within Potential Repository Boundary



Table A-5
Borehole Construction Information

Proposed Boreholes Outside of Potential Repository Boundary and
Within Restricted Area
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Table A-5 (ContinueJ)
Borehole Construction Information

Proposed Boreholes Outside of Potential Repository Boundary and
Within Restricted Area
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Table A-5 (Continued)

Borehole Construction Information
Proposed Boreholes Outside of Potential Repository Boundary and

Within Restricted Area
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Table A-6
Borehole Construction Information

Proposed Boreholes Outside of Restricted Area Boundary
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Table A-7
Borehole Deviations Existing Boreholes Within Potential Repository
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Table A-8
Correlation Between Borehole Conditions and

Where Condition is Encountered
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Table A-9
Specific Conditions Encountered in Existing Boreholes
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Table A-9 (Continued)

Specific Conditions Encountered in Existing Boreholes
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Table A-10
Casing Thicknesses of the Existing Boreholes at the Upper Sealing Location

PTn/TSw1 Contact
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Table A-10 Continued
Casing Thicknesses of the Existing Boreholes at the Upper Sealing Location

(PTn TSw1 Contact)
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Table A-10

Thicknesses of the Existing Boreholes at
(PTn/TSw1 Contact)
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Table A-10

Casing Thicknesses of the Existing Boreholes at the Upper Sealing Location
(PTn TSw1 Contact)
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Table A-1 1
Casing Thicknesses of the Existing Boreholes at the Repository Horizon



Table A-1 1 Continued

Casing Thicknesses of the Existing Boreholes at the Repository Horizon
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Table A-1 1 (Continued)

Casing Thicknesses of the Existing Boreholes at the Repository Horizon
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



Table A-1 1
Casing Thicknesses of the Existing Boreholes at the Repository Horizon



Table A-12
Casing Thicknesses of the Existing Boreholes at the Lower Sealing Location
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Table A-12
Casing Thicknesses of the Existing Boreholes at the Lower Sealing Location
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APPENDIX B
STRATIGRAPHIC AND DRILLING LOGS

FOR SELECTED BOREHOLES



GENERALIZED DRILLER'S LOG
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USW GU-3
GENERALIZED STRATIGRAPHIC LOG
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USW H-1
GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
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UE-25a 4
GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



UE-25a 5
GENERALIZED STRATIGRAPHIC LOG



GENERALIZED DRILLER'S LOG
(From Fenix and Scisson 1987)
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USW H-3
GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
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UE-25a 6
GENERALIZED STRATIGRAPHIC LOG



GENERALIZED DRILLER'S LOG
From Fenix and Scisson. 1986)
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GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLERS LOG



GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
(From Fenix and Scisson 1987e)
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JSW G-1
GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
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USW H-4
GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
(From Fenix and Scisson 1987)
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GENERALIZED STRATIGRAPHIC LOG
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GENERALIZED DRILLER'S LOG
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GENERALIZED DRILLER'S LOG
(From Fenix and Scisson. 1986c)
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UE-25a 1

GENERALIZED STRATIGRAPHIC LOG
(Modified from Spengler et al. 1979)
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GENERALIZED DRILLER'S LOG
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USW G-2
GENERALIZED STRATIGRAPHIC LOG

(Modified from Mcdonodo and Koether. 1985)
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GENERALIZED DRILLER'S LOG
(From Fenix and Scisson. 1987e)
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GENERALIZED STRATIGRAPHIC LOG



GENERALIZED DRILLER'S LOG
(From Fenix and Scisson. l987c)
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USW H-5
GENERALIZED STRATIGRAPHIC LOG



GENERALIZED DRILLER'S LOG
(From Fenix and Scisson. 1987d)
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UE*
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CEMENTING AND CASING INFORMATION
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UZ-1
DRILLER'S LOG
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ED DRILLER'S LOG
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GENERALIZED DRILLER'S LOG
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GENERALIZED

(From Fenix
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DRILLER'S LOG
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GENERALIZED

(From Fenix
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DRILLER'S LOG
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UE-
GENERALIZE

(From Fenix

CEMENTING AND CASING INFORMATION



DRILLER'S LOG
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5 WT #4
DRILLER'S LOG
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UE-2
GENERALIZ

(From Fenix
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UE-25
GENERALIZED
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CEMENTING AND CASING INFORMATION
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DRILLER'S LOG
Scisson. 1986)
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GENERALIZED
(From Fenix

CEMENTING AND CASING INFORMATION
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DRILLER'S LOG
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UE-25 WT 17
GENERALIZED DRILLER'S

(From renix and Scisson, 198
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{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



25 WT 17
DRILLER'S LOG
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CEMENTING AND CASING INFORMATION
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DRILLER'S LOG
Scisson, 1987e)
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UE-25 WT 5
GENERALIZED DRILLER'S LOG

(From Fenix and Scisson. 1986)

CEMENTING AND CASING INFORMATION
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CEMENTING AND CASING INFORMATION

Annulus cemented with 100 fts of neat cement plus
3% CaCI 2 plus I ft3 Col-Seal cement from 58 ft to
surface.
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DRILLER'S LOG
Scisson, 1986)
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USW WT-10
GENERALIZED DRILLER'S LOG

(rrom renix and Scisson, 1986)

CEMENTING AND CASING INFORMATION
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ZED DRILLER'S LOG

and Scisson. 1985

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{CO
U
LD NOT BE CONVERTED TOS EARCHABLE TEXT}



{COULD 

NOT 

BE 
CONVERTED 

TO 
SEARCHABLE 

TEXT}



USW WT-11
GENERALIZED DRILLER'S LOG

(From Fenix and Scisson. 1186c)
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CEMENTING AND CASING INFORMATION
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DRILLER'S LOG
Scisson. 1996c)
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GEOLOGIC DESCRIPTION AND CROSS SECTIONS

THERMAL/MECHANICAL STRATIGRAPHY



Appendix C
Geologic Description and Cross Sections

Thermal/Mechanical Stratigraphy
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APPENDIX D
CORRELATION OF BOREHOLE WALL CATEGORY

WITH THE STRATIGRAPHY FOR SELECTED BOREHOLES



Appendix D

Correlation of Borehole Wall Category
with the Stratigraphy for Selected Boreholes

Introduction
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Seal Class
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Figure D-2
Correlation Between the Borehole Wall Category

and Stratigraphy for Borehole UE-25 C-2

D-4
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Figure D-3
Correlation Between the Borehole Wall Category

and Stratigraphy for Borehole USW. UZ-6
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Figure D4
Correlation Between the Borehole Wall Category

and Stratigraphy for Borehole UZ-6s
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Figure D-5

Correlation Between the Borehole Wall Category
and Stratigraphy for Borehole USW WT-2
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Figure D-6

Correlation Between the Borehole Wall Category
and Stratigraphy for Borehole USW H-4
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Figure D.7

Correlation Between the Borehole Wall Category
and Stratigraphy for Borehole USW G-4
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Figure D-8

Correlation Between the Borehole Wall Category
and Stratigraphy for Borehole USW H-5
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Figure D-10

Correlation Between the Borehole Wall Category
and Stratigraphy for Borehole UE.25 WT 18

D- 12



Table D-1
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW GU-3
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Table D-1 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW GU-3
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Table D-2
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole UE-5 C-2
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Table D-2 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole UE-25 C-2



Table D-3
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW UZ-6



Table D-3 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW UZ-6



Table D-4
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW UZ-6s
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Table D-4 (Continued)

Borehole Wall Categorization as a Percentage
for Stratigraphy of Borehole USW UZ-6s
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Table D-5
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW WT-2
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Table D-5 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW WT-2



Table D-6
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW H-4



Table D-6 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW H-4



Table D-7
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW G-4
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Table D-7 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW G-4



Table D-8
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW H-15



Table D-8 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole USW H-5



Table D-9
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole USW UZ-1
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Table D-10
Borehole Wall Categorization As a Percentage

for Stratigraphy of Borehole UE-25 WT#18



Table D-10 (Continued)
Borehole Wall Categorization as a Percentage

for Stratigraphy of Borehole UE-25 WT#18
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LATERAL EXTENT OF FLOODING

FROM A POTENTIAL REPOSITORY



Appendix E
Lateral Extent of Flooding

From a Potential Repository

This appendix presents two calculations for a drift intercepted by several sets of fractures. The
conceptual design report (DOE. 1992) presents information on fracture frequency for various dip
angles. The analysis assumes that the tensor contribution of all joints may be added for each
fracture orientatin For the orientation at angle
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The second order tensor transformation is given by

These calculations are presented in Tables E- 1 and E-2 for the mean fracture frequency as a
function of dip angle and for a more conservative case in which a lower fracture frequency for
the high angled fractures is combined with a higher fracture frequency for the low angled
fractures. After calculating the values for conductivity along the fractures for each orientation.
and transforming the conductivities to the xy orientation, the values are summed following the
approach outlined in Chapter 4 .0 of this report. The principal permeabilities can then be
calculated and the orientation of the major and minor principal permeabilities determined. In
the first case evaluated the vertical fracture are dominant, the principal major permeability is
oriented vertically and flow would be directed vertically downward. In the second case the
principal major permeability orients at an angle of 28. Lateral spreading occurs at this angle
of about 28 as illustrated by the flow net analysis.

E-2



Table E-1
Fracture Conductivity Calculations
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Table E-2
Fracture Hydraulic Conductivity Calculations
High Frequency for Low-Angled Fractures
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SATURATION OF ALLUVIUM



Appendix F
Saturation of Alluvium

A simple method for calculating vertical infiltration is the Green and Ampt solution (Hillel.
1971). which gives good results for cases of infiltration into an initially (dry soil. Green and
Ampt's solution makes several principal assumptions: the wetting is distinct and precisely
definable. (2) the matrix suction at the wetting front remains effectively constant despite time and
position, and (3) the soil behind the wetting front is uniformly wet and of constant conductivity.
The wetting-front plane separates a uniformly wetted zone from a (dry zone. With gravity
considered (i.e.. vertical infiltration. the Green and Ampt solution gives the following:

where

K,, = Saturated hydraulic conductivity of the alluvium (m/s)
t = Time(s)
A = Change in moisture content

= Transmissive-zone. volumetric water content
0 = Initial water content
1, = Distance from the surface to the wetting front (i.e.. length of the wetted zone

H = Pressure head at the entry surface (m)
H = Initial pressure head at the wetting front (m).

The initial pressure at the wetting front is determined from the initial moisture content and the
suction properties of the soil. The soil properties used include the Van Genuchten curve-fit
parameters used widely for predicting soil water content as a function of pressure head. Carsel
and Parrish (1988) express the Van Genuchten model as follows:

where

= Residual water content
= Saturated water content
= Capillary head

F- 1



Van Genuchten curve-fit parameter
n = Van Genuchten curve-fit parameter
m = = Van Gnuchten curve-fit parameter.

The volumetric water content logs performed in neutron access holes in Coyote Wash determine
the initial saturation and show several alcernating wet and dry zones. I Hillel (1982) presents the
concept of field capacity as the property that distinguishes between wet and (dry zones as 1/3 to
1/10 bars matrix suction potential. According to Dane and Wierenga (1975) for a material that
is similar in physical characteristies to the alluvium this point occurs at approximately 5 percent
volumetric moisture content. This value was selected, and the weighted averages of saturation
determined over three layers. The results of the analysis show a wet top layer 2 ft thick with an
approximate degree of saturation of 24 percent a (dry layer approximately 4 ft thick with a degree
of saturation of 8 percent. and a wet bottom layer 15 ft thick with a degree of saturation of
18 percent. The weighted average saturation for the three layers is approximately 20 percent.
A subsequent calculation assumes that the saturation is higher at 70 percent.

The soil properities determine the initial suction potential in the (Green and Ampt solution. To
provide a range of conditions properties for a clay loam loamly sand and sand (reported by
Carsel and Parrish 1988) are presented.
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Figure F-1

Volumetric Moisture Content vs. Matric Potential



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

F-4



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}
Figure F-2a

Saturation Front Travel Time
(a) Clay Loam, Low Initial Saturation (0.20) and

(b) Clay Loam, High Initial Saturation (0.70)
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Figure F-2b

Saturation Front Travel Time
(a) Clay Loam, Low Initial Saturation (0.20) and

(b) Clay Loam, High Initial Saturation (0.70)
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Figure F-3a

Saturation Front Travel Time
(a) Sand, Low Initial Saturation (0.20) and

(b) Sand, High Initial Saturation (0.70)
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Figure F-3b

Saturation Front Travel Time
(a) Sand Low Initial Saturation (0.20) and

(b) Sand High Initial Saturation (0.70)
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ADVECTION/DISPERSION ANALYSIS



Appendix G
Advection/Dispersion Analysis

This appendix presents the solution for the advection/dispersion relation for contaminant transport
presented in Chapter 4.0 of this report. The potential repository can be modeled as a single-line
source that is perpendicular to the flow direction and approximately the width of the potential
repository 2a. If the concentration of the solute diminishes exponentially with time the initial
and boundary conditions for the model can he written as follows:
{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD 

NOT 
BE 

CONVERTED 

TO 
SEARCHABLE 

TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}

Figure G-1
Concentration Versus Distance at Various Times at a Vertical

Distance of 60 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 100 m, Fluid Velocity = .37 m/year for Model 1)

(Note that the potential repository half width is 1,100 m.)

G-4
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Figure G-2

Concentration Versus Distance at Various Times at a Vertical
Distance of 60 m (Longitudinal Dispersivity = 100 m, Transverse

Dispersivity = 100 m, Fluid Velocity = 3.7 m/year for Model 2)
(Note that the potential repository half width is 1,100 m.)
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Figure G-3
Concentration Versus Distance at Various Times at a Vertical

Distance of 60 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 100 m, Fluid Velocity = 210 m/year for Model 3)

(Note that the potential repository half width Is 1 100 m.)
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Figure G-4

Concentration Versus Distance at Various Times at a Vertical
Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse

Dispersivity = 100 m, Fluid Velocity = 0.37 m/year for Model 1)
(Note that the potential repository half width is 1,100 m.)
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Figure G-5

Concentration Versus Distance at Various Times at a Vertical
Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse

Dispersivity = 100 m, Fluid Velocity = 0.37 m/year for Model 2)
(Note that the potential repository half width is 1,100 m.)
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Figure G-6
Concentration Versus Distance at Various Times at a Vertical

Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 100 m, Fluid Velocity = 210 m/year for Model 3)

(Note that the potential repository half width is 1,100 m.)
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Figure G-7

Concentration Versus Distance at Various Times at a Vertical
Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse

Dispersivity = 20 m, Fluid Velocity = 0.37 m/year for Model 1)
(Note that the potential repository half width is 1,100 m.)
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Figure G-8
Concentration Versus Distance at Various Times at a Vertical

Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 20 m, Fluid Velocity = 3.7 m/year for Model 2)

(Note that the potential repository half width Is 1,100 m.)
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Figure G-9
Concentration Versus Distance at Various Times at a Vertical

Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 20 m, Fluid Velocity = 210 m/year for Model 3)

(Note that the potential repository half width is 1,100 m.)
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Figure G-10

Concentration Versus Distance at Various Times at a Vertical
Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse

Dispersivity = 1 m, Fluid Velocity = 0.37 m/year for Model 1)
(Note that the potential repository half width is 1,100 m.)
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Figure G-1 1
Concentration Versus Distance at Various Times at a Vertical

Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 1 m, Fluid Velocity = 3.7 m/year for Model 2)
(Note that the potential repository half width is 1, 100 m.)
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Figure G-12
Concentration Versus Distance at Various Times at a Vertical

Distance of 300 m (Longitudinal Dispersivity = 100 m, Transverse
Dispersivity = 1 m, Fluid Velocity = 210 m/year for Model 3)

(Note that the potential repository half width is 1,100 m.)
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THE SIGNIFICANCE OF BOREHOLES



Appendix H

Airflow Performance Requirements and
the Significance of Boreholes

{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}Figure H-1
Air Dispersion From the Repository
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Figure H-2

Cumulative Flow for Model 1

80 100 120
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conductance of a single abandoned borehole represents about 10 percent of the total flow. For
the most conductive model (Model 3) the flow through a single abandoned borehole is not
significant. in that the design requirement expressed as a hydraulic conductivity for seals is of
the order of 100 cm/s.



Table H-1
Borehole Seal Significance-Airflow
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Table H-1 (Continued)

Borehole Seal Significance-Airflow



Table H-1 (Continued)
Borehole Seal Significance-Airflow



Table H-1 (Continued)
Borehole Seal Significance-Airflow
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Table H-1 (Continued)
Borehole Seal Significance-Airflow



Table H-1 (Continued)
Borehole Seal Significance-Airflow



Table H-1 (Continued)
Borehole Seal Significance-Airflow
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Appendix I
Cement Hydration Analysis
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Table 1-1

Summary of Seal Properties

Property | Units Upper Seal Location Potential Repository Lower Seal Location
Horizon

Bore hole (m 0.30 0.22 0.22
Radius

Ultimate Young's MPa 6.890 6.890 6.890
Modulus

Poisson's 0.2 0.2 0.2
Ratio

Thermal Expansion 1 C 12.6 X 106 12.6 X 10 12.6 X 10
Coefficient

Bulk Density (kg/m3) 1.950 1.950 1.950

Thermal (J/m-day-C) 259,200 259.200 259.200
Conductivity

Specific Heat (Jikg- C) 962.8 962.8 962.8
Capacity

Ultimate 0.6% for Type K 0.6%o for Type K 0.6% for Type K
Volumetric 0.03 for Type II 0.03% for Type 11 0.03% for Type 11
Expansion



Table 1-2

Summary of Properties of Welded and Nonwelded Tuff
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Table 1-3
Summary of Environmental Conditions

Property Units Upper Seal Location Potential Repository Lower Seal LocationProperty Units Upper Seal Location Horizon

Minimum Horizontal Stress (MPa) 1.2 3.64 4.37

Ambient Temperature (C) 22.7 29.2 29.8
Elevated Temperature (C) 22.7 60.8 and 87.2 42.3
Maximum Injection Pressure (MPa) 0.60 1.82 2.19
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Figure 1-1

Heat of Hydration of Cementitious Materials
for Type II and Type K Cements
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Figure 1-2

Evolution of Young's Modulus for a Cementitious Material
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Table 1-4

Upper Seal Location at Ambient Temperature
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Table 1-5

Potential Repository Horizon at Ambient Temperature
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Table 1-6

Potential Repository Horizon at Elevated Temperature



Table 1-7
Potential Repository Horizon at Panel Temperature
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Table 1-8

Lower Seal Location at Ambient Temperature
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Table 1-9
Lower Seal Location at Elevated Temperature
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APPENDIX J
BACKFILL LOADING ANALYSIS



Appendix J

Backfill Loading Analysis
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Vertical Stress In the Unsaturated Zone

Height of Unsaturated Zone

= Height of Saturated Zone

Vertical Coordinate from Top of the
Unsaturated Zone

Zd Vertical Stress In the Unsaturated Zone

Acceleration of Gravity

= Length of the Seal

Vertical Coordinate from Top of the
Saturated Zone

g Acceleration Due to Gravity

Shear Stress

I Length of the Seal

w Weight

Figure J-1
Structural Analysis of Rockfill Loading

J-2



{COULD NOT BE CONVERTED TO SEARCHABLE TEXT}



The above relationships are used to evaluate shear stress as a function of seal length for various
loadings (Figures J-2 throgh J4 ). Table J- I presents the assumed height used in the analyses
for each seal location.

Table J-1
Height of Backfill

Height of Backfill
Seal Location (m)

Upper Seal Location 178

Potential Repository Horizon 454

Lower Seal Location 552
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APPENDIX K
MATERIALS USED IN THE OIL SEALING

AND GAS INDUSTRY



Appendix K

Materials Used in the Oil Sealing
and Gas Industry
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Table K-1
API Oil Well Cements
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Table K-2

Permeability of Hydrated API Class H Cement

Curing Time: 3 Days at Curing Time: 28 Days at
320F 320F

Compressive Compressive
Silica Bontonite Hernatite Strength Permeability Strength Permeability

0 0 0 2,165 0.031 2.590 4,580

20 0 0 9.590 0.001 5,450 <0.001

30 0 0 8,325 0.001 5.390 <0.001

40 0 0 8.165 <0.001 11.330 <0.001

0 4 0 590 0.548 370 9.720

30 4 0 4.275 <0.001 3,050 <0.001

40 4 0 3.750 <0.001 4,140 <0.001

0 0 28 2,205 0.030 1,600 3.890

30 0 45 9,925 <0.001 7,015 <0.001

40 0 50 8,525 <0.001 8.450 <0.001

From Smith 1990.
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The oil industry uses blends of pozzolans in oil well cement to create a lighter cement slurry with
improved pumpability and increased brine and sulfate resistance. Generally. pozzolans are mixed

Table K-3

Physical and Chemical Requirements for Bentonite
According to API Specifications

Name Property

Dry screen analysis 100% through U.S Standard No. 40 sieve
(420 um)

Wet screen analysis 2.5% max imum retained on U .S. S ta ndard No 200

sieve (74 um)

Moisture content (as received) 10%, maximum

Viscometer reading 22 minimum at 600 rpm

Yield point 3 x plastic viscosity, maximum

Filtration properties 15.0 mL, maximum (100 psi paper)

pH 9.5 maximum

Based on 22.5 g bentonite in 350 mL distilled water; equivalent to approximately 80 bbton yield
clay.
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Table K-4

Effects of Gilsonite on Cement Density
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APPENDIX

Information from the Refrence Information Base
Used in this Report

This report contains no information from the Reference Information Base.

Candidate Infomation
for the

Reference Information Base

This report contains no candidate information for the Reference Information Base.
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SAND 93-1184

The number in the lower right-hand corner
is an accession number used for Office of
Civilian Radioactive Waste Management
purposes only. It should not be used
when ordering this publication.

NNA.9404 18.0005



{COULD 

NOT BE CONVERTED TO SEARCHABLE TEXT}

Sandia National Laboratories


