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Abstract

This report presents the initial attempt to establish the technical basis for
developing seal designs for the Nevada Nuclear Waste Storage Investigations
Repository Sealing Program. This report supports the Advanced Conceptual
Design effort, which is the next phase in the design process of evaluating a
nuclear waste repository in the unsaturated zone at Yucca Mountain, Nye
County, Nevada. Because the site geohydrologic data forming the basis for
this report are preliminary, the technical basis for sealing designs may
chan& as additional site information is acquired through site characteriza-
tion activities. The specific objectives of this comprehensive study are to
develop performance goals, to assess the need for seals, to define design
requirements, and to recommend potential sealing materials for the sealing
system. Performance goals are the allowable amounts of water that can enter
the waste disposal areas directly from the rock mass above the repository and
indirectly from shafts and ramps connecting to the underground facility.
These goals are developed using a numerical model that calculates radionuclide
.eleases. To determine the need for sealing, estimates of water flow into
shafts, ramps, and the underground facility under anticipated conditions are
developed and are compared with the performance goals. It is concluded that
limited sealing measures (such as emplacement of shaft fill) are sufficient to
properly isolate the radioactive waste in the repository. Nevertheless, a
broad range of sealing design options and associated hydrologic design
requirements are proposed to provide *a greater degree of assurance that the
hydrologic performance goals can be met even if unanticipated hydrologic flows
enter the waste disposal areas. The hydrologic design requirements are
specific, hydraulic conductivity values selected for specific, seal design
options to achieve the performance goals. Using these hydrologic design
requirements and additional design requirements, preferred materials are
identified for continued design and laboratory analyses. In arriving at these
preferred materials, results from previous laboratory testing are briefly
discussed.

MASTER iii



, , , ,., .I �-, -,� .� �.. I
. I I z, I �

ACKNOWLEDGMENT

II"
4. ... i
k�

I , .1-1

Thanks are extended to Joe willerson Tom Hinkebein Andy Peterson, ShL, and

Richard Ellison, Environmental or Inc., for Providing review commrents

to the authorsr Other individuals contributing to this report Include: Joe

TyburskjiInternational Technology Corporation (ITC)o who provided quality

control checks of various portions of this report; 'Tor Lin, SUL, who ran the

computer code SPARTAN; Paula Heller Pacific Northwest Laboratory, who

performed the laboratory analyses on the concrete and grout samples Identified

In Appendix G; and Irv Hall, SUL, who provided statistical support for

selected analyses In Appendix G. We also thaktoeidvdulptteIC

Albuquerque o f c o r v d n e e a u p r e v c s t r p r

report.

jDISCLAIMER

This report was prepared as an account or work sponsored by an agency of the United States

Govetrnment. Neither the United States Government nor any agency thereof. nor any of their

employees. makes any warranty, express or implied. or assumes any legal liability or responsi.

bility for the accuracy. completeness, or usefulness of any information. apparatus, product, Of

process disclosed, or represents that its use would not infringe privately owned rights. Recfer.

ence herein to any specific commercial product, process, or service by trade name, trademark,

manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-*

mnendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.

iv



I

CONTENTS

PAGE

EXECUTIVE SUMMARY .... . xiv

1.0 INTRODUCTION ...... 1-1

1.1 PURPOSE OF REPORT ..... 1-1

1.2 REGULATORY REQUIREMENTS APPLICABLE TO THE NNWSI REPOSITORY
SEALING PROGRAM ..... 1-3

1.3 NNWSI ISSUES PERTINENT TO THE REPOSITORY SEALING PROGRAM ....... 1-6

1.4 APPROACH USED IN THIS REPORT ..... 1-6

2.0 REFERENCE CONDITIONS . .. ............. 2-1

2.1 GEOLOGY AND STRUCTURAL SETTING . . . 2-1

2.2 HYDROLOGY ..... 2-5

2.2.1 Surface-Water Hydrology . ................................ 2-5

2.2.2 Ground-Water Hydrology . ................................. 2-6

2.3 REFERENCE WASTE DESCRIPTIONS . . ..................... 2-10

2.4 UNDERGROUND REPOSITORY DESIGN . . .............. 2-12

3.0 PERFORMANCE GOALS FOR THE SEALING SUBSYSTEM ......................... 3-1

3.1 DEVELOPMENT OF HYDROLOGIC GOALS FOR THE SEALING SUBSYSTEM ...... 3-1

3.1.1 Assumptions Used to Compute Radionuclide Releases . .... 3-2

3.1.1.1 Assumptions Made to Compute Releases From
Matrix and Nonmatrix Locations Within
Fuel Rods ........ .. .......... 3-2

3.1.1.2 Assumptions Concerning the Failure of the
Waste Package ..... .. ............. ..*.3-5

3.1.2 Radionuclide Releases from the U02 Matrix Using the
SPARTAN Code ......................... 3-8

3.1.3 Computation of Hydrologic Performance Goals for
Select Radionuclides ......................... 3-10

3.1.4 Sensitivity of the Assumptions Used to Compute the
Hydrologic Performance Goals ......................... 3-12

3.2 DEVELOPMENT OF THE AIRBORNE PERFORMANCE GOAL FOR THE
SEALING SUBSYSTEM ................................ 3-20

3.3 DEVELOPMENT OF THE PERFORMANCE GOAL FOR BOREHOLES ............. 3-23

4.0 ESTIMATES OF WATER FLOW INTO SHAFTS AND THE UNDERGROUND FACILITY .... 4-1

4.1 WATER FLOW INTO REPOSITORY SHAFTS ................... 4-1

4.1.1 Surface-Water Inflow ... ................................. 4-1

4.1.2 Ground-Water Inflow ............... . 4-4

v



It

4.1.2.1 Inflow from the Rock Matrix .................... 4-5

,4.1.2.2 Inflow Under Perched Water Conditions .... 4-5

14.1.2.3 Inflow from a Discrete Fault ................... 4-6

4.1.3 Assumptions for Water Flow Into Shafts . . .4-6

4.1.4 Estimates of Water Flow into Shafts Under Anticipated
Conditions ........................... 4-8

4.1.5 Estimates of Water Flow into Shafts Under Unanticipated
Conditions ............................................ 4-10

4.2 WATER FLOW INTO THE UNDERGROUND FACILITY ...................... 4-22

4.2.1 Ground-Water Inflow From the Rock Matrix . ........... 4-22

4.2.2 Ground-Water Inflow From Discrete Faults . . .... 4-23

4.2.2.1 Occurrence of Faults .......................... 4-23

4.2.2.2 Inflow to Drifts and Ramps .................... 4-24

4.2.2.3 Inflow to Horizontal Emplacement Holes ........ 4-29

4.2.2.4 Comparison With Previous Observations ......... 4-29

4.2.3 Assumptions Selected for Water Flow Into the
Underground Facility.. . .1.......... 4-30

4.2.4 Estimates of Water Flow Into the Underground
Facility Under Anticipated Conditions .................. 4-31

4.2.5 Estimates of Water Flow Into the Underground
Facility Under Unanticipated Conditions ................ 4-33

5.0 ASSESSMENT OF THE NEED FOR SEALING ..................... 5-1

5.1 ASSESSMENT OF THE NEED FOR SEALING TO MEET THE NRC RELEASE
CRITERIA ....................................................... 5-1

5.2 SHAFTS AND BOREHOLES AS PREFERENTIAL PATHWAYS . ............ 5-6

5.3 CONCLUSIONS .................................................... 5-8

6.0 DESIGN REQUIREMENTS FOR SEAL COMPONENTS . . . . 6-1

6.1 PERFORMANCE ALLOCATION . . . 6-3

6.2 HYDROLOGICAL DESIGN GOALS FOR SEAL COMPONENTS . . . 6-6

6.2.1 Design Goals Based Upon Performance Allocation .. 6-6

6.2.2 Design Goals Based Upon Storage Capacity and Drainage ... 6-8

6.2.3 Summary of Hydrologic Design Goals .. . 6-8

6.3 DESIGN REQUIREMENTS FOR SHAFT SEALS .. 6-12

6.3.1 Functional Requirements ...... ......... .6-12

6.3.2 Design Options .. 6-12

6.3.3 Design Goals and Design Requirements for Shaft Seal
Components ..................................... 6-13

6.3.4 Preferred Options for Shaft Seals .. 6-14

vi



i
I

ii

I
rA�� :, ,- -. , '. z

i
4,
A:;.

. P

11

II

6.4 DESIGN REQUIREMENTS FOR RAMP SEALS .... 6-19

6.4.1 Functional Requirements.... . ..... 6-19

6.4.2 Design Options ....... . . ........ .. 6-19

6.4.3 Design Goals and Design Requirements for Ramp Seal
Components............ 6-20

6.4.4 Preferred Options for Ramp Seals ....................... 6-20

6.5 DESIGN REQUIREMENTS FOR SEALS IN THE UNDERGROUND FACILITY -
VERTICAL EMPLACEMENT. .......... . 06-21

6.5.1 Functional Requirements .... 6-21

6.5.2 Design Options . ...... 6-21

6.5.3 Design Goals and Design Requirements for Seals in the
Underground Facility . . .6-25

6.5.3.1 Sumps .6-25

6.5.3.2 Channels . .. 6-27

6.'.3.3 Bulkheads or Dams in Emplacement Drifts ....... 6-27

6.5.3.4 Perimeter Drift Seals .. 6-31

6.5.3.5 Seals in the Mains .. 6-31

6.5.4 Preferred Options for Seals in the Underground
Facility - Vertical Emplacement .. 6-33

6.6 DESIGN REQUIREMENTS FOR SEALS IN THE UNDERGROUND FACILITY -
HORIZONTAL EMPLACEMENT .. 6-34

6.6.1 Functional Requirements ........ 6-34

6.6.2 Design Options ....... 6-37

6.6.3 Design Goals and Design Requirements for Seals in the
Underground Facility ...... ............................. 6-37

6.6.4 Preferred Options for Seals in the Underground
Facility - Hori2ontal Emplacement . . ... 6-39

6.7 SEAL DESIGN REQUIREMENTS FOR EXPLORATORY HOLES . . . 6-42

6.7.1 Functional Requirements . . 6-42

6.7.2 Design Options .. .... .6-42

6.7.3 Performance Goals and Design Requirements for
Borehole Seals . ............... . 6-47

6.7.4 Preferred Options for Borehole Seals . . 6-52

7.0 SEAL MATERIAL SELECTION . . . 7-1

7.1 OVERVIEW OF THE MATERIALS SELECTION METHODOLOGY . . . 7-1

7.2 INITIAL SCREEN . .. 7-3

7.3 SECOND MATERIALS SCREEN .......... 7-7

7.4 PROPERTIES OF CANDIDATE SEAL MATERIALS .. 7-11

IqI
I

I.i
I
t

vii



I

t -
I' I-.

or�_ 17- '. -'. 1.

r,C.-

Ir I

I"
II

I -

I

' .:

.k T.1eAT'o~ ia O; ;I r - i_ <a

7.4.1 Properties of Portland Cement-Based Concrete
and Grout ...................... 7-11

7.4.2 Properties of Earthen Materials (Clays and
Crushed Rock) ....................................... 7-14

7.5 MATERIALS RECOMMENDATION SUMMARY . ............................. 7-16

8.0 CONCLUSIONS ....................................... 8-1

APPENDICES

A HYDROLOGIC CALCULATIONS NEEDED TO ESTABLISH NEED FOR SEALING .A-1

A-1 Surface-Water Supply and Collection Near the Shaft and
Ramp Locations .A-3

A-2 Ground-Water Inflow to a Shaft Under Perched Water
Conditions .A-21

A-3 Infiltration Through Shaft Fill .A-23

A-4 Alternate Solution for Inflow to a Shaft .A-29

A-5 Drainage Through Shafts and Drift Floors .A-35

B SPARTAN RADIONUCLIDE RELEASE ANALYSIS .. B-1

C AIR FLOW OUT OF THE REPOSITORY .. C-t

D HYDROLOGIC AND PHYSICAL PROPERTIES OF POTENTIAL BACKFILL
MATERIALS . D-1

E INTERSECTION OF REPOSITORY DRIFTS AND BOREHOLES WITH THE
GHOST DANCE FAULT .E-1

F DESIGN CHARTS USED TO DEVELOP HYDROLOGIC DESIGN REQUIREMENTS .F-1

G UNSATURATED HYDRAULIC PROPERTIES OF SELECTED CEMENTITIOUS-BASED
MATERIALS . G-1

H COMPARISON OF DATA USED IN THIS REPORT WITH THE REFERENCE
INFORMATION BASE (RIB) .H-1

T DATA RECOMMENDED FOR INCLUSION INTO THE SITE AND ENGINEERING
PROPERTIES DATA BASE (SEPDB) AND INFORMATION PROPOSED FOR THE
INCLUSION INTO THE REFERENCE INFORMATION BASE (RIB) .I-

J REFERENCES .. J-1

viii



FIGURES

PAGE

1-1 Schematic of the NNWSI Repository Sealing Program Through
License Application (Modified From Fernandez, 1985, p. 56) ........ 1-2

1-2 Subsystem and Subsystem Components Associated with the Post-
Closure Period of the YMMGDS (Modified From SNL, 1987b,
Appendix P, p. 11-21) .1-4

1-3 Approach Used in Determining Design Requirements .. 1-9

1-4 Comparison of Maximum-Allowable.-Performance Goals and
Design-Basis-Performance Goals to Anticipated and
Unanticipated Episodic Flows .. 1-10

1-5 Performance Allocation . . 1-11

2-1 Location of the Yucca Mountain Site ... 2-2

2-2 Repository Extent, Major Faults and Surficial Geology . . 2-4

2-3 Flood Prone Area, Yucca Mountain, Southern Nevada . . . 2-7

2-4 Contours of the Thickness of Unsaturated Rock Beneath the
Proposed Repository Area . ... 2-8

2-5 General Layout of a Nuclear Waste Repository in Tuff -
Vertical Emplacement .. 2-13

2-6 Subsurface Facility Design for a Nuclear Waste Repository
in Tuff - Vertical Emplacement .. ....... ......... 2-14

2-7 Subsurface Facility Design for a Nuclear Waste Repository
In Tuff - Horizontal Emplacement ............. ........... 2-14

2-8 Typical Panel Layout - Vertical Emplacement .. 2-15

2-9 Typical Panel Layout - Horizontal Emplacement .. 2-15

2-10 Elevations of Shafts and Repository in Relation to
Stratigraphy ...... ...... 2-18

3-1 Matrix and Immediate Release Factors Following Containment
Period of 300 Years. 3-7

3-2 Maximum-Allowable-Hydrologic-Performance Goals for Select
Radionuclides and Proposed-Performance Goals for the Sealing
Subsystem ........ .3-13

3-3 Sensitivity of the Assumptions Used to Compute the Hydrologic
Performance Goals for 1-129 and Cs-135 ... .. ... 3-14

ix



I

1A-:

3-4 Sensitivity of the Assumptions Used to Compute the Hydrologic
Performance Goals for Sr-90 and Cs-137 ........................... 3-16

3-5 Sensitivity of the Assumptions Used to Compute the Hydrologic
Performance Goals for Zr-93 and C-14 ............................. 3-17

- 3-6 Sensitivity or the Assumptions Used to Compute the Hydrologic
Performance Goals for Tc-99 and the Maximum-Allowable-Inventory
Releases per Year for Ni-59 ....................... 3-19

4-1 Geometry of Model Used to Estimate Flow Into a Shaft From
Saturated Alluvium ................ 4-11

4-2 Phases of Flow for Flow Into a Shaft From Saturated
Alluvium ................ 4-12

4-3 Types of Flow Considered in Estimating Flow Into a Shaft ......... 4-14

4-4 Estimated Volumes of Surface Water Entering a Shaft (PMF;
Shaft Fill, Hydraulic Conductivity = 10-2 cm/s) .................. 4-18

4-5 Estimated Volumes of Surface Water Entering a Shaft
(PMF; Shaft Fill, Hydraulic Conductivity = 10-6 cm/s) ............ 4-19

4-6 Estimated Volumes of Surface Water Entering a Shaft (500-Year
Flood; Shaft Fill, Hydraulic Conductivity = 10-2 cm/s) ........... 4-20

4-7 Percent of Flow Through Shaft Fill as a Function of Fill
and Tiva Canyon Hydraulic Conductivity ........................... 4-21

4-8 Flow Toward a Tunnel in Fully Convergent or Partially
Convergent Conditions ............................................ 4-25

4-9 Time to Saturate a Fault From the Ground Surface to the
Water Table ...................................................... 4-27

5-1 Comparison of Maximum-Allowable-Performance Goals to
Anticipated and Unanticipated Flows ............................... 5-7

6-1 Logic Used to Select Preferred Design Options, Goals,
and Requirements .................................................. 6-2

6-2 Area of the Repository Flooded by 10,000 m3 Water -

Horizontal Emplacement .6-9

6-3 Area of the Repository Flooded by 10,000 m3 Water -
Vertical Emplacement . 6-10

6-4 Summary of Design Requirements for Potential Design
Options - Shafts . 6-15

6-5 Summary of Design Requirements for Potential Design
Options - Ramps . 6-22

x



a 1 -'Il-I

6-6 Summary of Design Requirements for Design Options in
the Underground Facility - Sumps and Channels .................... 6-26

6-7 Design Chart for Flow Through an Inclined, Backfilled
Drainage Channel ... ............................................. . 6-28

6-8 Summary of Design Requirements for Design Options in the
Underground Facility - Dams and Bulkheads - Vertical
Emplacement ..................................... .6-29

6-9 Proposed Locations for Seals in the Underground Facility
- Vertical Emplacement ........................................... 6-32

6-10 Summary of Design Requirements for Design Options in
the Underground Facility - Horizontal Emplacement ................ 6-38

6-11 Proposed Locations for Seals in the Underground Facility
- Horizontal Emplacement .. .......................... ........ 6-40

6-12 Repository Perimeter Drift, Borehole Locations, and 1-,
2-, 3-, 4-, and 5-km Distance Contours From Edge of
Repository Perimeter Drift ....................................... 6-43

6-13 Contour Maps of Stratigraphic Contact3 of Geologic Units
Below the Repository ................................... .......... 6-45

6-14 Schematic Presentation of Cases Analyzed to Develop
Hydrologic Performance Goals for Borehole Seals . ............. 6-49

6-15 Performance Goals for Borehole Seals Considering Varying
Bulk Rock Hydraulic Conductivity Values and Assuming Several
Conditions of Lateral Flow Along Stratigraphic Contacts .......... 6-51

7-1 Summary of Materials Selection Activities Through Advanced
Conceptual Design ................................................. 7-2

7-2 Initial Materials Screen for Candidate Seal Materials ............. 7-5

-,4�4�

;2u.�t

. , .

--.

; ,.

: .,
. . .

- .:

. .

. t -

; ,.

Si
-

.;
.,

... j

,.;

xi . .
., .

_ _ _



TABLES

V4

4.

'4,

PAGE

1-1 Selected Key Issues, Issues, and Information Needs
Significant to the NNWSI Repository Sealing Program ................ 1-7

2-1 Relation of Stratigraphic and Hydrogeologic Units at Yucca
Mountain (Modified From SNL, 1987b, p. 2-25) ....................... 2-3

2-2 Hydrogeologic Classification and Hydrologic Properties
of Stratigraphic Units at Yucca Mountain ........................... 2-9

2-3 Summary of Construction Parameters for Shafts and Ramps ........... 2-17

2-4 Dimensions, Areas, and Volumes for the Underground
Excavations - Vertical Emplacement ............ .. ......... 2-19

2-5 Dimensions, Areas, and Volumes for the Underground
Excavations - Horizontal Emplacement ............................ . .2-21

2-6 Summary of Areas and Volumes for Underground Excavations ........ . 2-23

3-1 Formulas Used to Compute Hydrologic Performance Goals for
Selected Radionuclides ............................................. 3-11

3-2 Hydrologic Performance Goals for the Sealing Subsystem . ........... 3-21

4-1 Flood Volumes Associated with Various Flooding Events .............. 4-3

4-2 Assumptions Made for Anticipated and Unanticipated, Yearly
Water Flow into Shafts ............................................. 4-7

4-3 Yearly Inflow Through All Shafts Under Anticipated
Conditions ......................................................... 4-9

4-4 Selected Scenarios for Saturating a Fault Zone .................... 4-28

4-5 Assumptions Made for Anticipated and Unanticipated Water Flow
Into the Underground Facility ......................... .... 4.,-31

4-6 Yearly Inflow Through Ghost Dance Fault Under Anticipated
Conditions ........................... . . . . . . . . . . . . . . 4-34

5-1 Summary of Estimated Inflows Into Shafts, Ramps and the
Underground Facility .......................... 5-1

5-2 Comparison of Inflow to Shafts With Storage and Drainage
Capacities or Sumps .......................... 5-3

6-1 Performance Allocation for the Sealing Subsystem ................... 6-5

6-2 Summary of Design Goals - Shaft/Ramp Seal Subsystems .............. 6-11

6-3 Summary of Design Goals - Underground Facility Subsystem .......... 6-11

xii

-. � I I
.I':I�;I

I. I. .1

I I.1
I



I

6-4 Design Analyses and Properties Required for the Shaft Seals ....... 6-16

6-5 Design Analyses and Properties Required for Ramp Seals ............ 6-23

6-6 Design Analysis and Properties Required for Underground
Facility Seals - Vertical Emplacement ...... ............... 6-35

6-7 Design Analyses and Properties Required for Underground
Facility Seals - Horizontal Emplacement .. 6-41

6-8 Boreholes Proposed for Sealing to a Specified Performance Goal....6-53

6-9 Design Analyses Required for Borehole Seals .. 6-54

7-1 Summary of Design Requirements and Environmental Conditions
for Seal Components .. 7-8

7-2 Summary of Candidate Materials for Seal Components in Tuff .. 7-12

xiii



-_�E

EXECUTIVE SUH(ARY

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project, managed by
the Nevada Operations Office of the U.S. Department of Energy, is examining
the feasibility of developing a nuclear waste repository in an unsaturated
tuff formation beneath Yucca Mountain. Yucca Mountain is located on and
adjacent to the Nevada Test Site, Nye County, Nevada. The sealing subsystem
is part of the Yucca Mountain Mined Geologic Disposal System (YMMGDS).

Seals may be required to limit water flow into or out of the underground
facility and air flow out of the underground facility. Two potential sources
of water include flow (down shafts) of surface flood waters resulting from
major precipitation events and inflow directly into the underground facility
from faults. To determine the need and extent of sealing in the YMMGDS, a
sealing program was initiated. The first step in the sealing program was the
development of sealing concepts (Fernandez and Freshley, 1984). The second
step was the preparation of a detailed program plan (Fernandez, 1985) based on
the sealing concepts. This report represents the third major step in the
sealing program: the development of the performance goals,. design require-
ments, and material recommendations. Both horizontal and vertical emplacement
configurations are considered. The technical basis is provided for the design
requirements and materials recommended for use in the Advanced Conceptual
Design.

Performance goals are the allowable amounts of water that can enter the waste
disposal areas. In developing these performance goals, specific criteria in
10 CFR 60 (NRC, 1986) are considered. The qualitative design criteria for
seals for shafts and boreholes are given in 10 CFR 60.134. The quantitative
criteria given in Section 60.113 are used to develop the performance goals for
the engineered barrier subsystem and the shaft and borehole seal (shaft
portion only) subsystem. The performance goals are derived by computing the
volume of water required to release radionuclides in amounts equal to the
annual release rate established by the Nuclear Regulatory Commission (NRC) in
10 CFR 60 for all radionuclides of concern. This annual release rate is
computed using two radionuclide release models. The first model assumes a
constant rate of failure of the waste packages (beginning 300 years following
closure of the repository) and release of radionuclides from areas outside of
the uranium dioxide matrix. The second model assumes all of the radionuclides
are located in the matrix and all waste packages have failed 300 years after
closure. The releases from the second model are computed using the SPARTAN
code (Lin, 1985). From the calculation in Chapter 3 hydrologic performance
goals for the entire sealing subsystem are selected. The performance goals
increase from 1,180 m3/year (at 300 years following closure) to 136,000
m3 /year (at 1,000 years following closure). These goals apply to the under-
ground facility and the shafts and ramps. The performance goals increase
because the radionuclide inventory of the radionuclides that are used to
compute performance goals decreases after closure of the repository. During
the period in which containment is required to be substantially complete,

xiv



i.e., 300 to 1,000 years following closure, the performance goals are lower
than after 1,000 years following closure.

The qualitative criteria given in Section 60.134 are used in developing the
hydrologic performance goal for the shaft and borehole seals subsystem
(borehole portion only). As indicated in Section 60.134, "boreholes shall be
designed so that following closure they do not become pathways that compromise
the geologic repository's ability to meet performance objectives." For our
current planning basis, we adopt the position that this requirement is satis-
fied if the potential for vertical flow through boreholes is one percent or
less of the potential for vertical flow through the host rock. Similarly, a
performance goal for airborne releases is selected for the shafts. We adopt
the position that the total, gaseous radionuclide release through shafts
should be less than one percent of the allowable release limits given in 40
CFR 191 (EPA, 1986) for specific radionuclides. These performance goals will
be reinvestigated as additional site information becomes available from site
characterization activities and as the repository design is refined.

To determine the need for sealing, anticipated inflows into waste disposal
areas are compared to the performance goals. Anticipated conditions are
derived from the current understanding of hydrologic flow at Yucca Mountain.
Because hydrologic data are limited, engineering judgment is used in defining
the conditions that are evaluated. Engineering judgment is supplemented by
analytical solutions for water flow to obtain estimates of water flow into
shafts and the underground facility.

After comparing the anticipated, water inflows with the performance goals, it
is concluded that only limited sealing efforts (such as the emplacement of a
general fill in the shafts and ramps) are necessary to meet the quantitative
NRC performance requirements. However, a broad range of design options and
associated design requirements are proposed to provide a greater degree of
assutrance that the performance goals can be met even if unanticipated condi-
tions are encountered in the repository. In Chapter 6, design options are
presented and associated design goals and design requirements are identified.

The logic used to arrive at preferred design options (or sealing components),
goals, and design requirements is as follows. First, hydrologic performance
goals are allocated specifically to the shafts and ramps and the underground
facility. The hydrologic performance goals refer to the allowable amounts of
water that could contact the waste packages and not result in releases that
exceed (even for unanticipated flow scenarios considered) the annual release
rates established by the NRC in 10 CFR 60.113.a.1.ii.B. Performance goals are
shown schematically in Figure 1-4 by the maximum-allowable-performance-goal
curve. To add additional conservatism to the sealing activities, this curve
is interpreted as the amount of free water allowed to enter the underground
facility (not just that allowed to contact the waste). Even more conservatism
has been added by the selection of the design-basis-performance goals (partic-
ularly during the first 1,000 years after closure) to be substantially less
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than the maximum-allowable values. The design-basis-performance goals for the
sealing subsystem are identified in Table 6-1. The goals for the total quan-
tity of flow are then allocated to both the underground facility and to the
shafts and ramps. The subsystem goals were then further subdivided into the
tentative design goals for the various sealing components; these goals for the
components are provided in Table 6-2.

Using design calculations and the design goals, design requirements can be
developed. The design requirements are based on simple hydrologic models that
assume fully saturated conditions and Darcy flow. Because the repository is
in the unsaturated zone, the assumption of saturated conditions overestimates
the flow through the rock. In this way, conservative design requirements are
developed. Because the performance goals for the sealing system relate mainly
to reducing or diverting water flow, the bulk of the design requirements
relate to hydrologic properties such as hydraulic conductivity. Additional
design requirements considered in Chapter 7 include strength, density,
emplacement considerations, longevity, and cost.

To arrive at a design life for sealing components in the underground facility
and the shafts and ramps subsystems, portions of the performance goal for the
entire sealing subsystem are allocated to each of these subsystems. Alloca-
tion of performance goals considers separately the estimated amounts of water
that enter either the underground facility and shafts and ramps considering
unanticipated, water flow scenarios. In arriving at the time period in which
to allocate a portion of the entire performance goal, it is assumed that the
most severe unanticipated scenario (of those considered in this report) occur
yearly following a containment period of 300 years. The difference between
the performance goal and the unanticipated flow represents the reduction of
flow required to meet the performance goal. In Chapter 6, no reduction of
flow is required for sealing components in the underground facility about 500
years after closure and for sealing components in the shafts and ramps about
1,000 years after closure. Therefore, sealing measures are not necessary
after this time period. The seals emplaced at closure would, of course,
remain in place over the long term together with the shaft and ramp fill.

Specific design requirements are developed for the sealing components within
shafts, ramps, and the underground facility. Preferred design options are
also selected. For shafts and ramps, the preferred option is the anchor-to-
bedrock plug. For the underground facility (vertical emplacement configura-
tion), the preferred options to encourage vertical infiltration of water are
earthen dams and sumps that may, in certain nonemplacement areas, be supple-
mented with drainage channels. In emplacement drifts the preferred option is
to store no waste downgrade from where the inflow occurs. For the horizontal
emplacement configuration, dams are also preferred to encourage vertical

The preferred option is the principal sealing component relied on to achieve
the hydrologic performance goal which involves water control.
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infiltration of water into the rock mass. If water is encountered in emplace-
ment boreholes, the preferred option is to abandon the hole. For both the
vertical and horizontal emplacement configurations, it is preferred that water
control, if needed, be achieved by designing the repository to accommodate the
water inflow conditions encountered.

Beyond specific design requirements associated with the sealing design
options, it is proposed that a water storage capacity of 10,000 m3 be provided
in the lowest point of the repository. It is intended that this storage
volume can accommodate the potential water inflow calculated for extreme
conditions, although the probability of such conditions is considered to be
very low.

The preferred design option for sealing exploratory boreholes drilled from the
surface is the emplacement of a seal within the Calico Hills unit. Two
requirements imposed in the design of the underground facility are (1) the
underground facility does not intercept any borehole, and (2) a minimum
distance of 15 m occurs between a drift excavation and the borehole.

The materials selection process described in this report considered the
following requirements or conditions:

* hydraulic conductivity,
* strength or density,
* emplacement considerations,
* potential influence of seals on ground-water chemistry, and
* emplacement conditions

- host rock lithology/chemistry
- temperature range at seal location.

From this screen, materials identified to be acceptable are

* concrete,
* grout,
* crushed tuff,
* crushed tuff and clay, and
* crushed tuff, fines removed.

Our current preference is to propose earthen materials for as many applica-
tions as possible to limit degradation of physical properties and adverse
effects on ground-water chemistry in the repository environment. For higher
temperature environments, within the emplacement drifts, earthen materials are
anticipated to be more stable than concretes and grouts. The impact of
earthen materials on waste package corrosion, waste form solubility and
mobility of radionuclides is considered to be less severe than the impact of
cementitious-based materials. This conclusion is reached by comparing poten-
tial increases in pH and cationic species in the chemistry of ground water
that contacts the seals. Therefore, earthen materials are preferred for use
in emplacement drifts. Earthen materials also may be used in places where low
strength is acceptable. The most likely application for cementitious
materials is where high strength and low deformability may be required (e.g.,
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in some bulkheads) or where high strength combined with pumpability may berequired (e.g., for grouting fractures).
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1.0 INTRODUCTION

1.1 PURPOSE OF REPORT

The Nevada Nuclear Waste Storage Investigations (NNWSI) Project, managed by
the Nevada Operations Office of the U.S. Department of Energy, is examining
the feasibility of developing a nuclear waste repository in an unsaturated
tuff formation beneath Yucca Mountain. Yucca Mountain is located on and
adjacent to the Nevada Test Site, Nye County, Nevada. The sealing subsystem
is part of the Yucca Mountain Mined Geologic Disposal System (YMMGDS). The
role of the sealing subsystem in achieving the overall performance objective
for the YMMGDS is currently being evaluated by Sandia National Laboratories.

To determine the need and extent of sealing in the YMMGDS, a sealing program
was initiated. To manage the technical activities, this program was divided
into three Work Breakdown Structures (WBS). All of these WBS categories,
illustrated in Figure 1-1, contribute to documentation supporting the License
Application for the NNWSI Project. The first step in this documentation pro-
cess was the development of sealing concepts (Fernandez and Freshley, 1984).
The second step was the preparation of a detailed program plan (Fernandez,
1985) based on the sealing concepts. This report represents the third major
step in the sealing program: the development of the performance goals, design
requirements, and material recommendations. Both the design requirements and
the materials recommendations provide the basis for the Advanced Conceptual
Design, as illustrated on Figure 1-1. The efforts presented in this report
are part of the seal performance requirements task (WBS 1.2.4.2.3.1) and the
materials development task (WBS 1.2.4.2.3.2).

This report presents the design requirements and recommends materials to be
used in the NNWSI Repository Sealing Program. Design requirements include (1)
the design options that should be considered in arriving at a suitable sealing
subsystem design, (2) quantitative and qualitative requirements imposed on
sealing design options that must be met to achieve a desired performance, and
(3) site conditions that must be considered in the design. These requirements
represent our current design basis for arriving at suitable sealing component
designs.

To establish the need for sealing, minimum desired performance goals are
computed. These performance goals are specific values of how well the sealing
subsystem must perform its function. This function is to contribute to the
containment and isolation of radinac'.ive wastes by controlling the water flow
into the waste disposal areas and by restricting the radionuclide releases,
both waterborne and airborne, to the accessible environment.

In establishing the need for sealing, the water flows entering the repository,
under both anticipated and unanticipated conditions, are compared to the per-
formance goals. If the need for sealing is established, the design require-
ments are developed. By evaluating likely water-flow conditions (anticipated
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case) and unlikely water-flow conditions (unanticipated case), a broad range
of design requirements will be developed that can be applied to a broad range
of site conditions that may be encountered. It is also possible that sealing
may not be required but may be implemented to give greater assurance that the
performance goals can be met.

As (1) additional hydrogeologic data are obtained through site characteriza-
tion, (2) approaches to allocating performance to various subsystems within
the YMMGDS are refined, and (3) the exploratory shafts and the associated
testing results are developed, the performance goals, and subsequently the
design requirements and material recommendations, may be modified.

1.2 REGULATORY REQUIREMENTS APPLICABLE TO THE NNWSI REPOSITORY SEALING
PROGRAM

In understanding the applicable regulatory requirements that impact the NNWSI
Repository Sealing Program, it is important to understand how "sealing" is
being used in this report, the components that comprise the sealing program,
and which subsystems within the YMMGDS incorporate these components. With

this understanding, it is possible to determine which regulatory requirements
are appropriate for use in tne NNWSI Repository Sealing Program.

Within the NNWSI Repository Sealing Program, sealing is defined as the
permanent closure of the underground facility, shafts, ramps, and boreholes.
It includes emplacing shaft and drift backfill, seals or plugs in shafts,
ramps, drifts, and boreholes; and isolating discrete, water-producing zones
from the waste packages. The current planning basis for the sealing program
is to emplace backfill in the underground facility. Like the seals and plugs,
backfill will be emplaced during the decommissioning period.

The sealing subsystem is part of the YMMGDS. The performance objective of the
YMMGDS is to ensure that the radionuclide releases from the repository and to
the accessible environment are within the limits specified by the U.S. Envi-
ronmental Protection Agency (EPA). Systems within the YMMGDS are divided into
subsystems associated with preclosure waste disposal and postclosure waste
disposal. Components associated with the sealing subsystem are included in
the postclosure time period. As illustrated in Figure 1-2, the postclosure
waste disposal system is divided into natural, engineered, and institutional
barriers. All of the sealing components are classified under the repository
engineered barriers subsystem. Shaft and borehole seals are distinguished
from sealing components located within the underground facility. Therefore,
backfill and all seals or plugs in the underground facility are part of the
repository engineered barriers subsystem.

In arriving at a strategy for developing hydrologic performance goals, the 40
CFR 191 (EPA, 1986) and 10 CFR 60 (NRC, 1986) standards and regulations were
evaluated for their applicability. The EPA standards include isolation
requirements for the entire disposal system. The standards do not specify
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requirements for individual subsystems that are part of the disposal system.
The EPA criteria provide release limits for specific radionuclides considering
all releases from significant processes and events that may affect the dispo-
sal system. Because the EPA standards apply to the cumulative radionuclide
releases from the overall disposal system to the accessible environment, it is
inappropriate to use these standards in arriving at performance criteria for
the sealing components without considering all of the systems comprising the
disposal system. Uncertainties associated with the transport through the
geologic system to the accessible environment must be considered together with
an assessment of how anticipated and unanticipated processes and events affect
the release of radionuclides. Such an evaluation is beyond the scope of this
study, but will be performed as part of the Safety Analysis Report which will
be part of the License Application.

In 10 CFR 60, performance objectives are given for the engineered barrier
subsystem, and design criteria are given for the engineered barriers and the
seals for shafts and boreholes. Numerical limits are defined as part of the
performance objective, whereas the design criteria are qualitative. Section
60.113 of 10 CFR 60 states the performance objective of the engineered barrier
system as follows:

"(ii) . . ., the engineered barrier system shall be
designed, assuming anticipated processes and events, so
that: . . . (B) The release rate of any radionuclides from
the engineered barrier system following the containment
period shall not exceed one part in 100,000 per year of
the inventory of that radionuclide calculated to be pre-
sent at 1,000 years following permanent closure, or such
other fraction of the inventory as may be approved or
specified by the Commission; provided, that this require-
ment does not apply to any radionuclide which is released
at a rate less than 0.1% of the calculated total release
rate limit. The calculated total release rate limit shall
be taken to be one part in 100,000 of the inventory of
radioactive waste, originally emplaced in the underground
facility, that remains after 1,000 years of radioactive
decay."

The qualitative design criteria for seals for shafts and boreholes as given in
Section 60.134 of 10 CFR 60 are divided in two categories:

"(a) General design criterion. Seals for shafts and bore-
holes shall be designed so that following permanent
closure they do not become pathways that compromise
the geologic repository's ability to meet the
performance objectives for 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)
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The potential for creating a preferential pathway for
ground-water; or (2) radioactive waste migration
through existing pathways."

The quantitative criteria given in Section 60.113.ii are used to develop the
performance goals for the engineered barrier subsystem and the shaft and bore-
hole seal subsystem (shaft portion only). The qualitative criteria given in
Section 60.134.(a) and (b) are used in developing the performance goal for the
shaft and borehole seals subsystem (borehole portion only).

1.3 NNWSI ISSUES PERTINENT TO THE REPOSITORY SEALING PROGRAM

As indicated in the Nuclear Waste Policy Act of 1982 (NWPA, 1983, p. 2211) and
in 10 CFR 60 criteria (NRC, 1986, p. 603), a Site Characterization Plan (SCP)
shall be prepared for candidate sites for a nuclear waste repository. The
purpose of the SCP is to identify those issues at a specific proposed site and
the plans for resolving those issues. The site characterization efforts at
proposed sites are, therefore, centered on issues defined in the SCP.

The issues hierarchy is divided into three levels: key issues, issues
(including characterizatiot,, performance, and design issues), and information
needs. Key issues are broad questions of overall suitability; issues are more
specific; and information needs are generally data or analyses about the
natural or engineered systems required to address the issues. The key issues,
issues, and information needs pertinent to the NNWSI Repository Sealing
Program are given in Table 1-1. i

As indicated in Table 1-1, issues pertinent to sealing fall under two key
issues. These issues deal with the isolation of waste from the accessible
environment after closure by the YMMGDS and the feasibility of closing the
repository in a cost-effective manner using available technology. In this
report, both issues are addressed through the information needs. Available
site, waste package, and underground facility information (information need
1.12.1) is used in the development of the design requirements. The recom-
mendations of potential sealing materials, which are based on the design
requirements, address information need 1.12.2. Because the design require-
ments and the recommended materials provide the basis for the advanced
conceptual design and all future sealing component designs, information needs
1.12.3, 1.12.4, and 4.4.10 are addressed.

1.4 APPROACH USED IN THIS REPORT

The approach used in this report to establish the design requirements for
engineered, sealing components is presented below. The results obtained from
this approach represent the current planning basis for the sealing program.
As additional site information is obtained, the planning basis for the sealing
program will be modified. Therefore, the calculations presented in this
report are preliminary and subject to change.
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Table 1-1. Selected Key Issues, Issues, and Information Needs Significant to
the NNWSI Repository Sealing Program (1-16-87 version)

KEY ISSUE 1:

DESIGN ISSUE 1.12:

INFORMATION NEED 1.12.1:

INFORMATION NEED 1.12.2:

INFORMATION NEED 1.12.3:

INFORMATION NEED 1.12.14:

KEY ISSUE 41:

DESIGN ISSUE 14.14:

INFORMATION NEED 14.41.0o:

:4ill the mined geologic disposal system at Yucca
Mountain isolate the radioactive waste from the
accessible environment after closure in accordance
with the requirements set forth in 40 CFR Part 191,
10 CFR Part 60, and 10 CFR Part 960?

Have the characteristics and configurations of the

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

Site, waste package, and underground facility
information needed for design of seals and their
placement methods.

Materials and characteristics for seals for shafts,
drifts, and boreholes.

Placement methods for seals for shafts, drifts, and
boreholes.

Reference design of seals for shafts, drifts and
boreholes.

Will mined geologic disposal system construction,
operation (including retrieval), closure, and
decommissioning be feasible at Yucca Mountain on
the basis of reasonable available technology, and
will the associated costs be reasonable in
accordance with the requirements set forth in 10
CFR Part 960?

Are the repository construction, operation,
closure, and decommissioning technologies
adequately established to support resolution of the
performance issue?

Identification of technologies for emplacement of
seals for accesses, drifts, and boreholes.
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The steps involved in arriving at the design requirements are schematically
presented in Figures 1-3 through 1-5. These figures illustrate tb.3 primary
products that are developed in specific sections in this report. The intent
of Chapter 3 is to select hydrologic performance goals for the sealing
subsystem. Hydrologic performance goals, as used in this report, refer to the
allowable amount of water that could enter the waste disposal areas. A per-
formance goal represents the desired performance from a system or subsystem
and can incorporate a margin of safety. Further, performance goals can change
during the design process if additional information is acquired or the design
approach changes.

In selecting performance goals, the results from two radionuclide release
models are considered under the assumption that water entering the waste
disposal areas contacts the waste. The first model assumes a constant rate of
failure of the waste package and release of radionuclides from areas outside
of the uranium dioxide matrix. The result from this model is displayed as the
maximum-allowable-performance-goals curve in Figure 1-3. This curve repre-
sents realistic vet conservative performance goals. The second model assumes
all of the radionuclides are located in the matrix and all waste packages have
failed 300 years after closure of the repository. The results from this model
are displayed as the design-basis-performance-goal curve shown in Figure 1-4.
This curve incorporates the unrealistic assumption of total, waste package
failure at 300 years after closure. Both models represent the most stringent
hydrologic performance goals for all of the radionuclides investigated.

In contrast to Chapter 3, the focus of Chapter 4 is to compute the expected
rather than the allowable amount of water that could enter the waste disposal
area and contact the waste. Both anticipated conditions and selected,
unanticipated scenarios are evaluated to arrive at volumes of water that could
potentially enter the waste disposal areas. Anticipated conditions are tho:e
processes and events that are reasonably likely to occur during the time
period in which the repository performance objective must be met. For
example, an anticipated condition could include periodic runoff in each of the
drainage basins associated with the shafts. A portion of this runoff could
then enter the upper portion of the shafts. Unanticipated scenarios are those
processes and events that are not reasonably likely to occur during the same
period but are sufficiently credible to warrant evaluation. An anticipated
scenario could include a probable maximum flood (PMF) occurring simultaneously
at each shaft location and no sheetflow of the PMF waters occurring from the
basins. Unanticipated scenarios that are not sufficiently credible or are
without consequence are not considered in this report. The specific

The authors feel that the rate of failure of the waste packages assumed over-
predicts the rate of failure that will actually occur. Therefore, the maximum-
allowable-performance goals are lower than what would be computed if a more
realistic rate of failure of the waste packages was assumed. In this sense,
the maximum-allowable-performance goals in this report are conservative.
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conditions that are considered in arriving at anticipated and unanticipated
flows are described in more detail in Chapter 4.

An assessment of the need for sealing is made (Chapter 5). This assessment
includes comparing two relationships: the maximum allowable amount of water
entering the waste disposal area and the expected amount of water that could
enter the waste disposal area under anticipated conditions. The difference
between these curves represents a safety margin in the decision not to seal.

In Chapter 5, it is concluded that only limited sealing measures are necessary
to properly isolate the radioactive waste in the underground facility. Never-
theless, design options are proposed in Chapter 6 to provide additional assur-

ance that repository performance objectives will be met. To establish the
time period in which sealing should be proposed, the reduced, performance
goals developed in Chapter 3 are compared with the volumes of water entering
the waste disposal areas for selected, unanticipated scenarios described in
Chapter 4. This comparison is schematically shown in Figure 1-4. The
reduced-performance-goals curve is selected as our design-basis-performance-
goal curve because it reduces the amount of water that is allowed to enter the
waste disposal area during the period in which containment is required to be
substantially complete, i.e., 300 to 1,000 years following closure. This
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reduction of the performance goal represents an additional degree of conserva-
tism in our analysis. It is noted that even when comparing our design-basis
curve with the water flow estimated to enter the waste disposal areas under
anticipated conditions, our design-basis curve is not exceeded for all time.
It is only when considering unanticipated scenarios of low probability that
our design-basis curve is exceeded. This excess can potentially occur only up
to approximately 1,000 years following closure. This time is selected as-the
design life for proposed sealing components.

To arrive at a design life for sealing components in the underground facility
and the shafts and ramps subsystems, portions of the design-basis-performance
goal are allocated to each of these subsystems. Allocation of performance
goals considers separately the estimated amounts of water that enter the
underground facility and the shafts and ramps under unanticipated conditions.
This allocation is schematically shown in Figure 1-5. The allocation is made
such that the allocation to the shafts and ramps plus the allocation to the
underground facility is equal to the performance goal for each specified
year. Mathematically, the relationship may be expressed as

T(t) S(t) + Utt)

where

T(t) = performance goals for the entire sealing subsystem,
S(t) = performance goals allocated to seals located in the shaft

and ramp subsystem,
U(t) = performance goals allocated to seals located in the

underground facility subsystem, and
t =time.

In arriving at the time period in which to allocate a portion of the entire
performance goal, the unanticipated scenarios are considered as a continuous
flow for all time. These unanticipated flows, we believe, represent an
extremely conservative, upperbound estimate of the volume of water that could
enter the waste disposal areas and contact the waste in any given year during
the post-closure period. The difference between the performance goal and the
unanticipated flow lines represents the reduction of flow required to meet the
performance goal. This reduction of flow becomes progressively less until the
maximum-allowable amount of water that can enter the waste disposal area
through a sealing subsystem equals the unanticipated flow volumes. At this
point, no reduction of flow is necessary and no specific performance is
required from the sealing components.

For a subsystem to achieve an acceptable reduction of the unanticipated flow
rates, it is necessary for all or a portion of the components comprising the
subsystem to contribute to the reduction. Because there can be a number of
sealing components included in the subsystem, a portion of the performance
goal for the subsystem is allocated to the sealing components included in the
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sealing subsystem. The relationship between the performance goal of the
subsystem and the goal established for specific sealing components can be
described by the following expressions:

S(t) = XaDGa(t) - Cs(t)

and

U(t) = X aDa(t) - Cu(M)

where

S(t) = performance goal for shaft and ramp subsystem,
U(t) performance goal for the underground facility subsystem,
CS(t) = storage capacity for the shaft and ramp subsystem,
Cu (t) = storage capacity for the underground facility subsystem,
Xa = number of a specific sealing component in which some

level of performance is required, and
DGa(t) = design goal for a specific sealing component in either

subsystem.

As indicated by this expression, the design goal can be defined as a specific
level of performance required by a specific component. The above expressions
are written to take into account storage capacities of the subsystems. Water
may enter the repository, and may be stored, and then drained before entering
the waste disposal rooms. A storage capacity in the lowest part of the
repository is calculated and used in arriving at design goals for sealing
components associated with the shafts and ramps. No storage capacity is
assumed when computing the design goals for sealing components in the
underground facility.

In certain remote areas of the repository where waste is not emplaced, water
will not enter waste emplacement rooms and contact the waste if adequate
drainage is provided. In these instances, design goals are derived from other
considerations. Once design goals for specific sealing components are
specified, design requirements can be determined as presented in Chapter 6.
Finally, in Chapter 7, sealing materials are selected using the appropriate
design requirements.
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2.0 REFERENCE CONDITIONS

This chapter summarizes the conditions at Yucca Mountain and the repository
design features that may affect seal performance and design. These include
site geology, hydrology, repository design, and waste descriptions. These
reference conditions will be considered in establishing the need for sealing
in Chapters 4 and 5.

2.1 GEOLOGY AND STRUCTURAL SETTING

Th. Yucca Mountain site (Figure 2-1) lies in the Basin and Range physiographic
province. This province is characterized by extensional faulting. In gen-
eral, the faults strike north to northeast. The topographic expression of
this faulting is aligned, fault-bounded uplifts (ranges), such as Yucca
Mountain, separated by alluvium-filled basins (U.S.G.S., 1984, p. 1).

Yucca Mountain is underlain by Precambrian basement and Paleozoic and Mesozoic
sediments, but only Tertiary volcanic rocks outcrop in the vicinity of Yucca
Mountain. The Tertiary volcanic rocks consist of a sequence of Miocene
silicic ash-flow and ash-fall tuffs, lavas, and breccias that erupted before
or during the extensional faulting (U.S.G.S., 1984, p. 3). The degree of
welding, devitrification and zeolitization varies throughout the sequence, as
does the thickness of individual units. Several members of the Paintbrush
Tuff are exposed at Yucca Mountain. The Tiva Canyon Member occurs extensively
at the surface, while the older Pah Canyon and Topopah Spring Members outcrop
mostly on the steep western slope of Yucca Mountain (Scott and Bonk, 1984,
Sheet 1). The sequence of tuff units at Yucca Mountain is shown in Table
2-1. Generally in this report, the simplified hydrogeologic or stratigraphic
classifications shown in Table 2-1 are used. The repository, as planned,
would be excavated in the Topopah Spring welded unit.

The most significant structural features at Yucca Mountain are the numerous
faults mapped at the surface (Figure 2-2). Several faults are continuous,
major features that could penetrate deeply to the repository horizon and
define a number of distinct structural blocks. As discussed subsequently in
Section 4.2, faults that would penetrate from the surface to the repository
horizon could become saturated, with a resulting inflow to underground drifts.
As currently planned, the repository will be confined to the "central block"
(Sinnock et al., 1984, p. 13), which is bounded on the east and west by west-
dipping, anticipated faults or fault zones that are downthrown on the west,
and to the north by a suspected northwest-southeast-trending fault along Drill
Hole Wash (Figure 2-2). The repository could be extended into adjacent blocks
if additional disposal area should be needed or as additional site-related
data should become available.

Two types of faults occur in the vicinity of the proposed repository location,
north-south-trending, anticipated, normal faults and northwest-southeast-
trending, strike-slip faults. The major anticipated faults include the
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Figure 2-1. Location of the Yucca Mountain Site
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Table 2-1. Relation of Stratigraphic and Hydrogeologic Units at
Yucca Mountain (Modified From SNL, 1987b, p. 2-25)

APPROWIMATE
TUFS HYDROGIOLOGIC tiICrthtSS

ttKATIlGAAPHlC UNIT LlTHOItOGYl) UNIttb (tl(ftES) COMMENTS

Alluoiurn -- Allu.ium 0-30 Underic washes. thin layer on flati

Tiva Canyon MD T..A Canvon Caprock that DM S-.10estword at Yucca
Member Midaed unit Mountain High fracture densuty

Yucca
Mountari

_ Member

_. NP p Vbrith V ntrc ron-ielded. porous. Poorly indurated.
tr Ph Canyon roeld20 ti00 bedded in part. tow fracture density

C ~ Member

C..

tL tOensely to rmoderately weded. Seieral

lih lthoohyjal ciity tone.t intefsely fractured

Spring MD *opopth Spring n-360 Central and lower part rs potential host toct for
Member welded unit reposwtory ulik hydraulic conducivityr vn

t turatedsoonest oftheute(at WeIrII-13)Fabout
ICrinday

.Calico .Il ' io0-i0
rionwielded

TuffattKoss kP. Ub in t

of Calico HrIs S

:eneath Yucca Mountain. ba of units f Or

Pro" Pass unaturaeted tone determined by water table
Mebr PAD n Calico Hills nonrelded unit is vttrc in sothwest

Menber __ Yucca Mountain. Jeolitic In east and north Zeoltic

boundary generally parallels the water table with
_ : Ptric uni above and teolitt unitsbetow a

transitional boundary.

rv Member_0-v

a.P

Crater ilat
_ tan Member Member itO-iSO None

Lara

tithic tidge Tuft

Undiffererntiated

00-110 None

___ In USW H-11 hydraulic head bout SO in higher than
water table

Occurs in northeast Dart of primary area

Older Volcanics

Pre.Tertrary Rocks

Occurs 2 S k rn east of Proposed repository at depth
of 1250 m in Ut -2S. S 1. where hydrauirc head is
about 20 mi higher than water table Bult hydraulic
conductivity high. probably due to high fracture

density.

-� a.

(a) NP - nonweldedtopartiallywelded. MD . moderatelytodenselywelded. B - bedded.

(b) PP. . ProwPassweldedunit. PP, . ProwPassnonweldedunit. BF. a Bullfrogweldedunit. BFn .
Bullfrog nonwelded unit.
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Solitarlo Canyon Fault (or series of faults), which forms the western boundary
of the central repository block, and the Bow Ridge Fault, which lies to the
east of the repository. Within the central repository block, the most
significant (i.e., most laterally continuous) fault is the Ghost Dance Fault
(Figure 2-2). This fault dips 840 to 890 to the west and is ider. ified at the
surface by small stratigraphic. separations and by breccia zones (Scott and
Bonk, 1984, Sheet 1). The fault appears to have only a vertical displacement
(about 25 m), and it cuts across the east-west-trending washes that drain off
Yucca Crest (DOE, 1986, p. 3-15). Thus, it has little or no topographic
expression across the block. The nature of this fault (vertical continuity,
degree of fracturing, etc.) at depth is uncertain, but the fault is poten-
tially important because it is the only continuous, high-angle, north-south
fault known to lie substantially within the proposed repository boundary
(Figure 2-2). Other minor faults may occur close to the edge of the reposi-
tory workings or may be intersected by the ramps used to gain access to the
repository (described in Section 2.2).

Several northwest-striking faults lie northeast of the proposed facility and
underlie washes in this area, including Drill Hole Wash along the northeast
boundary of the repository. These faults appear to have little vertical sepa-
ration and probably have a major strike-slip component (Scott et al., 1984, p.
18). Although these faults are outside the repository boundary, the proposed
alignment of the Tuff Ramp, Waste Ramp, and the main drifts are intersected by
a fault in Drill Hole Wash (see Figure 2-2).

In addition to the faults described above and sl jwn in Figure 2-2, many
relatively short faults or zones of closely-spaced fractures have been mapped
at the surface within the repository boundary. In general, these faults trend
north, northwest, or northeast (Scott and Bonk, 1984, Sheet 1). Many of these
features may have little displacement and they may not be continuous through
the various stratigraphic units to the repository horizon.

In general, the turf beds strike north-to-northeast and dip at a shallow angle
(50 to 80) to the east (Scott and Bonk, 1984, Sheet 1). The alluvium occurs
mostly in the washes and underlying the flats to the east of the repository
(Figure 2-2). The maximum thickness of alluvium recorded thus far in drill
holes is 45 m in drillhole UE-25a#7, which is located east of the Exploratory
Shaft (ES-1) and in the middle of Drill Hole Wash (Fernandez and Freshley,
1984, p. 61).

2.2 HYDROLOGY

2.2.1 Surface-Water Hydrology

The Yucca Mountain site lies in a semiarid region in the rainshadow of the
Sierra Nevadas to the west. Annual, average precipitation is 150 mm (Montazer
and Wilson, 1984, p. 37) and potential evapotranspiration is approximately 630
an/year (DOE, 1986, p. 6-140). As in any arid region, rainfall may be highly
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variable from year to year. For example, at Las Vegas, where average annual
precipitation is 96 mm (3.76 in.), levels have varied from 19 mm to 270 mm
(0.76 in. to 10.7 in.) (Eglinton and Dreicer, 1984, p. 2-1). Moreover, much
of the rainfall occurs in short-duration, intense storms.

There are no perennial streams at the Yucca Mountain site and vicinity. Major
storms, however, may result in significant stream flows and local flooding of
washes. Figure 2-3, based on the map of Squires and Young (1984), shows the
potential for flooding along washes near the proposed repository shaft and
ramp portal locations for 100-year, 500-year, and regional maximum floods.
The regional maximum flood in this case is estimated by Crippen and Bue (1977,
p. 15) based on major flood events in the region. It does not constitute a
rigorous determination of the probable maximum flood (ANSI, 1981). Calcula-
tions of the maximum flood flows for each of these access locations are given
in Appendix A.

2.2.2 Ground-Water Hydrology

The proposed repository in the Topopah Spring welded unit lies in the unsatu-
rated zone 200 to 400 m above the ground-water table (Figure 2-4a). The water
table is essentially horizontal and occurs predominantly within the Crater
Flats Tuff below the repository. Figures 2-4b, 2-4c, and 2-4d, respectively,
show the thicknesses of Topopah Spring welded tuff and Calico Hills nonwelded
tuff (vitric and zeolitic) between the repository and the water table.

Table 2-2 summarizes the hydrogeologic characteristics of some of the hydro-
geologic units defined in Table 2-1. Saturated, rock mass, hydraulic conduc-
tivities are in the range 10-2 to 10-6 cm/s for all units, but there is a
significant contrast between the properties of welded and nonwelded units.
Welded units typically have low matrix conductivities but high conductivity
through closely spaced fractures. Nonwelded units have fewer fractures but
higher conductivity through the matrix.

The available information regarding the spatial extent and hydrologic
properties of hydrostratigraphic units at Yucca Mountain are sufficient to
allow preliminary definitions of likely ground-water flow paths under isother-
mal conditions (Montazer and Wilson, 1984). Some uncertainty exists, however,
regarding ground-water flow through faults and flow of water or water vapor
under nonisothermal conditions.

The generally arid conditions and the occurrence of most of the precipitation
in short-duration, intense events ensure that relatively little water is
available for deep recharge. Recharge may be impeded by permeability con-

trasts and capillary barriers between the welded and nonwelded units (Scott et
al., 1983, p. 325; Montazer and Wilson, 1984, p. 26-31). The fractured,
welded Tiva Canyon is highly permeable when saturated (Table 2-2), and may
allow rapid infiltration through open fractures if saturation could be main-
tained during heavy rainfall. Water could possibly percolate rapidly down to
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Figure 2-3. Flood Prone Area, Yucca Mountain, Southern Nevada
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Table 2-2. Hydrogeologic Classification and Hydrologic Properties of Stratigraphic Units at YuccaMountain

Matrix Properties Rock Mass Properties
Average, Saturated Fracture SaturatedHydrogeologic Bulk Porosity,(b) Hydraulic Conduc- Density,(b) Hydraulic

Unit Chartcteristics(ac) tivity, cm/s per m3  Conductivity, cm/s

Alluvium Underlies washes; thin Generally high (a) Generally high (a)layer on flats

Tiva Canyon Densely welded, high 10 ±5.3 2.5x10-9 (b) 20 1.2x10-3 (b)welded unit fracture density

Paintbrush(d) Nonwelded, argillic 45 ±11.8 2.41xO-6 (b) 10 2. 41 10-4 (b)nonwelded and vitric, porous, 1 (vitrlg) cunit poorly indurated, 10-4 to 10-bedded In part, low (argillic) (c)fracture density

Topopah Spring Densely welded, high 15 +5.1 3.5x10-9 (b) 40 V210-3 (b)welded unit fracture density, 10.6 ±4.6(e) 2.3x1O-9 (e) 10 to 10-5 (a)several lithophysal
(cavity) zones

Calico Hills Noi.welded, vitric 39 ±7.7 1.3X10-6 (b) 5 2. U1-4 (b)nonwelded unit 32.4 8-.8(e) 3.4x10-7 (e)

Calico Hills Nonwelded, zeolitic 30 ±8.6 1.0x1O-8 (a) 5 2.4100-4 (b)nonwelded unit 2.69 ±4.7(e) 4.2x10-9 (b)

1.7x1O-9 (e)
Older tuffs Variable 23 ±? 1.1x10-7 (b) 5 to 20 2.4x10-4 to 1.2x10-3 (b)

(a)DOE, 1986, p. 3-29. Saturated hydraulic conductivity of Tiva Canyon assumed equal to Topopah Spring.Saturated hydraulic conductivity of Paintbrush assumed equal to Calico Hills.
(b)Sinnock et al., 1984, pp. 11-12.
(c)Scott et al., 1983, p. 299.
(d)Includes Pah Canyon and Yucca Mountain Members.
(e)From the Reference Information Base (RIB) (Zeuch and Eatough, 1986).I
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the bottom of the welded unit, but it would be impeded from infiltrating into
the underlying nonwelded Pah Canyon Member of the Paintbrush Tuff by the con-
trast in permeability, especially If the nonwelded unit were clay-rich (Scott
et al., 1983, p. 325-327), or by air entrapment (Montazer and Wilson, 1984, p.
47). According to this hypothesis, water infiltrating from the surface could
flow downdip (generally to the east) along the upper contact of the nonwelded
Paintbrush Tuff, which is located above the proposed location of the under-
ground facility. A second capillary barrier may occur at the base of the non-
welded member of the Paintbrush Tuff at the contact with the fractured Topopah
Spring Member. In this case, downward flow may be impeded because the water-
filled pores in the nonwelded unit are smaller than the apertures of the
fractures in the welded unit (Montazer and Wilson, 1984, p. 31).

Because of the combined effects of low average rainfall and permeability and
capillary barriers, the flux through most of the Topopah Spring Member is
probably restricted to about 0.1 mm/year (Sinnock et al., 1984, p. 52). This
would represent less than one percent of the estimated annual rainfall, the
balance occurring as evapotranspiration, flow in the washes, or lateral,
subsurface flow in the units overlying the Topopah Spring. Higher infiltra-
tion rates could occur through fault or fracture zones. These zones could
have high vertical conductivity inkboth the welded and nonwelded units (Scott
et al., 1983, p. 328), although it is possible that such zones are less con-
ductive in the more ductile nonwelded units than in welded units (Montazer
and Wilson, 1984, p. 49). If the faults cut across stratigraphic boundaries
and are highly conductive throughout, they may provide flow paths through the
permeability and capillary barriers. It is estimated that such zones could be
recharged directly from the surface or by subsurface water perched above a
capillary or permeability barrier at a maximum rate of 0.5 mm/year (Sinnock et
al., 1984, p. 16).

As noted in Section 2.1, several, major, surface faults occur only at the
edges of the proposed repository block and are less likely to intersect
underground drifts. However, faults lying north and east of the proposed
repository boundary, including one fault underlying Drill Hole Wash, are more
likely to intersect the repository ramps. Other major faults could also be
encountered at the edges of the repository workings that intersect drifts. As
discussed subsequently in Section 4.2.2.1, a certain assumption is made of
fault occurrences at-depth (including the Ghost Dance Fault) that on balance
is considered reasonable.

2.3 REFERENCE WASTE DESCRIPTIONS

Information on the type of nuclear waste and the number of waste packages to
be emplaced in the repository is presented in this section. This information
will be used to place in perspective the areal relationships between the waste
packages and the excavated area and the number of waste packages in specified
areas of interest.
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As stated in the Nuclear Waste Policy Act of 1982, the quantity of spent fuel
in the first repository shall be limited to "70,000 metric tons of heavy metal
or a quantity of solidified high-level radioactive waste resulting from the
reprocessing of such a quantity of spent fuel . . .' (NWPA 1983, p. 2215).
The first repository will be designed to accept West Valley high-level waste
(WVHLW) and spent fuel. The repository shall also be capable of accepting
defense high-level waste (DHLW) (NWPA 1983, pp. 2205-2206). These restric-
tions provide the basis for the type of waste to be disposed of in the
repository.

As illustrated below, some variation of type of nuclear waste and number of
waste packages is anticipated. As defined by O'Brien (1985, pp. 2-4), the
total amount of WVHLW and DHLW to be disposed of in the first repository could
be 650 metric tons of uranium (MTU) and 10,000 MTU, respectively. If the
first repository were to dispose of all of the WVHLW and the DHLW, the amount
of spent fuel would be no more than 59,350 metric tons of heavy metal (MTHM).
More current evaluations into the monitored retrievable storage (MRS) facility
have assumed that 62,000 MTHM would be spent fuel while 8,000 MTHM would be
DHLW (SNL, 1987a, p. B-45, B-46). The reference waste description used in
this report is a mixture of 650 MTU of WVHLW, 7,350 MTU of DHLW, and 62,000
MTU of spent fuel (SNL, 1987b, Appendix P, p. 3-8). Using the assumptions
below, the number of canisters to be disposed of in the repository is
estimated to be about 42,200.

* Each pressurized-water reactor (PWR) assembly contains
0.4614 MTU and each boiling-water reactor (BWR)
assembly contains 0.1833 MTU (O'Brien, 1985, p. 5).

* 60% of spent fuel is in PWR fuel assemblies and 40% is
in BWR fuel assemblies (SNL, 1987b, Appendix P, p.
3-2).

* 90% of the fuel assemblies are consolidated while 10%
are not consolidated (SNL, 1987a, p. 2-7).

* Each waste disposal canister is 66 cm in diameter and
can hold three intact or six consolidated PWR assem-
blies or six intact or 12* consolidated BWR assemblies
(O'Brien, 1985, p. 4).

* Each waste disposal canister of DHLW contains 0.5 MTU
(O'Brien, 1984, p. 4).

* Number of canisters containing WVHLW is 310 (SNL,
1987b, Appendix P, p. 3-18).

In the SCP-CDR (SNL, 1987b) the number of BWR assemblies that can be
consolidated into a canister has been modified from 12 to 18. This change
reduces the number of canisters In this report. If it is assumed that the
canisters are distributed uniformly in the underground facility, there is no
impact of this change on any results in this report.
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2.4 UNDERGROUND REPOSITORY DESIGN

The current, underground repository design consists of emplacement drifts
accessed by nonemplacement drifts, which are in turn accessed by two ramps,
and four shafts. In assessing the need for sealing (Chapter 5), it is neces-
sary to estimate surface flows through shafts, ramps, and faults intersecting
underground drifts which are dependent in part on repository geometry. In
order to assess the potential for inflows to contact waste for the repository
as a whole, consideration is given to the physical layout (size, orientation,
and grade of drifts) at the lowest portion of the repository. Furthermore,
the design options proposed in Chapter 6 require information on the
underground repository design.

The current, underground repository designs have been prepared by Parsons
Brinckerhoff Quade & Douglas (SNL, 1987b) and are subject to revision as site
development proceeds. The repository is designed on one inclined level at
ab7ut 305-m depth at the exploratory shafts. The repository drifts slope to
the southeast or northeast following the dip of the strata (Figure 2-5).

Two alternative emplacement modes are being considered. In the vertical
emplacement configuration (Figure 2-6) which is the reference construction in
the Site Characterization Plan-Conceptual Design Report (SCP-CDR), waste
containers are placed in boreholes drilled in the floors of long emplacement
drifts, one container per hole. In the horizontal emplacement configuration
(Figure 2-7), multiple waste containers are placed in long horizontal bore-
holes drilled from access drifts. The general layout is the same for both
cases, with the repository divided into about 18 separate panels. Typical
panel layouts for vertical and horizontal emplacement configurations are
illustrated in Figures 2-8 and 2-9, respectively. Access to the panels is
provided by three main entry drifts (the waste main, the tuft main, and the
service main), which connect to two ramps (the waste ramp and the tuff ramp)
in the northeastern part of the repository, and the repository is bounded by a
continuous perimeter drift.

Shaft access is provided through the Exploratory Shafts (ES-1 and ES-2), the
Men and Materials Shaft (MMS), and the Emplacement Exhaust Shaft (EES).
Within the repository, there are two support shop areas in which no waste will
be emplaced; development support shops are located near the MMS and the waste
emplacement support shops are located near ES-1 and ES-2.

The main entry drifts in the repository will grade downward from southwest to
northeast, and the panel and midpanel access drifts grade downward from north-
west to southeast. The EES (Figure 2-5) and the connecting drifts from this
shaft to the perimeter drift is the lowest point in the repository. The
maximum grade for drifts is about eight percent.

Currently, it is planned that one of the main entry drifts, the two ramps, and
the perimeter drift will be excavated by tunnel boring machines (TBM), while
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Figure 2-6. Subsurface Facility Design for a Nuclear Waste Repository In
Tuft - Vertical Emplacement

Figure 2-7. Subsurface Facility Design for a Nuclear Waste Repository in
Tuft - Horizontal Emplacement
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the remainder of the drifts will be excavated by drill-and-blast methods. The
possibility of excavating all of the drifts using a TBM Is being evaluated.
Ramps and drifts excavated by TBM will have a circular cross-section, although

a roadway may be constructed in the invert. Drifts excavated by drill-and-
blast will have vertical walls and arched roofs. Rock support will consist of
rockbolts and steel mesh for the conditions expected in most of the drifts.
Heavier support such as reinforced shotcrete may be used in areas of poorer
rock quality, and steel sets might be used in selected areas.

The repository design incorporates six openings to the subsurface facilities,
including four vertical shafts and two inclined ramps. The locations of the

shafts and ramps relative to the subsurface workings, faults, and surface
areas liable to flooding are shown in Figures 2-2 and 2-3. Dimensions,
grades, total depths, excavation methods, and linings are summarized in Table
2-3. Figure 2-10 shows profiles of the shafts superimposed on the strati-
graphy at each location. The MMS and EES have shallow sumps extending 24 m
and 3 m below the repository level, respectively. In contrast, the sump for
the ES-1 is 140 m below the repository level. The ramps connect directly into
the main access drifts at the northern end of the repository (Figures 2-6 and

2-7).

Dimensions of all the underground excavations and the floor area and excavated
volume are given in Tables 2-4 and 2-5 for the vertical and horizontal
emplacement configurations, respectively. The following assumptions are made
concerning the types and amounts of waste to be disposed of in the repository
in order to arrive at the estimated total length of each design feature in the
underground excavation: 650 MTHM of WVHLW, 7,350 MTHM of DHLW and 62,000 MTHM

of spent fuel. Should the types or amounts of waste change, the linear foot-
age associated with the emplacement, midpanel, and access drifts will also
change. The numbers given in both tables, therefore, represent approximations
of the floor areas and volumes excavated for the reference repository design
assumed in this report.

Table 2-6 contains summary values that are reduced from values in Tables 2-4
and 2-5. As might be expected, the linear footage associated with the hori-
zontal emplacement configuration is considerably less than the footage for
vertical emplacement configuration. Because of this difference, the overall
extraction ratio is different, as indicated In Table 2-6, i.e., 18% for verti-
cal emplacement and 9% for horizontal emplacement. For vertical emplacement,
the ratio of the area of the emplaccmrntr. drifts to the floor area for all
drifts indicates that there are no wastes disposed of in approximately 39; of
the drifts. For horizontal emplacement, about 67% of the drifts are classi-
fied as nonemplacement drifts. In the horizontal emplacement configuration,
no waste is disposed of in the floors or any of the drifts.
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Table 2-3. Summary of Construction Parameters for Shafts and Ramps

Excavated Finished Total
Diameter, Diameter, Depth,(a) Length, Excavation

Designation Grade m (ft) m (ft) m (ft) m (ft) Method Lining

Exploratory Shaft Vertical 4.42 3.66 1154 - Drill 31 cm (12-in.)(ES-1) (14.50) (12.0) (1490) and blast concrete

Exploratory Shaft Vertical 2.44 1.83 314 - Raise bore Steel(ES-2) (8.0) (6.0) (1030)

Men and Materials Vertical 6.86 6.10 338 - Drill 38 cm (15 in.)Shaft (MMS) (22.50) (20.0) (1110) and blast concrete

Emplacement Exhaust Vertical 6.86 6.10 317 - Drill 38 cm (15 in.)Shaft (EES) (22.50) (20.0) (1040) and blast concrete

Tuff Ramp
(Vertical) 17.9% 7.62 7.32 - 1410 TBM Rock bolts,

(25.0) (24.0) (4627) wire mesh,(Horizontal) :7.9% 6.40 6.10 1410 shotcrete
(21.0) (20.0) (4627)

Waste Ramp
(Vertical) 8.9% 7.01 6.40 - 2012 TBM Rock bolts,

(23.0) (21.0) (6603) wire mesh,(Horizontal) 8.9% 6.40 5.79 2012 shotcrete
(21.0) (19.0) (6603)

(a)Includes sumps of 3.05 m (10 ft)

TBM - Tunnel boring machine
Vertical - Vertical emplacement
Horizontal - Horizontal emplacement

for EES and 24 m (80 ft) for MMS.

Reference: SNL Drawing Numbers R06916, R07015, R07001, R06886,
and R06887
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Table 2-4. Dimensions, Areas, and Volumes for the Underground Excavations - Vertical Emplacement

Estimated Width or Excavated
Underground Total Length, Diameter, Height, Floor Area, Volume,
Excavation m (ft) m (ft) m (ft) m2 (ft2)(a) m3 (ft3)(a)

Waste ramp 2,013 14,110 77,880
(6,603) (23)?b) __ (151,900)(C) (2,751,000)

Tuff ramp 1,410 7 10,750 64,340
(4,627) (25) -- (11 5,7 0 0)(e) (2,272,000)

Waste main 3,420 7.6 26,060 156,000
(11,220) (25)(b) -- (280,500)(c) (5,510,000)

Tutf main 3,420 7.6 5.8 26,060 135,400
(11,220) (25) (19) (280,500) (4,780,000)

Service main 3,298 7.6 4.6 25,130 99,870
(10,820) (25) (15) (270,500) (3,528,000)

Emplacement drifts 122,400 4.9 6.7 596,700 3,779,000
(40 1,5 00 )(c) (16) (22) (6,424,000) (133,500,000)

Access drifts 26,010 6.4 4.3 166,500 626,600(85t350)(C) (21) (14) (1,792,000) (22,130,000)

(a)Areas and volumes rounded to four significant digits.
(b)CIrcular openings
(C)Horizontal distances

'0I
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Table 2Z4. Dimensions, Areas, and Volumes for the Underground Excavations - Vertical Emplacement(Concluded)

Estimatea Width or ExcavatedUnderground Total Length, Diameter, Height, Floor Area, VolumeExcavation m (ft) m (ft) m (ft) m2 (ft 2 )(a) m3 (ft3)a)

Midpanel drifts 11,500 4.9 4.3 56,110 218,200(37,750 (16) (114) (604,000) (7,707,000)
Ventilation exhaust 1,143 7.6 5.8 7,204 30,980drift ( 3 ,7 5 0 )(c) (25) (19) (77,550) (1,0941,000)
Perimeter drifts 9,448 7.9j( 66,240 365,600( 3 1 , 0 0 0 )(C) ( 2 3 ) b) -- (713,000)(0) (12,910,000)
Development shops 1,118 7.6 5.8 7,510 28,710( 3 , 6 7 0 )(c) (25) (19) (80,850) (1,014,000)
Emplacemnent shops 687 7.6 5.8 4,466 17,410( 2 , 2 5 5 )(C) (25) (19) (48,080) (614,800)
Training ana perform- 305 6.4 4.3 1,951 7,339ance confirmation (1,000 )(c) (21) (14) (21,000) (259,200)

(a)Areas and volumes rounoed to four
(b)Circular openings
(C)Horizontal distances

significant digits.
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Table 2-5. Dimensions, Areas, and Volumes for the Underground Excavations - Horizontal Emplacement

Estimated Width or Excavated
Underground Total Length, Diameter, Height, Floor Area, Volume,
Excavation m (ft) m (ft) m (ft) m2 (ft2)(a) m3 (ft3)(a)

Waste Ramp 2,012 6.9 __ 12,880 611,700
(6,603) (21) b) (138,700) (2,285,000)

Tuff Ramp 1,410 6.) -- 9,027 45,330(4,627) (21)jb) (97,170) (1,601,000)

Waste Main 3,420 6.9 __ 21,890 109,900
(11,220) (21) b) (235,600) (3,882,000)

Tuff Main 3,420 7.6 5.8 26,060 135,300
(11,220) (25) (19) (280,500) (4,780,000)

Service Main 3,298 7.6 4.6 25,130 99,870
(10,820) (25) (15) (270,500) (3,528,000)

Emplacement Drifts 22,938 7.0 4.0 160,800 547,700
(75,260)(C) (23) (13) (1,731,000) (19,340,000)

Access Drifts 26,010 6.4 4.3 166,500 626,600
(85,350 (21) (14) (1,792,000) (22,130,000)

(a)All areas and volumes rounded to
(b)Circular openings.
(O)ProJected floor area.

_I

four significant digits.
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'rable 2-5. Dimensions, Areas, and Volumes for the Underground Excavations - Horizontal Emplacement(Concluded)

Estimated Width or ExcavatedUnderground Total Length, Diameter, Height, Floor Area, Volume,Excavation m (ft) m (ft) m (ft) m2 (Mt2 )(a) m3 (ft3)(a)
Midpanel Drifts NA -- -- --

Ventilation Exhaust 1,143 7.6 5.8 7,204 30,980Drifts (3 , 75 0 )(c) (25) (19) (77,550) (1,094,000)
Perimeter Drift 9,449 7.0 -- 66,233 365,200(3 1 ,0 0 0)( ) (23) (713,000) (12,900,000)
Development Shops 843 7.6 5.8 5,651 22,080(2,765)(c) (25) (19) (61,830) (780,000)
Emplacement Shops 687 7.6 5.8 4,466 17,400(2,255)( ) (25) (19) (48,080) (614,800)
Training and Perform- 305 6.4 4.3 1,951 7,339ance Confirmation (1,000)(c) (21) (14) (21,000) (259,200)

(a)All areas and volumes
(b)Circular openings.
(O)ProJected floor area.

rounded to four significant digits.
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2-6. Summary of Areas and Volumes for Underground Excavations

V

Configuration

Vertical Horizontal

Total proJ cted floor area of ramps, 24,850 21,910
m2 (ft2 )?a) (267,500) (235,800)

Total projected floor area of the 983,700 486,000
repository, excluding ramps, m2 (ft2)(a) (10,590,000) (5,231,000;

Total volume excavated for ramps, 142,200 110,000
m3 (ft3)(a) (5,023,000) (3,886,000)

Total volume excavated for the 5,465,000 2,008,000
repository excluding ramps, m3 (ft3)(a) (193,000,000) (69,310,000)

Ratio of floor area of emplacement 61 33
drifts to floor area of the
repository, %(b)

Total area within repository boundary, 5,564,000 5,564,000
m2 (ft2)(a (59,900,000) (59,900,000)

Approximate extraction ratio based on 18, 8.7
1375 acre repository area, %(b)

(a)All
(b)All

areas and volumes are rounded to four significant digits.
percentages are rounded to two significant digits.
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3.0 PERFORMANCE GOALS FOR THE SEALING SUBSYSTEM

In this chapter, performance goals for the sealing subsystem are developed.
Performance goals are specific values of a performance measure that a system
is designed to achieve. The primary performance goals to be developed in the
NNWSI Repository Sealing Program are the hydrologic performance goals presen-
ted in Section 3.1. These goals represent the allowable amount of water that
could enter the waste disposal areas and apply to the engineered barrier sub-
system and the shaft and borehole seals subsystem (shaft portion only). These
goals provide the input needed to determine the hydrologic design requirements
that are needed for sealing components to achieve a desired performance. The
need for airborne performance goals is discussed in Section 3.2, and a per-
formance goal for boreholes is proposed in Section 3.3. The remainder of this
chapter describes the approaches used in establishing these goals and the
appropriate goals that currently are used in the NNWSI Repository Sealing
Program. These performance goals are preliminary and subject to change. The
authors believe that the model, used to develop the performance goals and des-
cribed below, is conservative because the waste packages should remain intact
longer than the time periods used in the model. In this sense, the model does
not reflect the conditions that we expect to occur.

3.1 DEVELOPMENT OF HYDROLOGIC GOALS FOR THE SEALING SUBSYSTEM

Hydrologic performance goals are derived by computing the volume of water
required to release radionuclides in amounts equal to the annual release rate
established by NRC in 10 CFR 60.113.a.1.ii.B (NRC, 1986). To compute this
volume of water a simple radionuclide release model is defined. It is recog-
nized that the data used to develop this model is limited and radionuclide
release modeling is complex. Nevertheless, we are developing this radio-
nuclide release model to provide a link between the performance objective of
the repository and the design basis for sealing designs. Further, we believe
the model presented below is conservative in that the waste package and fuel
rods should not fail as rapidly as the rates predicted below. Because failure
of waste packages and fuel rods correlate to radionuclide release, lower
failure rates mean lower radionuclide releases.

Because (1) the majority of high-level radioactive waste is in the form of
spent fuel rods (-90%) and (2) because calculations by Aines (1986) show that
releases from glass waste forms are well below the one part in 100,000/yr even
if larger than anticipated fluxes (i.e., 1 mm/yr) through the repository hori-
zon are assumed, the model presented below considers the location of radionu-
clides within fuel rods only. To compute radionuclide releases, waste package
and fuel rod failure rates are considered. Fuel rods consist of a stack of
uranium dioxide pellets (U02 matrix) encapsulated within a helium environment
in a Zircaloy tube or cladding (a small amount of U02 pellets are contained
within stainless steel cladding). Greater than 90% of the radionuclides are
located within the U02 matrix (Apted et al., 1986, pp. 5-6). Some radionu-
clides exist outside the matrix in (1) the cladding and structural parts of

3-1
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the fuel rods; (2) the gap between the fuel pellets and the cladding; and (3)
the boundaries between the U02 grains. Because radionuclides are distributed
within the fuel rod, radionuclide releases are computed from the U02 matrix as
well as other portions of the fuel rod.

The approach used in this chapter Is to compute radionuclide releases from the
matrix and, for select radlonuclides, from the cladding (and structural parts)
and the gap/grain boundaries. It Is assumed that the releases from the matrix
are directly proportional to the volume of water that contacts the waste.
Releases from gap/grain boundaries are computed by making assumptions on the
percentage of their Inventory In nonmatrix locations. Releases from the
cladding are controlled by the corrosion rate or the cladding. To arrive at
the release from the matrix portion of the fuel rods, the SPARTAN code (Lin,
1985) is used. The results from the SPARTAN code are presented in Section
3.1.2. In Section 3.1.3 hydrologic performance goals for those radionuclides
located in some portion outside the matrix is presented. Hydrologic perform-
ance goals for selected radionuclides located exclusively within the matrix
also are presented.

3.1.1 Assumptions Used to Compute Radionuclide Releases

As mentioned above, radionuclides are located within the uranium dioxide
matrix and outside the matrix. Their releases are controlled by the acces-
sibility of the radionuclides to the environment outside the waste package and
the manner in which the radionuclides are released. The release of the
radionuclides to the environment outside the waste package Is controlled by
the failure behavior of the waste package and'the fuel rods. The assumptions
describing the failure behavior of the waste package and the fuel rods are
given in Section 3.1.1.2. Additional assumptions made to compute releases of
radionuclides from matrix and nonmatrix locations are given in Section
3.1.1.1.

3.1.1.1 Assumptions Made to Compute Releases From Matrix and NonmatrIx
Locations Within Fuel Rods

The majority of radionuclides are located within the matrix. The following
assumptions are made to compute the release of radionuclides contained within
the matrix:

* Congruent matrix dissolution is assumed. This
mechanism limits the tractional release rate of the
radionuclides to the fractional release rate of the
matrix.

* Each element contained within the matrix is unifoevdy
distributed. While it is known that segregation or
radionuclides can occur during Irradiation, this fact
is not factored into this analysis because the extent
of segregation has not been adequately quantified.

3-2
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* Water contacting the waste saturates the uranium
dioxide matrix, therefore, the U02 dissolution rate is
determined by its solubility coupled with the quantity
of water.

* Water will only contact the matrix within a fuel rod
after both the fuel rod and the waste package have
failed.

As mentioned above, some radionuclides exist outside the matrix; therefore,
their release is not controlled solely by matrix dissolution. Eight radio-
nuclides, that exist in some proportion outside the matrix and that are speci-
fically considered in this report, are: Tc-99, C-14, Cs-135, Cs-137, Sr-90,
1-129, N1-59, and Zr-93. Portions of Tc-99, Cs-135, Cs-137*, I-129 and Sr-90
can be located in the pellet-cladding gap or grain boundaries. Portions of C-
14, Zr-93, and N1-59 are contained in the cladding and structural parts of the
fuel rods.

Annual radionuclide releases from Cs-135, Cs-137, I-129, Sr-90, and Tc-99
occur from the matrix and the gap/grain boundary. The portion of the inven-
tory located in the matrix is computed using the same assumption given above.
The portion of the inventory located in the gap/grain boundary is released
rapidly. Cesium can be released in quantities similar to the fission gas
release, typically less than 0.5%. A portion of 1-129 may be released simi-
larly (Wilson, 1985, p. 42). This highly mobile portion is assumed to be
immediately released in the year when the fuel rods fail. Again, release from
the waste packages occurs only after the waste package fails. In this report,
it is assumed that 0.5% of the inventory of Cs-135, Cs-137, 1-129, and Sr-90
is released immediately once the waste packages and fuel rods have failed.

Experimental works have shown that Tc-99 preferentially dissolves relative to
the bulk of the matrix. The preferential dissolution factors reported by
Oversby and Wilson (1985, p. 5) were 3.8 and 8.7 for different fuels. The
annual release of Tc-99 is equal to the release from the exposed matrix (i.e.,
the amount released by congruent dissolution) plus an amount immediately
released when the fuel rods and waste packages have both failed. The
preferential dissolution factor assumed in this report is 10.

For C-14, Ni-59, and Zr-93, It was assumed that their release was controlled
in part or total by the uniform corrosion of the Zircaloy cladding. As

Other radionuclides may exist in some portion In the pellet-cladding gap or
grain boundary, such as Mo-93 and Se-79. The development of a complete
source-term model for radionuclides release is an ongoing activity within the
NNWSI Project. Plans for the development or the source-term model are given
in Section 8.3.5.10 of the NNWSI Site Characterization Plan (DOE, in
preparation).
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reported ,n Van Koynenburg et al. (1984, p. 2), the percentage of the C-14
* inventory in the structural parts of the fuel rods 8ould be 67% for BWR and

61% for PWR spent fuel rods. In DOE (1979, pp. 3.3.20 - 3.3.21), the
percentage of C-14 in the Zircaloy cladding hulls Is approximately 7% of the

* ~total inventory. It is assumed in this report that C-114, Nli-59, and Zr-93 are
located within the fuel cladding, in the following percentages: 67% (Van
Koynenburg et al., 19814, p. 2), 100% (DOE, 1979, Volume 1, P. 3.3.140), and 5%
(DOE, 1979, Volume 1, pp. 3.3.20 - 3.3.21).

Because zirconium and Zircaloy cladding are extremely corrosion resistant
(Uhlig, 1967, P. 3214; Woodley, 1983, p. A-3; Rothman, 19814, pp. 1, 11; Oversby
and McCright, 1984, p. 6), the release rate of the radionuclides contained
within the fuel cladding is expected to be extremely slow. Rothman used
Hillner's equation for long-term oxidation behavior and computed the depth of
oxidized Zircaloy to be 17 urn at a constant temperature of 1800C for 10,000
years. If the minimum thickness for Zircaloy cladding is assumed to be 600 thm
(Rothman, 1984, p. 2; Woodley, 1983, p. 12) and the release of radionuclides
contained within the cladding was controlled by uniform corrosion, It would
take approximately 350,000 years to release all of the radionuclides contained
within the cladding. This time period would correspond to a release rate of
2.8x00 of-the total inventory per year.

The time to release all the radionuclides would be longer if temperatures were
lower. Using Hillner's long-term oxidation equations at a temperature of
100C, the depth of oxidized Zircaloy after 10,000 years is calculated to be
0.0y469 m. If we assumed that the release of radionuclides were controlled by
this uniform corrosion, then the release rate per year for radionuclides
contained within the fuel cladding would be approximately 7.8xc09 of the
total inventory. Failure of' the waste package' as a result of other failure
mechanisms such as pitting or stress corrosion could breach the fuel cladding
and allow water entry within the gap region.. Because water would be on both
sides of the cladding, uniform corrosion could 'occur' at a rate twice that
calculated. This factor (twice the computed amount) is used in the computa-
tion of yearly radionuclide release rates. Further, it is assumed that the
corrosion rate of the fuel cladding should not be affected by the sporadic
nature of the water flows assumed In these analyses.

From the preceding discussion all of the inventory of Ni-59 is assumed to be
mreleased at a rate of 7.8m0 9 per year as computed from the corrosion of the
Zircaloy cladding. A portion of the total inventory of Cw1t 4 and Zr-93 also
can be released through the corrosion of the cladding. Additional assumptions
associated with the corrosion of cladding Include

5.*corrosion of outside surface of the cladding begins
when failure of the waste package occurs, and

* corrosion of the Inside surface of the cladding begins

when the fuel rod falls.
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In addition to this release from the cladding, C-14 and Zr-93 also can be
released from the matrix. The release is controlled by the congruent dissolu-
tion assumption given above. A third component of release is also considered
for C-14. This component is the release of C-14 as a gas from the surface of
the fuel rods when the waste package is breached. The percent of C-14
inventory is assumed to be 0.3% (Van Koynenburg, 1984, p. 6). Because this
portion of C-14 is released as a gas, it is assumed that this amount of C-14
is released immediately when the waste package fails.

3.1.1.2 Assumptions Concerning the Failure of the Waste Package

In addition to the assumptions given in the previous section, the radionuclide
release model presented in this report included several assumptions on the
failure of the waste packages and the fuel rods. The assumptions made in this
section control, in part, the release of radionuclides from the matrix, the
gap/grain boundary, and the cladding. The following assumptions are made:

* During the first 300 years following emplacement it is
assumed that containment is substantially complete.

* At 301 years after closure, the waste packages begin to
fail at a linear rate of 0.1% per year. Therefore,
1,300 years after closure, all the waste packages have
failed.

* At the time of closure, 0.02% of the fuel rods have
failed. Woodley (1983, p. 14) cites that failure
levels for typical LWR fuel is approximately 0.01% to
0.02%.

* Fuel rods will begin to fail Immediately after closure
at a rate of 0.01% . Therefore, at 300 years after
closure, 3% of the fuel rods have failed.

* Fuel rods, contained within intact waste packages will
continue to fall at a rate of 0.01%. Once the waste
package has failed, however, the remaining, unfailed
fuel rods will fall at an accelerated rate of 0.1% per
year. Use of these values suggests that all of the
fuel rods will be breached 2,300 years after closure of
the repository.

* Failed waste packages and fuel rods are uniformly
distributed throughout the repository. This is a rea-
sonable assumption because no segregation of failed
fuel rods Is currently planned when they are emplaced
in waste packages.
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Because the failure raLes presented above for fuel rods are speculative,
caution should be exercised in their use. Nevertheless, the authors feel that
the use of the failure rates for the waste package and the fuel rods are
reasonably conservative because we do not expect failure rates to be that
high. For example, It is estimated that containment will be substantially
complete from 3,000 to 30,000 years (DOE, 1986, p. 6-372). Even if the lower
estimate were achieved, only limited radionuclide releases could occur for the
first 3,000 years after closure.

The assumptions given above are used to develop two factors, a matrix release
factor and an immediate release factor. The matrix release factor represents
the portion of the U02 matrix that is available for dissolution. This sug-
gests that both the waste package and fuel rods must fail in order for the U02
matrix to be available for dissolution. This fact was used to compute the
radionuclide releases from the matrix. The immediate release factor is that
portion of the total inventory that fails in any given year. This factor is
applied to those radionuclides that exist in some portion outside the matrix
and can be released easily once the fuel rods are breached. This factor is
applied to Cs-135, Cs-137, 1-129, and Sr-90. Implicit In this factor is the
assumption that the failed fuel rod must be located within a failed waste
package. Carbon-14 is also released Immediately, but is controlled by the
failure rate of the waste package, i.e., once the waste package fails, a
portion (0.3%) of C-14 in the form of a gas is released immediately.

The matrix and immediate release factor are displayed in Figures 3-la and
3-lb. Mathematically, the immediate release factor (IRF) can be described as
follows:

frf
IRF - ry (3-1)

y -tfr

where
y : year after closure (range is 301 to 2,300 years after

closure),

frf = number of newly breached fuel rods available for release in
year 'y', and

tfr = total number of fuel rods in the repository.

The variable 'frf ' Is dependent on the time after closure that is being
y

considered. The relationships used for different time periods is defined
below.

when y 301, frf301 cy;
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n y
302< y < 1,300, frfy b : cY

n 301

n = 1,300
1,301 < y < 2,300, frf bn;

n = y - 1,000

where
bn = 0.1% or unralled fuel rods at time 'n' In failed waste

packages, and

cy = number of failed fuel rods contained in waste packages failed
in year 'y'.

The matrix release factor (MRF) can be defined as

n -y
MRF nny IRF (3-2)

"' n 301

Because the MRF represents the yearly accumulation' of the IrAF, its value
ranges from the IRF value at year 301 after closure to 1 at year 2,300 after
closure. The range is reflected 1in Figure 3-la. At 1,000 years following
closure, the model predicts 28% of the matrix is exposed so that dissolution
can occur. This assumed value of exposed waste is much higher than the amount
of fuel expected to be available for dissolution. The values for the IRF
factor increase from 300 to 1,300 years after closure. As indicated above,
the IRF is dependent on the failure of fuel rods in both previously failed and
newly failed waste packages up to 1,300 years after closure. Because the
waste package failure rate is constant and because it is assumed that fuel
rods continue to fail even while in intact waste packages, failure of a new
set of waste packages each year exposes a greater number of failed fuel rods
than the year before. The offset at 1,301 years after closure represents the
last contribution of failed fuel rods that have remained in the last set of
waste packages remaining intact up to 1,300 years after closure. Beyond 1,301
years, the number of failed fuel rods decreases each year until all have
failed at 2,300 years after closure.

3.1.2 Radionuclide Releases From the U02 Matrix Using the SPARTAN Code

The assumptions given in Sections 3.1.1.1 and 3.1.1.2 are used to compute the
hydrologic performance goals. To compute ;radionuclide releases from the U02
matrix the computer code SPARTAN was used. The results from SPARTAN were then
coupled with the assumed release rates of those radionuclides located in
nonmatrix locations. These yearly radionuclide releases were then adjusted
considering the immediate and matrix release factors described in Section
3.1.1.2.

3-8
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The various steps mentioned previously are described below in more detail.
The remainder of this section describes the releases of radionuclides from the
U02 matrix. Section 3.1.3 presents performance goals for select radionuclides
and Section 3.1.4 discusses the sensitivity of the assumptions made on the
percentages of radionuclides located in nonmatrix locations and the manner in
which they are released.

SPARTAN is a computer code that can calculate radionuclide transport. It
incorporates Darcy flow, radionuclide decay, and, convective transport with
constant retardation of radionuclides with respect to water flow. In the
analysis presented below, the release of radionuclides at the edge of the
waste package is computed. This approach is implemented so that a direct
comparison can be made to the NRC performance criterion for the release from
the engineered barrier system. The release of radionuclides is computed using
a mass transport formulation. The primary formulas used in SPARTAN are given
below.

Because congruent leaching is assumed in SPARTAN, the release of individual
radionuclides is controlled by the dissolution of the uranium matrix. The
dissolution of the uranium matrix 'DV' is defined as

D"(t = q *Sy (3-3)

where
D(t) = dissolution of uranium at time t (kg/yr),
q = amount of water contacting the waste package (m3/yr), and
S = solubility limit of the uranium matrix (kg/m 3).

The dissolution of an individual radionuclide 'Dj' will then be

Dj(t) = D,(t) (mj(t)/m,(t)] (3-4)

where
Dit) = dissolution of the 'Jth' radionuclide at time

't' (kg/yr),

mj(t) = mass inventory of the 'Ith' radionuclide at time
't' (kg/unit of waste considered), and

m"(t) = mass inventory of uranium at time 't' (kg/unit
of waste considered).

Because 'q' is directly proportional to the annual release of any radionu-
clide, an amount of water can be computed that represents the maximum amount
of water, 'qmax'I that can contact the waste form and not violate the NRC
criteria. To compute 'qmax' the ratio of the annual release of any radionu-
clide to its NRC limit should be equal to one as indicated below.
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-Dljt) (qmax uS) [m(t)/m (t)] (3-5)
NRC limit - NRC limit

J j

Because Sw, mj(t), mp(t), and NRC limitj are specified, qmax can be computed.

Differences in the values for mj(t), mU(t), and the NRC limits associated with
specific radionuclides lead to different values of 'qmax,' As implied in
Equations 3-3 through 3-5, additional information is necessary to compute
'qmax'. This information includes the radionuclide inventory and the solu-
bility limit of the uranium matrix. The radionuclide inventory used in
SPARTAN is the 10-year, out-of-reactor inventory specified in DOE (1919). The
assumed, solubility limit of the uranium matrix is 5 ug/ml (5x10- kg/rn).
This value corresponds to the highest uranium concentration (unfiltered
solution), determined experimentally for bare fuel in J-13 well water (Oversby
and McCright, 1984, p. 9; Wilson and Oversby, 1985, p. 9).

Because 'qmax' is inversely proportional to the ratio of the release of a
specific radionuclide to its NRC limit, 'qmax' for the jth radionuclide can be
computed using the following equation:

qmax(t) D(t)/NRC limitJ (3-6)

The value 'q' represents any assumed volume of water contacting the waste (see
Appendix B for typical SPARTAN results). The denominator represents the ratio
of the release of a specific radionuclide to its NRC limit associated with the
amount 'q'. Knowing the ratio of D (t)/NRC limit for a specific 'q' value,
qmax (t)' can be computed for all (he radionuclides at any time. The value
PqmaxJ(t)t represents the hydrologic performance goal for a radionuclide tJ'
at an; time 't'. The greater the value of D (t)/NRC limitj, the lower is the
hydrologic performance goal, i.e., the maximum amount of water that can con-
tact the U02 matrix and not exceed the NRC criterion of 1 part release in 105
of the 1,000-year inventory of a specific radionuclide.

3.1.3 Computation of Hydrologic Performance Goals for Select Radionuclides

In this section hydrologic performance goals are developed for these radio-
nuclides considering an assumed failure of the waste packages and fuel rods.
In Figure B-1 (Appendix B), Pu-238, Am-241, and Pu-242 are identified as those
radionuclides that have the lowest and most restrictive hydrologic performance
goals compared with other radionuclides contained totally within the matrix.
The hydrologic performance goals of those radionuclides located in part or
totally outside the U02 matrix are also computed. These are: Cs-135, Cs-137,
Sr-90, Tc-99, C-14, 1-129, Zr-93, and Ni-59. For these radionuclides,
releases from nonmatrix locations must also be considered. The formulas used
to compute the hydrologic performance goals are given in Table 3-1. The
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Table 3-1. Formulas Used to Compute Hydrologic Performance Goals for
Selected Radionuclides

NRC limit- * q

qmaxj(t) HR2 )*R t
NRF(t) * RJ (t) (Pu-238, Pu-242, Am-241)

NRC limit1.- [DF IRF(t) * INV1(t)

qmaxj(t) RFMt) (1 - DF) R(t) q

(Cs-135, Cs-137, Sr-90, 1-129)

NRC limit1 * q

qmaxj(t) IRF(t) * PDF * R tt) + R i(t) * MRF(t)

(Tc-99)

NRC limit1 - [COR *INV (t) DF- *IRF(t) * MRF(t)l

qmaxj(t) H ~ MRF(t) * (1 - DF) RF(t) q

(Zr-93)

NRC limit1 - [COR * DFC *INV1(t)] jIRF(t) + iRF(t)] - (0.001 INV (t) * DF1

qaj(t) HRF(t) .(1 - DFC - DF) -R(t) *q

(C-14)

NRC limit

HCO~t) IRF(t) *INV Mt + HRFMt * INV Mt

(N1-59)
where

DF :decimal fraction of 'Jth' radionuclide available for immediate
release,

INV (t) : inventory of the 'Jth' radionuclide at time 't', (Ci),
Rd) : dissolution or the 'Jth' radionuclide at time 't' for a specific

volume or water, 'q' (CI/yr),
PDF :preferential dissolution factor,
MCOR(t) :maximum allowable corrosion rate at time 't' (decimal fraction of

available inventory that can be relased per year),
COR : assumed corrosion rate (decimal fraction or available Inventory

that can be released per year), and
DFC : decimal fraction in cladding.
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results are presented in Figure 3-2. The curves presented in this figure use
the assumptions given in Section 3.1.1.1. The time period displayed on Figure
3-2 goes from 300 to 3,000 years after closure. This incorporates the time
period where the waste package and fuel rods are assumed to fail, i.e., from
300 to 2,300 years after closure. By our radionuclide model, all waste
packages and fuel rods are failed beyond 2,300 years; therefore, all of the
U02 matrix is available for contact with water after 2,300 years after
closure.

For specific radionuclides indicated in Figure 3-2, the hydrologic performance
goals are always greater than 1.3x105 m3 of water/year. For those radionu-
clides with short half-lives, (i.e., Sr-90, Cs-137, and Pu-238) the lowest
performance goal occurs soon after waste package and fuel rod failure occurs.
This occurs because their inventory is still high 300 to 400 years after
closure. Beyond 400 years after closure their inventory available for release
decreases substantially. For the radionuclides with longer half-lives, their
hydrologic performance goal reaches a near steady state after the waste pack-
ages and fuel rods have all failed at 2,300 years. Again, total failure of
the waste packages and fuel rods at 2,300 years after closure is not expected.

3.1.4 Sensitivity of the Assumptions Used to Compute the Hydrologic
Performance Goals

As mentioned earlier, the hydrologic performance goals computed in Figure 3-2
used reasonably conservative and realistic assumptions given in Section
3.1.1.1. The assumptions concerning inventories of radionuclides outside of
the matrix and release rates of these inventories are based on available
laboratory data. To illustrate how these assumptions affect the hydrologic
performance goals, these assumptions are varied. If the assumptions on waste
packages and fuel rod failures are modified, the results from the sensitivity
study presented below will change.

Figure 3-3 shows how the performance goals for I-129 and Cs-135 are affected
if the percentage of the inventory* available for immediate release is
increased. This figure illustrates that increasing the amount available for
Immediate release decreases the performance goals. The assumption of immedl-
ate release controls the total release of the radionuclides. Increasing the

A study on the leaching of Cs-137, Cs-134, and I-129 from CANDU fuels (Johnson
et al., 1983, p. 474) illustrated a correlation between fission gas release and
the fraction of rapidly released cesium and iodine. For the higher fission gas
releases, the fraction of cesium release was about 50% of the gas release.
This conclusion together with the range of percentages of xenon gas release
from the gap (Johnson et al., 1983, p. 472) would suggest a potential range of
cesium and iodine that could be released rapidly. It should also be noted that
segregation of fission products from U02 matrix occurs to a greater extent in
the CANDU fuels than in the PWR or BWR fuels (DOE, in preparation, p. 7-191).
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percentage of 1-129 from 0.5% to 30% and Cs-135 from 0.5% to 3.5% reduces the
performance goal. The pronounced discontinuity in the performance goal curves
occurs at 1,300 years because the half-lives of these radionuclides are long,
therefore, the inventory has not decreased substantially from the time of
emplacement. Therefore, if we assume'that the percentage of the radionuclides
available for immediate release increases, a greater amount of radionuclides
are released as the fuel rod and waste package fail. Because the immediate
release of these radionuclides occurs at the same year the fuel rods are in
failed waste packages are breached, and because the largest number of fuel
rods in failed waste packages are breached at 1,300 years after closure, the
largest release occurs at this time. As the radionuclide releases from non-
U02-matrix sources increases, the release from the U02 matrix must be reduced
to assure that the NRC criteria of 1 part in -105 is met. Because radionuclide
release from the matrix is controlled by water contacting the waste, a reduc-
tion in the allowable amount of water contacting the waste is necessary. This
reduction in the hydrologic performance goal is observed at 1,300 years.

Similar alterations in performance goal curves are observed for Sr-90 and
Cs-137. However, modification of performance goal curve occurs Immediately
after the containment period of 300 years ends. These modifications occur
from 300 to 400 years after closure because the inventory of both of these
radionuclides is high. Beyond 400 years after closure their inventory, and
subsequently their releases, decrease rapidly. If the waste package remained
intact for up to 500 years after closure, the inventory of these radionuclides
would have decayed sufficiently where the assumption of the percent of imme-
diate release would not noticeably modify the performance goals as indicated
in Figure 3-4.

Figure 3-5 illustrates how varying the corrosion rate and percent of the
inventory in the fuel cladding affects the performance goals for Zr-93 and
C-14. Two corrosion rates are selected to develop these curves 0.0469
vm/10,000 years to 17 pm/10,000 years. The former corrosion rate was given in
Section 3.1.1.1 and the later corrosion rate was that computed by Rothman
(1984, p. 11) for the depth of oxidated Zircaloy that would occur over a
10,000 year period at a temperature of 1800C. These depths of oxidized
Zircaloy would correspond to a value of 7.8x10-9 and 2.8x10 6 of the total
available inventory of a radionuclide in any year. Using these values and
varying the percentage in the cladding, variations in the performance goal
curves are observed in Figure 3-5. The greater the amount of Zr-93 in the
cladding, the greater will be the performance goals. This suggests that
release of Zr-93 from the matrix will have a greater influence on the perform-
ance goals. For C-14 four variables were changed. The corrosion rate, the
percentage of C-14 in the cladding and matrix, and the amount available for
immediate release as a gas were changed. The percentages of 61% and 67% of
C-14 in the cladding represent the amounts of C-14 in PWR and BWR fuel respec-
tively (Van Koynenburg et al., 1984, p. 2). All combinations of variables in
Figure 3-5 illustrate little variation in the performance goals. By con-
trasting curves 1 and 2, the effect of corrosion rate can be observed. By
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increasing the corrosion rate by greater than two orders of magnitude, the
performance goals are reduced by approximately 25%. Increasing the percentage
of C-14 in the cladding from 61% (curves 1 and 2) to 67% (curves 3 and 4)
decreases the performance goals by less than 10%. A similar reduction is
noticed by comparing curves 5, 6, and 7. By increasing the percent of C-14 in
the cladding from about 50% to 67%, the performance goal decreases approxi-
mately 25%. A final comparison was made by arbitrarily increasing the amount
of C-14 that could be immediately released from 0.3% toM.5%. Curves 1 and 5
reflect the difference that occurs in the performance goal curves by making
this change. By increasing the C-14 that can be immediately released by 0.2%,
the change in performance goals is about 25%. From the preceding discussion
on C-14, the variable that would most significantly change the hydrologic
performance goals is the amount of C-14 that could be instantaneously released
once the waste package fails.

The last two radionuclides considered in this sensitivity analysis are Tc-99
and Nl-59 (see Figure 3-6). It is assumed that the release of Tc-99 is con-
trolled by the amount released congruently from the matrix plus a preferential
amount dissolved from the matrix. This preferential amount is defined by the
preferential dissolution factor (PDF). In the analysis prcsented in Section
3.1. 1. 1, a PDF of 10 was used. The PDF, when increased to a value of 400,
reduces the performance goals, but their values are still greater than the
steady state, performance goal of about 1.3x105 m3/year.

The most pronounced difference in the release of Tc-99 occurs immediately
after the containment period of 300 years. The reason for this is that the
amount or waste available for release using the congruent leaching assumption
is small in comparison to that amount that is, preferentially released from the
matrix. This preferential release occurs the same year that failed fuel rods
in failed waste packages occur.

Because Ni-59 is assumed to be located totally within the cladding and
structural parts, hydrologic performance goals were not computed. Rather, the
maximum-allowable, inventory loss per year was computed. The computed inven-
tory loss of a specific radionuclide contained within the cladding was assumed
earlier as 7.8x10 9 of the inventory/year. The difference between this value
and the values given in Figure 3-6 represents a factor of safety that can be
associated with the release of Ni-59.

From the sensitivity analysis presented above, it is apparent that some varia-
tion in the modeling assumptions, dealing with the location or radionuclides
and that portion that can be immediately released, can occur and not signifi-
cantly reduce the hydrologic performance goals presented in Figure 3-2.
Therefore, we believe that the hydrologic performance goals presented for spe-
cific radionuclides in Figure 3-3 are reasonably conservative and realistic.
Nevertheless, to add an additional degree of conservatism and to simplify the
future analysis Jn this report, one set of hydrologic performance goals will
be used. The proposed set of hydrologic performance goals is taken from the
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SPARTAN analysis (see Figure 3-2). Specific values of the design-basis-
performance goals are given in Table 3-2. In column 2, the maximum-allowable-
performance goals are indicated. The values in column 2 are based on the
lowest value of the maximum-allowable goal for any specific radionuclide given
in Figure 3-2. The difference between the design-basis-performance goal and
the maximum-allowable goal for a specific radionuclide represents a safety
margin.

3.2 DEVELOPMENT OF THE AIRBORNE PERFORMANCE GOAL FOR THE SEALING SUBSYSTEM

Shafts represent potential pathways that could "compromise the geologic
repository's ability to meet the performance objectives for the period
following permanent closure" (NRC, 1986, p. 625). The performance objective,
defined in 10 CFR 60.112 (NRC, 1986, p. 618), indicates that the shafts and
their seals shall be designed to assure that releases to the accessible
environment should comply with the release limits specified in 40 CFR 191
(EPA, 1986). Release to the accessible environment can occur through water
transport or air transport. Air flow out of the repository can be induced by
convection (as temperatures in the repository rises because of waste decay)
and by changes in barometric pressure at the ground surface.

Some potential gaseous species (Xe isotopes, Rn, Kr-85, and H-3) can be
eliminated from concern because of their short half-lives, assuming that the
containment period will be 300 to 1,000 years. *The radionuclides that could
potentially enter the repository in a gaseous state are C-14 and I-129 (Van
Koynenburg et al., 1984, p. 1). As indicated by Van Koynenburg, 0.3% of the
C-14 inventory in a stored canister of spent fuel might be released as a gas.
Portions of the I-129 inventory in spent fuel may be concentrated in the
pellet-cladding gap and/or on the grain boundaries of the fuel (Oversby and
McCright, 1985, p. 10). The percentage of.the total inventory is assumed to
be 0.5% (Oversby and Wilson, 1985, 0. 9). Release of the gaseous forms of
C-14 and 1-129 have been considered in the development of the hydrologic
performance goals in Section 3.1.3.

In determining whether or not the shafts represent a preferred pathway, it is
important to consider the total inventory of C-14 that can be released as a
gas through the shafts. The total allowable C-14 and 1-129 inventories that
can be released to the accessible environment up to 10,000 years after closure
are 100 curies/1,000 MTHM. The total inventories of C-14 and I-129 that are
released from the waste packages, using the radionuclide release model
presented earlier in this chapter, are approximately 4 Ci and 0.2 Ci, respec-
r ively. Because these values are a small percentage of the total allowable
release, we adopt the position for our current planning basis that the
requirements given in 10 CFR 60.134 are satisfied if the radionuclide releases
or C-14 and 1-129 as a gas out of the shaft is restricted to one percent of
the allowable release limit for each radionuclide. Because the allowable
release limit is 100 Ci/1,000 MTHM, the performance goal would be 1 Ci
released for each radionuclide. This would mean reducing the total gaseous
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Table 3-2. Hydrologic Performance Goals for the Sealing Subsystem(a)

Haximum-Allowable- Design-Basis-
Time After Performane Performance

Repository Closure, Gjal,M G- al,k c
years m /vear m /vear

0 - 300 3.88 x 107 (d) 1,180(d)

400 3.12 x 105 2,600

500 2.09 x 105 5,690

600 2.18 x 105 12,300

700 2.74 x 105 26,500

800 3.83 x 105 55,900

900 5.62 x 105 116,000

1,000 - 10,000 3.79 x 105 to 1.36 x 105  136,000

(a) Applies to selected sealing components located within the underground
facility,.shafts, and ramps.

(b) Represents the lowest, hydrologic performance goal for any radionuclide in
Figure 3-2. The curve for Pu-238 displays the lowest performance goals
from 300 to approximately 1,000 years. The curve for Pu-242 displays the
lowest performance goals beyond 1,000 years.

(c) Proposed volume of water that can enter the waste disposal areas each
year (see Figure 3-2).

(d) During this period it is assumed that containment is achieved and no
release occurs. The hydrologic performance goal is selected to be that
computed at 300 years.
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release of C-14 from 4 Ci/1,000 MTHM to 1 Ci/1,000 MTHM. This reduction of 4
Ci/1,000 MTHM to 1 Ci/1,000 MTHM suggests that no more than 25% of the total
air flow should exit from the shafts. This value of 25%, therefore,
represents our performance goal for air flow out of shafts. No reduction of
1-129 is required if we apply a similar logic to the release of 1-129 because
the potential release is less than 1 Ci.

It is recognized that the release of airborne radionuclides can be reduced by
the emplacement of seals or backfill. To better understand the magnitude of
reduction, air flow calculations are performed and are described in detail in
Appendix C. Convective air flow models are evaluated in Appendix C. The
first model, Mechanism A, assumes no flow through the tuff rock above the
drifts. Therefore, all flow occurs only through the shafts, ramps, and
drifts. The second model, Mechanism B, assumes that flow also can occur
upward through the undamaged tuff rock. Primary conclusions reached from
these calculations are synopsized below:

* Total, air-flow rates are dependent on the atr
conductivity of the shaft fill (Mechanisms A and B, see
Table C-2) and the undamaged tuff (Mechanism B, see
Figures C-3, C-4, C-5, and C-6).

* Little reduction in air flow rate is achieved by
backfilling drifts. Filling shafts and ramps is most
effective in reducing the air flow rate (Mechanism A,
runs 1 - 3 compared with runs 4 - 6, Table C-2).

* When the shaft fill, air conductivity is less than
3x10 4 m/min, the percentage of flow through the ihaft
fill and the modified permeability zone (MPZ) is
always less than five percent of the flow through the
rock above the repository drifts, regardless of the
emplacement configuration or the presence of a modified
permeability zone (Mechanism B, see Figures C-7, C-8,
C-9, and C-10).

* When the air conductivity of the overlying tuff rock is
high (i.e., for welded tuff 3x10 4mmin and for the
nonwelded tuff 3x10-5  m/min), varying the air
conductivity of the shaft fill does not affect the
total flow rate over a broad range of shaft fill air
conductivities (Mechanism B, see Figures C-3, C-4, C-5,
and C-6).

The modified permeability zone is the zone immediately surrounding an
underground excavation in which the permeability of the rock mass has been
altered due to stress redistribution and blast damage effects.
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* The presence of an MPZ ;around the shaft and ramp
excavations does not significantly affect the flow
rates out of the shafts (Mechanisms A and B, see Table
C-2).

3.3 DEVELOPMENT OF THE PERFORMANCE GOAL FOR BOREHOLES

Boreholes could potentially provide pathways for radionuclide migration from
the repository to the water table. As discussed in Section 6.7, as of May
1986, there are four existing boreholes within the proposed repository peri-
meter that penetrate to the water table. These boreholes provide a potential
vertical pathway from the repository to the water table. Additional bore-
holes, many of which penetrate to the water table are located within 5 km of
the repository perimeter. Among these holes, a potential pathway exists for
those holes, which are downdip from the repository. Water that drains through
the repository floor could become perched at a stratigraphic contact, flow
downdip, and enter a borehole that penetrates through the stratigraphic
contact to the water table. However, if a fully saturated condition does not
exist, the borehole would act as a capillary barrier. This conclusion is
reached based on the analyses of a shaft in the unsaturated zone that
penetrates a welded-nonwelded tuff interface.

Generally, boreholes that occur to the east and northeast of the repository
are more likely to act as pathways, whereas boreholes that occur to the west
of the repository, as well as probably those to the south and north, cannot
act as pathways for radionuclide migration (Section 6.7). This is true
because water passing through a stratigraphic discontinuity will pass through
the contact or flow downgradient along the contact. At Yucca Mountain, the
contours defined by stratigraphic contacts indicate a dip or direction of flow
generally to the east or northeast.

Performance goals and requirements for borehole seals are developed from the
NRC 10 CFR 60 requirement (Section 1.2) that "boreholes shall be designed so
that following closure they do not become pathways that compromise the geolo-
gic repository's ability to meet the performance objectives." We adopt the
position that this requirement is satisfied if the potential for vertical flow
through boreholes is only one percent or less of the potential for vertical
flow through the entire rock mass over which lateral flow along stratigraphic
contacts is assumed to occur. In Section 6.7, we develop a performance
requirement by considering the potential total flow through all boreholes
within 5 km of the repository (for various areas on the eastern side of the
repository) and the potential total flow through the area of the rock mass
also extending to 5 km, under the same unit gradient.
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4.0 ESTIMATES OF WATER FLOW INTO SHAFTS AND THE UNDERGROUND FACILITY

In this chapter, both anticipated and unanticipated conditions are postulated
for water flow into shafts and the underground facility. Because hydrologic
data are limited, engineering judgment is used in defining the conditions that
are evaluated. Anticipated hydrologic conditions in this report include (1)
matrix flow over the entire repository area, (2) annual, limited, and local-
ized fracture flow, and (3) limited, surface flow into shafts. Precipitation
events sufficient to cause sheet flow, i.e., flooding events, are assumed to
occur annually to introduce water into the fractures and shafts. The dura-
tions of these events are limited. Unanticipated hydrologic conditions
include (1) continuous fracture and matrix flows over the entire repository
area and (2) extensive surface flow into shafts from major flooding events.
The duration of these flooding events is limited only by the supply of water
at the shaft location.

Descriptions of these conditions are provided in this chapter. To obtain
estimates of water flow into shafts/ramps and the underground facility
analytical solutions, together with engineering judgments, are used.
Additionally, the horizontal and vertical emplacement configurations are
discussed for both flow conditions.

4.1 WATER FLOW INTO REPOSITORY SHAFTS

Potentially, the shafts could act as conduits for surface runoff or ground
water to enter the repository. The scenario is that if a large volume of
water were to enter a shaft, the sump would fill and the excess flow would
enter the drift (or drifts) connecting the shaft to the repository. Flow
within the repository would then be determined by the room layout, by the
grade of the drifts, by drainage through the floors of the drifts, and by any
measures taken to impede or divert flow. Figures 2-6 and 2-7 show the
locations of the four shafts in the present conceptual design for the
repository. All of the shafts are located in the northeastern part of the
repository. The Emplacement Exhaust -Shaft (EES) intersects the repository at
its lowest point; any water In the repository could drain eventually to this
point, if it does not drain through the floor.

4.1.1 Surface-Water Inflow

During operation of the repository, flood-control structures Illustrated in
Section A-1.1 will be designed to prevent surface water from entering the
shafts. After decommissioning, however, the effectiveness of the flood-con-
trol structures would probably diminish. Therefore, over the long term (i.e.,
10,000 years) water flow into the upper portion of a shaft would be poten-
tially limited by (1) the volume of surface water, (2) the topography in the
vicinity of the shaft entry point, (3) the hydraulic conductivity of sealing
components placed in the shaft, (4) the hydraulic properties of the alluvium
and Tiva Canyon Member, and (5) the extent and nature of the modified

4-1

lS1.9



__ -M __ ___

permeability zone (MPZ) adjacent to the shaft wall. These factors are
discussed below to define the assumptions for anticipated arid unanticipated
flow conditions and arrive at estimates for flow into shafts.

All of the proposed shaft locations are in valleys near washes (Figure 2-2)
that may be subject to occasional flooding during heavy rainfall. Such flood-
ing constitutes a source of water that could enter the shafts. Computations
of the total runoff for various flooding events are presented in Appendix
A-1. Existing formulas, techniques and various assumptions are used to
compute flood volumes for the 100-year, 500-year, and probable maximum floods
(PMFs) (Table 4-1). The purpose in calculating multiple flood events is to
present a comparison of the different flood volumes and to evaluate by using
different techniques the reasonableness of the values obtained. As expected,
the total flows associated with the 100-year, 500-year, and the PMFs are
progressively larger. The PMF is computed using the procedure given in
ANSI/ANS-2.8-1981 (ANSI, 1981) and represents the largest flood anticipated at
a specified location.

The second item affecting water entry into the shafts is the role of
topography. Three scenarios involving the role of topography are discussed
below: (1) debris slides, or flood debris deposition blocking water flow down
the wash, (2) subsidence of shaft fill and inward collapse around the upper
portion of the shaft, and (3) periodic sheet flow over the shaft entry point.

The first scenario would involve a large debris slide downstream from the
shaft location, or erosion of alluvium around the shaft (perhaps enhanced by
settlement, as described below), and deposition downstream, forming a dam
across the wash. At the Exploratory Shaft (ES-1) location, the width of the
valley containing the wash is about 107 m , while at the Men and Materials
Shaft (MMS), the valley width is about 244 m, and at the EES, it is about 107
m (Appendix A-i). At all three locations, a landslide large enough to
completely block the valley and impound the total fl'ow in the wash is not
credible given the thin cover of colluvium and weathered rock on the adjacent
slopes. For example, for the ES-1, a dam would have to be about 12 m high
across the 107 m wash to impound the peak 500-year discharge of 24 m3/s for
one hour. At Yucca Mountain there is at present no evidence that surface
impoundments, of the size needed to contain this flood volume, and formed by
landslides are in existence (DOE, 1986, p. 6-232). A more probable scenario

At the conclusion of this study the ES-1 and ES-2 locations were moved to the
northeast of the locations indicated in the final Environmental Assessment for
Yucca Mountain. The proposed locations for ES-1 and ES-2 are shown in Figure
A-1.1. Because the shafts have been relocated to areas that are out or the
wash and because both shafts will be collared in bedrock, the impact that
erosion and flooding could have on water entering the shafts is substantially
reduced at these exploratory shaft locations.
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Table 4-1. Flood Volumes Associated With Various Flooding Events

l-Hour
100-yr Flood 500-yr Flood Thunderstorm(d) PMF, 16 hr PMF, 14 hr

Peak(b) Total(C) Peak(b) Total(c) Peak Total Duration(a) Duration(a)
Dicharge, Flsw, Dis~harge, Flo0, Disc arge, Fl w, Total Slow, Total 3Flow,m /s m mg s m m s m m m(f3/ t3t 3, tiss (mt3) ZShaft (ftt/s) ( 3  (f' 3) (ft3 (ft fs) (acre-ft) (acre-ft)

Exploratory 5.3 4,800 24 22,000 22 55,000 159,000 93,000
Shafts(e) (190) (170,000) (850) (770,000) (750) (1,960,000) (129) (75)

Men and 7.1 6,400 32 29,000 37 99,000 226,000 132,000
Materials (250) (230,000) (1,130) (1,014,000) (1,320) (3,500,000) (183) (107)

Emplacement 3.1 2,800 14 12,000 9.9 22,000 51,000 30,000
Exhaust '(110) (97,000) (480) (4341000) (350) (780,000) (41) (24)

(a)Probable maximum flood (PMF) value taken from Bullard (1986) and 13.8 inches for a 6-hour storm and8.5 inches for a 14-hour storm.
(b)Peak discharge calculated from Squires and Young (1984).
(O)Total flow computed by taking peak discharge values and scaling flood hydrograph from Eldorado Floodhydrograph (Glancy and Harmsen, 1975, p. 15).
()Computed using the SCS unitgraph method as described in Appendix A-1 and precipitation of 7 inchesin one hour.
(e)Note that ES-1 and ES-2 are in the same drainage basin.
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is that of a small obstruction blocking a portion of the wash, slowing down
the flow and diverting runoff into the alluvium or fill surrounding the shaft.

The second scenario would involve subsidence adjacent to the shaft or
settlement within the shaft, resulting in inward collapse of the upper part of
the shaft and formation of a depression. In the conceptual design for the
repository, a network of drifts housing decontamination and emplacement equip- i
ment is excavated immediately to the south of the ES-1 at the repository
horizon (Figures 2-5 and 2-6). A similar network of drifts housing mainte-
nance facilities is located near the MMS. The extraction ratio in these areas
(about 33%) may be high enough to provide the potential for collapse and sub-
sidence over the long term. The amount of subsidence would be small, however,
particularly if the rooms are backfilled. The current conceptual design for
the repository includes plans for backfilling all drifts during decommission-
ing. If the underground workings are backfilled, a more likely mechanism for
collapse around the shaft would involve settlement of the shaft fill and
inward collapse of only the upper part of the shaft, particularly if no
measures are taken to control consolidation of the shaft fill. If the
settlement were 15 m, equivalent to 3.4% over 451 m depth, the area affected
would be about 11 m in diameter, assuming an angle of draw of 450. The volume
created within the depression would be about 160 m3.

The third scenario would involve periodic sheet flow over the entry of the
shaft. In this scenario, water entry Into the shaft would be governed by the
water available to infiltrate the shaft fill which in turn is dependent on the
degree to which shaft flow exceeds the ground infiltration capacity upstream
of the shaft. For certain hydrologic events, saturation of the ground
upstream may not occur, and the shaft fill would not likely saturate by direct
precipitation; in other instances, sheet flow may develop In which case the
water depth is expected to be small (less than 10 cm). Under these antici-
rated conditions, the water available for direct infiltration due to sheet
flow is expected to be low.

The preceding discussion has been presented to demonstrate that water can
potentially enter the shafts under extreme rainfall conditions. In the short
term, the likelihood of these occurrences will be greatly reduced by appropri-
ate, surface flood control features, but over hundreds of years, these
structures could be destroyed by weathering-or erosion. Even in the long
term, water infiltration into the shaft will probably be low due to the
limited duration and frequency of major precipitation events and, as
previously discussed, the low likelihood of impounding large amounts of water
within the washes.

4.1.2 Ground-Water Inflow

Previous work by Fernandez and Freshley (1984) has shown that ground-water
inflow to a shaft will be insignificant provided that unsaturated conditions
prevail. The conditions discussed below are inflow from the rock matrix,
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perching of ground water in the alluvium or at a lower stratigraphic contact,
and inflow from a discrete fault that intersects the shaft.

4.1.2.1 Inflow From the Rock Matrix

Fernandez and Freshley (1984, p. 35) and Freshley et al. (1985, p. 62)
- analyzed matrix flow around a shaft, using TRUST, a computer program for vari-

ably saturated flow in a multidimensional, deformable media. The calculations
were performed assuming ambient thermal conditions.

One of the primary objectives was to evaluate whether or not a perched water
table condition might occur at a stratigraphic boundary between welded and
nonwelded tuff. A second objective was to study the effects of clay and sand
shaft fill on the flow system around the shaft. Five cases were analyzed:
three having welded tuff overlying nonwelded tuff and two having nonwelded
overlying welded tuff.

When sand was used for shart fill, the calculated matrix inflow to the shaft
was approximately 2x10-14 m3 /s per meter of depth. For clay, the inflow was
approximately 10-10 rn3/s per meter of depth. The stratigraphic sequence did
not affect the inflow rates. It was postulated that perched water might form
at the contact between welded and nonwelded tuff because of the large contrast
in conductivities and porosities. Some transient buildup of water (i.e.,
saturation) at the contact was simulated, but it dissipated as the steady-
state flow system was approached.

4.i.2.2 Inflow Under Perched Water Conditions

The expected hydrologic conditions at Yucca Mountain are that the rock mass
will remain unsaturated under an average ground-water flux of less than 0.1
mm/yr (Sinnock et al., 1984, p. 52). As described in the previous section,
under unsaturated conditions the ground-water inflow to a shaft will be very
small. Higher inflows to a shaft could occur if local saturation, i.e.,
perched water conditions, could develop in the vicinity of a shaft. Theo-
retically, perching can occur where downward Infiltration is impeded by
permeability contrasts or capillary barriers. Simple analyses presented in
Appendix A-2 show that perching is theoretically possible at the alluvium-
bedrock contact near a shaft located in a wash following heavy rainfall and
flow in the wash if the hydraulic conductivity of the alluvium is high.
Perching is also theoretically possible at the contact between the Tiva Canyon
and the underlying, less permeable, Paintbrush nonwelded unit.

There is no conclusive evidence that perched water currently exists at Yucca
Mountain. Water was encountered above the water table in boreholes USW UZ-1
and USW H-1. In USC Z'b-1. ..iter was encountered in the Topopah Spring welded
unit and was beloivea to bet the drilling fluid used to drill an adjacent well
USI C-1; however, no determination was made concerning the presence of natu-
rally occurring watcrs (DOE, 1986, p. 6-139). In USW H-1, water seepage into
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the borehole was observed in the Topopah Spring welded unit. Because water
was used to drill the borehole, and no water samples were taken to determine
whether these water seeps were drilling fluids or naturally occurring waters,
a determination of the presence of perched waters in the Topopah Spring Member
could not be made (DOE, 1986, pp. 6-139 and 6-140). Currently no evidence
exists for the presence of perched water above the Topopah Spring Member.
Observations are planned during Exploratory Shaft Facility construction and
operation to evaluate the occurrence of water inflows.

4.1.2.3 Inflow From a Discrete Fault

Higher inflows than those calculated by Fernandez and Freshley (1984) could
possibly occur if a shaft was intersected by a high-permeability fault or
fracture zone. It is noted, however, that no significant fault was found in
borehole USW G-4 (Bentley, 1984) near the ES-l location. Moreover, none of
the other shafts is located near a major fault (Section 2.1). It is con-
sidered unlikely, therefore, that inflows would occur into shafts from a major
fault. Minor faulting, however, does occur throughout the Yucca Mountain
area. The hydrologic significance of faults in-general will be investigated
through testing associated with the Exploratory Shaft Facility.

4.1.3 Assumptions for Water Flow Into Shafts

Two scenarios are selected to represent anticipated and unanticipated flows to
the shaft. These scenarios include:

* periodic sheet flow over shaft entry points for the
anticipated water flow condition (third scenario in
Section 4.1.1), and

* restriction of all flood waters in the alluvium above
the shaft locations for the unanticipated water flow
condition (first scenario in Section 4.1.1).

The assumptions used in evaluation of flow under anticipated and unanticipated
conditions are given in Table 4-2.

For the anticipated scenario, it is assumed that no restriction of flood
waters in the alluvium occurs. Therefore, a perched water system does not
form that would result in radial flow towards the shaft. Any fault systems
that intersect the shaft are assumed to be dry.

For the unanticipated scenario, it is assumed that flood water would be
partially impeded from flowing down the wash, and that the alluvium would be
saturated under perched conditions near the shaft. The scenario does not
assume a massive impoundment of flood volumes, but it is assumed that the
storage capacity in the vicinity of the shaft location Is sufficient to retain



Table 4-2. Assumptions Made for Anticipated and Unanticipated, Yearly Water Flow Into Shafts

Anticipated Water Flow Unanticipated WaterFlow

* No restriction of flood waters' in alluvium at
shaft locations, i.e., no perched water system
at surface.

* Shafts filled with a granular material having a
saturated hydraulic conductivity of 10 cm/s.

* No seals in shafts.

* Restriction of all flood waters in alluvium at
shaft locations, i.e., perched water system at
surface.

Shafts filled with a granular material having a
saturated-hydraulic conductivity of 10 cm/s.

* No seals in shafts.

* Water supply defined by PMF volume and 500-year
flood volume.

* No restriction on the duration of flow into
shafts.

* Water supply defined by four thunderstorms >1.3
cm (0.5 In.).

* Duration for each thunderstorm is 1 hour. Sheet
flow over shaft and fault locations lasts for
one hour. Water depth of sheetflow is 1.25 ft.
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all the flood volume from selected flood events. The alluvium is assumed to
become instantaneously saturated following-the flood event.

The flow under unanticipated conditions is assumed to occur in one of three
ways; these include vertical infiltration into the bedrock, lateral flow down
gradient through the alluvium, or radial flow towards the shaft. To provide
conservatism, the water is assumed to be isolated from the surface evapotrans-
piration zone and evapotranspiration is neglected. As discussed in Section
4.1.5, the amount of water entering the shaft is dependent on the hydrologic
properties of the near-surface geologic units, the shaft components, and the
MPZ associated with the shaft.

4.1.4 Estimates of Water Flow Into Shafts Under Anticipated Conditions

As discussed in the previous section, the water entering the shafts under
anticipated conditions is expected to occur from periodic sheet flow over the
shaft entry points. Water supply is controlled by duration and frequency of
the surface flooding event.

Typically, the flow rate during a flash flood in a semiarid environment will
rise and decrease rapidly, with the peak flow period having a short duration
(Glancy and Harmsen, 1975, p. 15). In our analysis, the duration of flow
corresponding to the duration of infiltration is assumed to be approximately 1
hour, corresponding to the duration of a probable thunderstorm (U.S.B.R.,
1974, p. 52). The frequency is controlled by the number of precipitation
events having sufficient precipitation to cause surface runoff. Using limited
field observations by the U.S.G.S. in the Yucca Mountain area, Bullard, 1986
concluded that "one to two inches of rainfall is required before any runoff
occurs". For the purpose of this report, it is conservatively assumed that
runoff will occur if the precipitation amount is greater than 1.3 cm (0.5
in.). A recently published report summarizing meteorological information in
the Yucca Mountain area (Eglington and Dreicer, 1984, pp. 1-16, 1-17)
indicated, for the climatological records between 1962 and 1971 for Yucca
Flat, Nevada, and between June 1978 and May 1983 for Desert Rock, Nevada, that
on the average four thunderstorms having a precipitation greater than 1.3 cm
(0.5 in.) occur per year. Therefore, it is assumed that infiltration into the
shaft fill occurs four times during the year and the duration for each event
Is 1 hour.

To compute the amount of water entering the shaft, a simple method for
calculating vertical infiltration, i.e., the Green and Ampt approach (Hillel,
1971, pp. 140-143), is employed. Details of this approach are given in
Appendix A-3. For a shaft fill having a saturated hydraulic conductivity of
to-2 cm/s, the depth of penetration into an initially dry, shaft fill over a
1-hour period is 2.4 m. The total amount of water entering all shafts is
given in Table 4-3 for an assumed porosity of 0.3 for the shaft fill. For
shaft fills having low hydraulic conductivities (less than or equal to 1o02
cm/s) the initial flow rate computed using the Green and Ampt approach is
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Table 4-3. Yearly Inflow Through All Shafts Under Anticipated Conditions

Shafts
Emplacement Men and Exploratory Exploratory

Units Exhaust Materials Shaft (ES-1) Shaft (ES-2)

Finished m 6.1 6.1 3.7 1.8
Diameter (ft) (20) (20) (12) (6)

Nominal
Excavated m 6.86 6.86 4.42 2.4
Diameter (ft) (22.5) (22.5) (14.5) (7.9)

Water Entry Into Shaft

Green and m3  106.0 106.0 44.2 13.4
Ampt (ft3) (3,740) (3,740) (1,560) (470)
Solution(a)

Stea-State m3  53.1 53.1 22.1 6.7
Flow( (ft3) (1,880) (1,880) (780) (240)

(a)Assumes (1) a porosity of 0.3 for shaft fill and zero initial saturation,
(2) four events sufficiently large to create free-flowing water at surface,
(3) each event is 1 hour in duration at the surface, and (4) -100 cm H20
initial pressure head at the wetting front. Using these assumptions and
the Green and Ampt solution, the saturation front advances 2.4 m.

(b)Darcy flow assuming a unit gradient with a hydraulic conductivity of the
shaft fill of 10-2 cm/s (presented for comparison purposes only).
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higher than that computed by a steady-state approach. In this sense, a
greater amount of water will be computed using the Green and Ampt approach.
The total flow into the shafts calculated using the Green and Ampt, and
steady-state approaches is presented in Table 4-3.

4.1.5 Estimates of Water Flow Into Shafts Under Unanticipated Conditions

In arriving at the flow into shafts, it is assumed that all or the waters from
selected, major-flood events are restricted in the alluvial basins adjacent to
each shaft, allowing water to drain into the shafts (see Section 4.1.3, Table
4-2). The approach used to compute flows into the shafts is described below.

Regardless of surface processes, water entry into shafts can be controlled by
the hydrologic nature of the near-surface geologic units and the shaft sealing
components. Because there can be a broad range in the hydrologic properties
of the geologic units, this range should be considered in assessing the volume
of water entering the shaft. For example, the saturated, bulk hydraulic con-
ductivity of the Tiva Canyon Member is assumed to range from 10-2 to i1-5 cm/s
(Table 2-2). Values for alluvium could range from 10-5 to 100 cm/s (Freeze

and Cherry, 1979, p. 29).

To arrive at an upper bound of water that could potentially enter the
underground facility through the shafts, a flow model was developed. A
computer program was developed to facilitate the numerical calculations. To
aid in conservatism, the flow model assumed that all of the water from a
flooding event would be available for drainage into the shafts. The total
amount of the flow into the shaft would be controlled by several types of
flow, as well as the geometry used in the model, as described below.

The geometry of the model is illustrated in Figure 14-1. Alluvium overlies the
welded, highly fractured Tiva Canyon Member. The upper portion of the shaft
through the alluvium is modeled as being filled with a cdarse fill to minimize
restriction of flow into the shaft. The lower portion of the shaft is modeled
as containing fill having a saturated hydraulic conductivity of 10-2 cm/s,
extending to the outside diameter of the shaft. (In reality, a shaft liner,
potentially having a lower hydraulic conductivity than the shaft fill, may
remain in place. By ignoring the presence of the shaft liner, a higher flow
through the shaft is computed.) The modified permeability zone (MPZ) model
extends out one radius from the shaft wall. Two cases for the MPZ are consi-
dered in which the bulk rock, hydraulic conductivity is either 20 or 60 times
the undisturbed, hydraulic conductivity of the Tiva Canyon Member (Case and
Kelsall, 1987, p. 59). The selection of these values for the MPZ is discussed
later. Flow progresses in three phases: an initial desaturation phase, a
steady-state phase, and a final desaturation phase. These phases of flow are
schematically illustrated in Figure 4-2. Prior to initiation of Phase I, it
is assumed that the alluvium becomes fully saturated and the water in the
shaft above the alluvium-Tiva Canyon contact enters the lower portion of the
shaft. Desaturation of the alluvium occurs first at curve "I" and
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SHAFT FILL HYDRAULIC -

CONDUCTIVITY-1 O'zCm1*

MODIFIED PERMEABILITY
ZONE EITHER 20X OR . _ _ I
ROX THE UNDISTURBED. d e.2m
ROC THES UNDISTURBED RADIUS OF INFLUENCE
CONDUCTIVITY OF THE
TIVA CANYON BEDROCK

Figure 4-1. Geometry of Model Used to Estimate Flow Into a Shaft From
Saturated Alluvilum

progressively to curve "n" (Figure 4-2a). As the radius of influence is
changed in response to desaturation, the radius of influence associated with
curve 'n" represents steady-state conditions that are held constant until the
supply of water replenishing the alluvium no longer exists (Figure 4-2b). As
Phase III begins, the only water remaining is that water contained under curve
"n." Desaturation then proceeds from curve 'In" to curve "Im."

During each phase of drainage, four types of flow are considered: unconfined
radial flow under the Dupuit flow assumption, alluvial flow, Tiva Canyon flow,
and flow through the MPZ and the shaft fill. Each of the flows are discussed
below.

Radial flow is computed using the following equation:

2 2
vK (H -Ho)

Q.s (4-1)
ln(R )

0

where
R -radius of influence,
Qs =flow rate into the shaft,
K hydraulic conductivity,
H =piezometric level at radius R,
Ho piezometric level at radius ro, and
ro = shaft radius.
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A. PHASE 1: INITIAL DESATURATION

I

fON //,v//H/

Radius of Influence moves to outer radius
of models under full saturation height.

------ ON=

B. PHASE 11: STEADY-STATE DRAINAGE

na n

1 7~
Radius of Influence is maintained at outer radius.
and under full saturation height during the
steady state period.

C. PHASE III: DESATURATION OF ALLUVIUM

R- RADIUS OF INFLUENCE
Saturation height declines with time.

Figure 4-2. Phases of Flow for Flow Into a Shaft From Saturated Alluvium
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This equation taken from Todd (1980, p. 118) assumes steady-state flow in the
horizontal direction under unconfined conditions. Radial flow is illustrated
in Figure 4-3a.

Alluvial flow is computed assuming Darcy's law, as follows:

Q = KiA (4-2)

where
Q = flow,
K = hydraulic conductivity of alluvium,
i = alluvial grade, and
A = cross-sectional area through which flow occurs.

Alluvial flow is schematically illustrated in Figure 4-3b. Alluvial flow
occurs within the crosshatched area and occurs parallel (or nearly parallel)
with the surface between the alluvium and the'Tiva Canyon Member.

Tiva Canyon flow is computed assuming Darcian flow and a unit gradient over
the entire flow area. This type of flow is illustrated in Figure 4-3c and
occurs through the crosshatched area. The vertical infiltration through the
Tiva Canyon unit is assumed to occur through the crosshatched area under a
unit gradient as might occur for fractured rock that Is nearly saturated. It
is recognized that the bedrock is unsaturated and that infiltration rates are
likely to be higher; nevertheless, the flow calculation is conservative in
underestimating this component of flow (greater proportion of flow is directed
to the shaft).

Flow through the MPZ and shaft fill is also be computed assuming Darcian flow
and a unit gradient. Note that for material within the interior portion of
the shaft, the degree to which infiltration would occur at unit gradient
depends on the level of saturation, and initially, the hydraulic gradient
could exceed unity. These high- infiltration rates would be associated with
the saturation of voids and not transmission of water to the base of the
shaft. As the infiltration front reaches the base of the shaft at which point
water could potentially enter the repository, the hydraulic gradient would be
approximately one. Two models are considered for the hydraulic conductivity
of the MPZ, as discussed below.

This can be shown by the Green and Ampt solution for vertical infiltration.
At the base of the shaft, the hydraulic gradient is given by 1 + [(Ho-Hf)/Lf]
where Ho equals the pressure head at the surface, Hf equals suction head at
wetting front, and Lf equals the length over which the wetting front has
moved. If we assume the pressure head at the surface is 9.1 m (height of
saturated alluvium above bedrock), the suction head for the backfill is -1.0 m
(a typical value for coarse material) and the length over which the wetting
front has moved (311 m), then the calculated hydraulic gradient is nearly one.

4-13

. _ . I,



A. DUPUIT (RADIAL) FLOW

I -- T
/ H

To . 1I

B. ALLUVIAL FLOW

TIVA CANYON BEDROCK

C. TIVA CANYON FLOW
I

Figure 4-3. Types of Flow Considered in Estimating Flow Into a Shaft
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These flows are superimposed such that flow can occur as Tiva Canyon flow,
alluvial flow, or shaft flow. Therefore, as a volume of water is computed for
each portion of each phase, flow occurs proportionately through the Tiva
Canyon Member, alluvium, or the shaft as determined by the flow rate computed
for each. Flow through the shaft is either the amount computed using the
radial formula or the amount computed by the MPZ and shaft fill model, which-
ever amount is lower. The entire process of desaturation continues until the
supply of water is depleted. The potential supply of water is assumed to be
the waters associated with specific flood events.

To maximize the amount of inflow into the shaft, it is assumed that retainment
of the entire amount of water associated with a flooding event occurs above
each shaft location. This implies that the alluvium has a sufficient storage
volume to retain all the water from the flood event. This retention is an
overly conservative assumption that involves no losses by evapotranspiration
or sheet wash downgradient from the shaft locations., In reality, a high per-
centage of the precipitation will exit the drainage basin, with only a small
part percolating into the alluvium or exposed bedrock. Further, it is assumed
that water flow is directed vertically downward inside the shaft liner or in
the shaft fill as the water percolates to the base of the shaft. It is fur-
ther assumed that flow occurs through fractures within the MPZ and that water
is not absorbed within the tuff matrix. In computing the flows into shafts,
the PMF and 500-year flood volumes are considered. These flood volumes are
presented in Table 4-1, Section 4.1.1.

In applying this model, it was necessary to develop assumptions and evaluate
specific conditions for water flow. The following assumptions were used in
applying the model:

* The MMS and EES have a radius of 3 m at the surface and
the ES-1 has a radius of 1.83 m at the surface.

* The MMS and EES each have a radius of 3.4 mmin the Tiva
Canyon and the ES-1 has a radius of 2.21 m in the Tiva
Canyon

* The thickness of the MPZ in the Tiva Canyon Member is
one radius and extends from the shaft wall.

* Hydraulic conductivity of the alluvium varies from 105
cm/s to 100 cm/s (Freeze and Cherry, 1979, pp. 29,
147).

The selection of a larger radius in the Tiva Canyon was made to allow more
flow to enter the shaft and MPZ model. Therefore, this assumption is more
conservative.
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* Hydraulic conductiviti of the Tiva Canyon Member varies
from 10-5 &i/s to 10- cm/s (Table 2-2).

* Alluvial grade at each site is 0.16 (based on alluvial
grade in Coyote Wash).

* Radius of influence is 76.2 m (based on a typical width
of alluvium at shaft locations, see Appendix A-i).

* Depth of alluvium is 9.1 m (based on depth of alluvium
at borehole USW G-4).

* Porosity of alluvium is 0.30 (Appendix D).

The models for the extent and hydraulic conductivity of the MPZ are obtained
from Case and Kelsall (1987, p. 59). These models considered two locations in
the Topopah Spring Member, one located 100 m from the surface and another 310
m from the surface. Expected conditions for strength, stress, and sensitivity
of permeability to stress were evaluated. Also, upper-bound conditions were
evaluated. These conditions included lower-bound strength, upper-bound in
situ stress, and greatest sensitivity ot permeability to stress. MPZ models
also included models without olast dam-ge, a 0.5-m-wide, blast damage area,
and a 1-m-wide, blast damage area.

Two MPZ models were selected for evaluation. The first MPZ model represents
the expected conditions at 100- and 310-m depths and has a 0.5-m-wide, blast
damage area. The bulk, saturated hydraulic conductivity of this model is 20
times the undisturbed, bulk, hydraulic conductivity of the Tiva Canyon Member.
A second MPZ model represents the upper-bound condition and has a 1-m-wide,
blast damage area. The bulk, saturated hydraulic conductivity of this model
is 60 times the undisturbed, bulk, hydraulic conductivity of the Tiva Canyon
Member. This value of 60 *is the average of two values, 40 and 80, associated
with MPZ models at 100- and 310-m depths. Because the Tiva Canyon Member is a
densely welded, highly fractured tuff, the strength values from the Topopah
Spring Member are considered applicable. Further, because the Tiva Canyon
Member is located closer to the surface, the in situ stress state is less
severe than for either the 100- or 310-m depth models. Therefore, application
of the MPZ models to the Tiva Canyon Member is considered conservative in that
more flow can pass through the shaft.

The preceding discussion addresses the model used, the volume of water
associated with each shaft site, and the assumptions made in applying the
model. Three conditions were evaluated:

1. A volume of water equal to the PMF at each shaft site
is assumed, and the saturated hydraulic conductivity of
the shaft fill is 10-2 cm/s.

i
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2. A volume of water equal to the PMF at each shaft site
is assumed, and the's aturated hydraulic conductivity of
the shaft fill is 10- cm/s.

3. A volume or water equal to the 500-year flood at each
shaft site, and the saturated hydraulic conductivity
for the shaft fill is 10-2 cm/s.

The results for each condition are illustrated in Figures 4-4, 4-5, and 4-6,
respectively. A broad range of flows' computed by the model are presented
above. For the PMF conditions evaluated, the inflow into shafts can range
from approximately 200 to 83,700 m3. The influence of shaft fill can be
evaluated by observing differences between Figures 4-4 and 4-5. As might be
expected, the influence of a lower hydraulic 'conductivity for the shaft fill
is greater when the Tiva Canyon Member hydraulic conductivity is lower. This
is true because the flow through the shaft fill is proportionately greater
when the hydraulic conductivity of the MPZ is low. To illustrate this rela-
tionship, the percentage of flow through shaft fill as a function of the
hydraulic conductivities of the Tiva Canyon Member and the shaft fill is
presented in Figure 4-7. Using the relationship presented in this figure, the
results displayed on Figures 4-4 and 4-5 can-be contrasted. When the Tiva
Canyon Member has a hydraulic conductivity of 10 2 cm/s, the percentage OF
flow through shaft fills, having hydraulic conductivities of either 10-2 cm/s
or 10-6 cm/s is low (see Figure 4-7). Therefore, the effect on the total flow
into the shafts Is 'small, and the flow occurs mainly through the MPZ. Conse-
quently, the annual flow into all the shafts is nearly identical for the cases
where the shaft fill, hydraulic conductivity is 10-2 cm/s (Figure 4-4) or 10-6
cm/s (Figure 4-5). However, when the hydraulic conductivity of the Tiva
Canyon Member is 10- cm/s, the percentage or total flow through the shaft
fill is considerably different. Flow through the shaft fill having a
hydraulic conductivity of 10 2 cm/s represents approximately 95% and 85%
(depending on the assumption of the MPZ) of. the total flow into the shaft,
whereas the percentage of flow through the shaft fill is extremely low for a
fill hydraulic conductiv .y of 10-6 cm/s. This suggests that the shaft fill
can control water flow to the base of the shaft under some circumstances.
This reduction is noticed by contrasting Figures 4-4 and 4-5. WDen the
hydraulic conductivity of the Tiva Canyon Member is either 10-5 or 10- cm/s,
differences in total flow into shafts are noted. An additional parameter that
can be contrasted between Figures 4-4 and 4-5 is the maximum flow computed for
both MPZ model assumptions. When the shaft hydraulic conductivity is 10-2
cm/s, the computed maximum flows are 59,000 and 83,700 m3/year for the 20X MPZ
and 60X MPZ models, respectively. When the shaft hydraulic conductivity is
10-6 cm/s, the computed maximum flows are 22,900 and 45,900 m3/year for the
20X MPZ and 60X MPZ models. This indicates that decreasing the hydraulic
conductivity of the shaft fill by four orders of magnitude, achieves less than
a one order of magnitude decrease in the maximum flow into the shafts. For
each MPZ model, some reduction of flow is observed, as well as a reduction of
flow that can be achieved by reducing the hydraulic conductivity of the shaft
fill.
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Similar results 'ave also been computed for a 500-year flood (Condition 3).
The results are uisplayed on Figure 4-6. The maximum amount of water entering
the shaft computed for this condition is 4,950 m3. The maximum percentage of
total flow into the shafts as compared to the available flood water supply is
8% for the 500-year flood and 19% for the PMF-flood.'

In order to verify the numerical results obtained, 'an alternate calculation
was performed to check maJor assumptions. analyses methods, and input (mater-
lals properties and geometry). This alternate calculation (see Appendix A-4)
estimated the inflow into the shaft and MPZ of one' shaft, i.e., ES-1. The
volume of water used in the calculation is the 50O-y'ear flood volume at the
ES-1 location (see Table 4-1). This volume is 22,000 i 3. Considering the
general nature of the alternate calculation, the results from both calcula-
tions are in very good agreement. Appendix A-4 presents a comparison of the
results as well as the details of the alternate calculation.

4.2 WATER FLOW INTO THE UNDERGROUND FACILITY

From consideration of infiltration rates and saturation levels of the
stratigraphic units in the unsaturated zone at YuccaMountain, it is believed
that the moisture flux beneath the repository horizo n is less than 0.5 m.m/yr
(DOE, 1986, p. 6-129). Because the flux is low, the ground-water flow is
expected to be dominantly through the matrix, and not through fractures.
Nevertheless, for purposes of conservatism, we assume'that inflows could occur
from the rock matrix and from discrete faults following heavy rainfall.

4.2.1 Ground-Water Inflow From the Rock Matrix

Fernandez and Freshley (1984, p. 32-34) report analyses performed with the
computer code TRUST for ground-water inflow to a drift under pre-waste-
emplacement conditions. Excepting discrete faults, Fernandez and Freshley
predicted that the inflow into a drift should be small,'on the order of 10-1
m3/s for a unit length of drift backfilled with clay,, to essentially zero for
a drift backfilled with sand. If the entire repository is backfilled with a
clay-like material and the drift inflow rate is assumed to be 10-11 m3/s for a
unit length of drift, the total amount of water entering the emplacement
drifts for vertical emplacement would be 82 m3/yr. To estimate more accurate-
ly flow into the emplacement drifts, the input parameters were changed to more
closely represent the anticipated conditions within the Topopah Spring Member
(Freshley et al., 1985). The hydrologic properties! of the host rock were
changed as well as the flux through the modeled area. The saturated perme-
ability of the host rock matrix was modeled as 1.9x10-18 m2 (approximately
1.9x10-9 cm/s) and the flux was 0.1 mm/yr. InflowsI into drifts backfilled
with clay and sand were computed as 1.3x10-12 m3/s andJ9.7x10O15 m3/s, respec-
tively. Using these inflow rates and assuming thedemplacement drifts are
backfilled, the total inflow into all the emplacementidrifts would be about 5
m3/yr and less than 0.1 m3/yr for the clay and sand backfilled cases,
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respectively. These additional analyses predict low matrix flow into
backfilled emplacement drifts within the repository boundary.

l

To confirm the results and conclusions of the analyses using TRUST, similar
analyses were performed by Mondy et al. (1985). A two-dimensional finite-
element code, SAGUARO, was used to model flow through a, backfilled drift and
adjacent to a vertically emplaced waste package.' The drift was backfilled
with sand or clay. The model considered only matrix flow with no flow through
Lractures. The results confirm those obtained by Fernandez and Freshley in
that sand backfill acts as a capillary barrier that inhibits flow into the
drift. The results predict that downward ground-water flux will be diverted
around the sides of the emplacement drift and williflow back toward the waste
package below the drift. Flow past the waste package was 91% of the influx
rate for the case of clay backfill and 81% of the Influx rate for sand
backfill.

4.2.2 Ground-Water Inflow From Discrete Faults

41.2.2.1 Occurrence of Faults

Figure 2-2 shows faults mapped at the surface in the vicinity of the proposed
repository location. While a relatively large number of faults are shown, it
is possible that many are minor features that Imay not penetrate to the
repository horizon. It also is possible to suppose that fracture zones will
occur at depths that have not been recognized at the surface. For purposes of
evaluating potential inflow, two faults are evaluated: the unnamed fault or
series of faults in Drill Hole Wash, and the Ghost Dance Fault which runs
north-south across the repository to the west of the ES. In the absence of
more definitive site information, the evaluation of these two faults is, at
present, a reasonable estimate of fault occurrenceslat depth.

The faults in Drill Hole Wash have a major topographic expression in the form
of the wash. This presumably reflects a relatively erodible fracture zone
that may also possess high vertical ,permeability. Scott et al. (1984)
discussed the nature of the faults in Drill Hole Wash and other northwest-
southeast trending washes to the north of the repository and evaluated the
possibility that the faults may act as conduits for ground-water flow. A
preliminary conclusion was that the ground-water flow characteristics were not
significantly different beneath the washes than in the adjacent unfa--ted
blocks. This preliminary conclusion does not disprove the possibility of
recharge below the major washes. The faults in Drill Hole Wash may be signi-
ficant with regard to sealing because they intersect the two ramps and because
they underlie an area inundated periodically by flooding (Figure 2-3).

The Ghost Dance Fault intersects the repository upgIradient from the ES and is
a potential source for inflow that could drain throdgh the drifts to the north
and northeast. The fault dips 840 to 890 to the west and is identified at the
surface by small stratigraphic separations and bylbreccia zones (Scott and
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Bonk, 1984, Sheet 1). The fault cuts across theteast-west-trending washes
which drain off Yucca Crest (Figure 2-2). There is no information available
regarding the subsurface character of the fault or its hydrologic properties.
For purposes of the present discussion, the significance of the Ghost Dance
Fault derives from its potenti" continuity and its location. For the ver-
tical emplacement configuration, 'Figure E-1 (Appendix E) shows the fault
intersecting seven panels in the conceptual repository layout, including 24
emplacement rooms. Nine small washes (Figure E-3) that cross the fault on the
surface (within the proposed repository block) may contain flowing surface
water during storm events. If recharge occurs;only directly below the
intersection of the fault and a wash, possibly only nine rooms would
experience inflow after rainfall. In the horizontal emplacement configura-
tion, the Ghost Dance Fault would intercept approximately 100 emplacement
holes (Figure E-2). Depending on the observations, of water flows into the
underground facility, repository layout modification in the vicinity of the
Ghost Dance Fault may be desirable. Because the fault crosses the washes
almost perpendicularly, the amount of recharge directly from the surface would
probably be less than for a fault that underlies a wash along its length.

4.2.2.2 Inflow to Drifts and Ramps

The scenario postulated for fault inflow-presupposes there will be rainfall of
sufficient intensity and duration to saturate thelalluvium and to provide
water to a fault/fracture system intersecting the wash. Two cases are consi-
dered, one in which the fault zone becomes saturated down to the water table
producing fully convergent flow to the drifts intersected by the fault and one
in which full saturation does not develop, leading to partially convergent
flow (Figure 4-8).

For the first case, with the fracture zone completely saturated from the
surface to the water table, the discharge from the fracture zone car be esti-
mated by a method in Freeze and Cherry (1979, p. 490) for inflow to a tunnel
located in the saturated zone:

2irKHW
Q = 2.3 log(2H/r) (4-3)

where
Q = ground-water inflow from fracture zone (m3/s),
K = effective hydraulic conductivity of the fracture zone (m/s),
H = hydraulic head (m),
r = effective radius of the drift ((m), and
W = width of fault zone (m).

It is assumed that there exists a permeability co trast between the fault
zone and the surrounding media, and that flow is confined within this zone.
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(a) (b)

FULLY CONVERGENT PARTIXLLY CONVERGENT
FLOW FLOW

Figure 4-8. Flow Toward a Tunnel in Fully Convergent or Partially Convergent
Conditions

This solution also assumes that the drift is infinitely long, that the equiva-
lent porous medium within the fault zone is homogeneous and isotropic, that
the pressure heads on the drift wall are atmospheric, and that the water table
is maintained at a constant elevation. In reality, it is not likely that the
head in the fracture zone will be maintained over significant periods of time,
as is implied by a constant water table elevation. It is expected that drift
inflows will be transient in nature, not steady, so that the solution may
provide the peak rather than the steady-state flow. Another simplification is
that the solution implies that flow converges to the tunnel from all direc-
tions (Figure 4-8), which is unlikely for a tunnel above the water table.
Considering all of the assumptions involved, Equation (4-3) is believed to
provide a conservative upper limit for inflow.

There are no reported values for the hydraulic conductivities of fault zones
in welded tuff. Intuitively, the conductivity might be expected to be rela-
tively low perpendicular to the fault (because of the presence of clay gouge),
but higher within the plane of the fault. The present analyses use a range of
10-5 to 10-2 cm/s, as given by Scott et al. (1983, p. 299), for the effective,
rock mass, hydraulic conductivity for welded tuff. For this range of hydrau-
lic conductivity, the inflow to a 3-m-radius tunnel for a 0.3-m-wide, fracture
zone under a head of 366 m ranges from 10-5 to 1o-2 m3/s. Values for wider
fracture zones or other conductivities can be scaled accordingly.
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As noted above, it is questionable that flow to a tunnel above the water table
would be fully convergent, as shown by Figure 4-8. An alternative solution
may be derived for partially convergent flow. In this case, the flow is
essentially vertically downward but allowance is made for some convergence,
perhaps along fractures inclined towards the tunnel.. In the present analysis
the area of influence of the tunnel is assumed "to be twice the tunnel
diameter. Inflow is estimated by

Q KA (4-4)

where
Q = flow rate through the fault (m3/s),
K = equivalent saturated hydraulic conductivity of the fault (mis),
A = (2D * W) area of influence (m2),
D = diameter (m), and
W = tunnel width of fault zone (m).

Note that the effective width of flow is assumed to be twice the diameter of
the excavation, and accounts for partial convergence of flow through frac-
tures. For the same conditions analyzed above, the calculated range of inflow
is 4x10-7 to 4x10-4 m3/s. These values are about four percent of the values
calculated using Equation 4-3.

For convergent flow to occur from a fault above the water table, the fault
must become saturated from a point above the drift down to the water table.
Some indication of whether convergent flow might. occur is obtained by
considering the time required for surface water to penetrate from the ground
surface to the water table.

The Green and Ampt transient, one-dimensional, analytical solution (Appendix
A-3) is used to calculate the infiltration rate and cumulative infiltration
into a fault zone. It is assumed that the fault plane surfaces are imperme-
able, and that water flowing down the fault system is not absorbed into the
matrix. In these calculations, the hydraulic conductivity of the fault zone
is varied from 10-5 to 10-2 cm/s (as used above) and the porosity from 0.004
to 0.4. The lower porosity value is intended to correspond to the effective
fracture porosity of a densely fractured zone, whereas the higher value cor-
responds to a vuggy breccia zone. Initial saturation is varied from 0 to
85%. The times required to achieve saturation to the water table (Figure 4-9)
may be evaluated relative to the length of time over which the fault could be
recharged at the surface.

To illustrate the variability in the time, to saturation to the water table,
several scenarios that conceivably bound the potential',hydraulic properties of
a fault system are postulated. Table 4-4 gives the input parameters for each
scenario together with the saturation time and cumulative infiltration for
both the repository horizon and the water table. Figure 4-9 shows the time to
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co Table 4-4. Selected Scenarios for Saturating a Fault Zone

Initial

Saturation,
Scenario

1

2

3

4

5

6

7

8

10

11

12

-

0

0

50

50

85

85

0

0

50

85

85

Porosity

0.004

0.4

0 .0011

0.14

0.004

0.4 -

0.004

0.4

0.0040.4

0.004

0.4

Saturated Hydraul

Conductivity,
cm/s

1-2

1-2

10-2

1-2

10-2

10-2

10-5

10-5

10-

10-5 .

10-5

10-5

.ic Saturation Time

Repository(a) Water(b)
Horizon Table

0.14 day 0.23 day

14 days 23 days

0.07 day 0.12 day

7.0 days 11.5 days

0.02 days 0.03 days

2.0 days 3.4 days

140 days 230 days

40 yrs 60 yrs

70 days 115 days

20 yrs 30 yrs

20 days 34 days

5.6 yrs 9.4 yrs

Cumulative Infiltration,
m

Repository Water
Horizon Table

1.2 2.0

120 200

o.60 1.0

60 100 -

0.18 0.30

18 30

1.2 2.0

120 200

o.60 1.0

60 100

0.18 0.30

18 30

i - -
II

.(a) 300-rn
(b) 500-m

l f

depth
depth



saturate to the water table as a function of hydraulic conductivity. For a
relatively conductive fracture system (10-2 cm/s) with a low porosity (0.004),
the saturation times to the repository horizon and the water table are a
matter of hours. When the conductivity is the same but the porosity is high
(0.4), saturation time extends to almost a month. When the hydraulic
conductivity is decreased to 10-5 cm/s, the saturation times are long (2100
days) regardless of the porosity. As would belexpected, when the initial
saturation of the fault zone increases, the 'time required to saturate
decreases. Using the Green and Ampt approach, t~he time to saturate an ini-
tially dry system is about twice as long as one starting at a 50% saturation
level. The porosity of the fault zone also influences the volume of water
required to saturate to the repository level or 'to the water table. For a
high-porosity (0.4) system, the volume required tosaturate to the water table
is 200 m3 per unit area (1 m2) of the fault exposed at the surface. For a
low-porosity (0.004) system, the equivalent volUme is only 2.0 m3. These
calculations confirm that saturation of a fault and consequent development of
convergent flow are very sensitive to two parameters, conductivity and
porosity, neither of which is well known at present.

4.2.2.3 Inflow to Horizontal Emplacement Holes

In the horizontal waste emplacement configuration, the emplacement boreholes
may intersect water-producing faults such as the Ghost Dance Fault. Potential
inflows can be calculated using the same methods described in the previous
section, adjusting for the smaller diameter of the opening. For a 1-m-
diameter hole, the estimated ranges of inflows corresponding to a range of
hydraulic conductivity of 10-5 to 10-2 cm/s are 1x10-5 to 1x10-2 m3/s for
convergent flow and 6x10 8 to 6x10-5 m3/s for nonconvergent flow.

4.2.2.4 Comparison With Previous Observations

Ground-water inflow from faults in nonwelded tuff above the water table has
been observed in tunnels in Rainier Mesa at the Nevada Test Site (Thordarson,
1965, P. 35-46). The intent in presenting this information is to illustrate
the magnitude of water inflows into tunnels under perched water conditions.

Typically, the maximum inflow occurred immediately after the water-bearing
fracture was penetrated by the tunnel. The inflow then declined rapidly to
become a small seep or drip after a few days. Most of the fractures drained
completely within a few weeks or months, but water dripped from some fractures
for greater than 2 years. In one tunnel system (U12e), the estimated total
discharge over a 5-year period was 30 to 50 million gallons (Thordarson, 1965,
p. 46). The total length of drifts in the system was about 5.8 km (19,000 ft)
and about 110 faults were mapped. Most of the fracture water was produced by
50% to 60% of the faults.

Most of the faults described by Thordarson from the U12e tunnel system were
minor anticipated faults with stratigraphic displacements measured in inches.
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Few faults were traced between parallel drifts, indicating lateral extents of
less than 30 m to 90 m (100 ft to 300 ft). Water, occurred irregularly and
some highly fractured zones were dry even though open fractures were noted.
Thordarson noted that water was perched, probably is a result of the faults
pinching out at depths or along a strike. I

Thordarson reports the occurrence of fracture water into flow categories.
These include <1, 1-5, 5-20, and >20 gal/min. The number of occurrences per
category were: 117 for <1 gal/mmn, 41 for 1-5 gal/min, 14 for 5-20 gal/min,
and 5 for >20 gal/min, (Thordarson,. 1965, Plate 5). jFor comparison, the flows
computed in Section 4.2.2.2 ranfe from 10-5 to 102 ;m3/s (0.2 to 200 gal/min)
for convergent flow to W4x10 to 14x10- m3/s (0.006 to 6 gal/min) for
partially convergent flow. At one location in G-tunnel at the Nevada Test
Site, fracture water drains at a rate of about 6xI,10- 7 m3/s (0.01 gal/min)
(Fernandez and Freshley, 1984, p. 24). !
In making the above comparisons, it is important to note differences in
conditions at Rainier Mesa and Yucca Mountain. The tunnels at Rainier Mesa
are in an area of greater surface recharge and greater moisture flux in the
unsaturated zone than in the proposed repository location at Yucca Mountain
(DOE, 1986, pp. 6-333). Tunnels that yield the most perched water were driven
into zeolitic-bedded tuff. The fractures that contained water were generally
drained within days and were poorly interconnected (Thordarson, 1965, pp. 35-
42). By contrast, the repository at Yucca Mountain is proposed to be located
in densely welded, highly fractured, Topopah Spring Member tuff. Because of
,the pervasive and abundant fractures within the Topopah Spring welded unit, it
can be inferred that the fractures are interconnected' thus, this unit is free
draining (DOE, 1986, pp. 6-138), and buildup of waterjin fractures, similar to
that encountered at Rainier Mesa, is not likely.

4.2.3 Assumptions Selected for Water Flow Into the Undergroutod Facility

Based on the discussions in Sections 4.1.1 and 4.1.2, additional assumptions
for anticipated and unanticipated water flow conditions are given in Table
4-5. Water can potentially enter the drifts, ramps, and hr-rizontal
emplacement holes from water-producing faults or the rock matrix.

For anticipated conditions, the water-producing zones include the Ghost Dance
Fault and the fault underlying Drill Hole Wash. Itl is assumed that inflow
into the zones identified above is controlled by the duration and frequency of
precipitation events greater than 1.3 cm/yr (0.5 in./yr) (identical conditions
defined in Section 4.1.4). It is further assumed that only 50% of all drifts
intercepted by the Ghost Dance Fault are interconnected to surface water
supplies. For vertical emplacement, only 9 of the 24 drifts are below surface
water supplies. For horizontal emplacement, only 25 of the 97 horizontal
emplacement holes are below surface water supplies (see Appendix E).
Therefore, 50% is considered reasonable and conservative. For the ramps, it
is assumed that two water-producing zones are encountered for each ramp.
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Table 4-5. Assumptions Made for Anticipated and Unanticipated Water Flow
Into the Underground Facility

Anticipated Water Flow

* Water flow in water-producing zones (i.e., Ghost Dance Fault and Drill Hole
Wash) is periodic and controlled by duration of precipitaton event.

* Water supply is defined by four thunderstorms >1.3 cm (>0.5 in.) and runoff
lasts 1 hour per storm.

* Duration for each thunderstorm is 1 hour.

* 50% or Ghost Dance Fault and repository drift intersections produce
periodic inflow of water.

* No matrix flow contacts waste.

Unanticipated Water Flow

* Matrix and fracture flow contacts waste

- Maximum infiltration rate of 1.0 mm/year

- For vertical and horizontal emplacement, the amount of water is that
which passes the total projected floor area of the repository (including
ramps)
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Duration and frequency of recharge are the same as those proposed for the
repository drifts.

An additional source of water that could enter waste emplacement areas is
matrix water. Under ambient conditions, i.e., pre-waste emplacement, the
water flow into waste disposal area as determined by Fernandez and Freshley
(1984) for a broad range of conditions varied from about 100 to less than 0.1
m3/yr (Section 4.2.1). But, using conditions that more closely represent the
hydrologic conditions at Yucca Mountain, the flow into drifts is extremely
low, i.e., 5 m3/year to 0.1 m3/year. |

No analyses have been performed to determine water flow into the waste
disposal areas under elevated temperature conditions. Various analyses have
been performed to investigate very-near-field phenomena of vapor and water
transport near waste containers (Evans and Huang, 1983; and Pruess et al.,
1986). While the analyses are definitive in indicating near-field, thermal
phenomena that could potentially occur, they are notidefinitive in indicating
how the near-field, temperature environment will influence the net flux rate
over the life of the repository. It is anticipated that as the temperature in
the rock drops below 100°C, resaturation of the rock will occur. These
phenomena may vary temporally as temperature changes in the repository. For
purposes of the present analyses, it is assumed that such phenomena would
balance out over the life of the zepository.

For unanticipated conditions, it is assumed that the 'infiltration rate Is 1.0
mm/yr for faults and the rock matrix. This value isitwice the upper bound of
recharge to the ground-water table and potentially5 sufficient to initiate
fracture flow. For vertical and horizontal emplacement, all of the volume of
water that passes the plan area of drifts is conservatively assumed to contact
the waste packages. The assumptions discussed above are summarized in Table
4-5.

The following' sections apply these assumptions and derive estimates of water
volumes that can enter waste disposal areas.

4.2.4 Estimates of Water Flow Into the Underground Facility Under Anticipated
Conditions

As assumed in the previous section, periodic water flow can enter the
repository drifts and the ramps through.structural features such as the Ghost
Dance Fault and faults underlying Drill Hole' Wash. Further, it is assumed
that this flow is controlled by the duration and frequency of precipitation
events greater than 1.3 cm/yr. Using these assumptions and the Green and Ampt
solution, water flow through faults is computed below.i

Because the hydrologic nature of faults is generally unknown, variation in
several parameters that could affect flow through faults is considered, as
discussed in Section 4.2.2.2. The saturated hydraulic conductivity of the
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fault zone is assumed to vary from 10-2 to 10-5 cm/s, similar to the bulk rock
conductivity of the Topopah Spring Member. The fault zone is assumed to 0.3-m
wide. Porosity of the fault zone ranges from 0.004 to 0.4, while the initial
saturation ranged fomi 0% to 85%. Additionaliy;, either partially convergent
or fully convergent flow is considered possible.

The type of flow (partially or fully convergent) is dependent on the time to
saturate the fault zone from the surface to the water table (Section 4.2.2.2).
If the time to saturate the faults zone is greater 'than the 1-hour, water flow
at the surface, then partially convergent flow is assumed. If the time to
saturate the fault zone to the water table is less than 1 hour, then partially
convergent flow occurs for the remainder of time up to 1 hour. A determina-
tion as to whether partially or fully convergent flow occurs is made from the
results presented in Figure 4-9 obtained using the Green and Ampt solution.
If partially convergent flow occurs, the extent of saturation into the fault
zone can be approximated.

The results of the calculations for vertical and horizontal emplacement are
presented in Table 4-6. As indicated in this table, fully convergent flow
does not occur within the 1-hour storm. The upper, values postulated to enter
waste disposal areas are 62 m3/yr for vertical emplacement and about 44 m3/yr
for horizontal emplacement. Water flows into ramps can be computed using this
same approach. The most likely area that inflow will occur appears to be
where the ramps penetrate through Drill Hole Wash. ,If it is assumed that each
ramp penetrates two, water-producing, fault zones, then the total inflow from
these sources is about one-third of the drift inflow computed in Table 4-6 or
about 21 m3/yr entering the ramps with the current repository design. This
volume would enter the perimeter drift and migratelto the lowest point of the
repository near the EES.

4.2.5 Estimates of Water Flow Into the Underground'Facility Under
Unanticipated Conditions

Because of the broad range of conditions that can be assumed for flow through
faults and matrix, the two types of flows were combined. For vertical and
horizontal emplacement it is assumed that all waters passing the cross-
sectional area of the repository could potentially contact the waste

The Green and Ampt solution assumes saturation of a material having uniform
properties. In applying this approach, it is important to understand that
fractures and presumably fault zones comprised of fractures would desaturate
more easily than pores in the rock matrix in the unsaturated zone. Further, a
relatively continuous air phase within a fracture can provide a practically
infinite resistance to liquid flow within the fracture (Wang and Narasimhan,
1985, p. ii). Therefore, the application of the Green and Ampt approach may
overestimate inflow through partially saturated, ifault zones comprised of
fractures.

4-33

.__ . . __ - - __ - __



Table 4-6. Yearly Inflow Through Ghost Dance Fault Under Anticipated Conditions

Saturated Hydraulic Porosity Saturation Time to Saturate Total Flow Into
Conductivity Oa of Fault of Fault Fault Zone to Ground- Drifts or Horizontil
Fault Zone, cm/s Zone Zone, % Water Table a), hr Emplacement Holes~b m3

Vertical Emplacement

10-2 0.004 0 5.5 62
0.004 50 2.8 62
0.004 85 o.8 62
0.4 0 550 62
0.4 50 280 62
0.4 85 82 62

10 5  0.004 0 5,500 6.2x10 2

0.004 50 2,800 6.2x10 2

0.004 85 820 6.2x10-2
0.4 0 550,000 6.2x10-2
0.4 50 280,000 6.2x10-2
0.4 85 82,000 6.2x10 2

Horizontal Emplacement

10-2  0.004 0 5.5 44
0.004 50 2.8 44
0.004 85 0.8 44
0.4 0 550 44
0.4 50 280 44
0.4 85 82 44
0.004 0 5,500 4.4x10 2

0.004 50 2,800 4.4x10-2
0.004 85 820 4.4x10-2
0.4 0 550,000 4.4x10 2

0.4 50 280,000 4.4x10-2
0.4 85 82,000 4.4x10 2

(a)From Figure 4-9.
(b)For vertical emplacement partially convergent flow is 1.3 m3/hr per drift (for

10 2cm/s) and 1.3x10-3 m§/hr per drift (for 10-5 cm/s); water enters 24
emplacement drifts; four events having 1-hour duration each; and diameter of
drift : 6m. For horizontal emplacement, partially convergent flow is 2.2x10-1
m3/hr (for 10-2 cm/s) and 2.2x10-4 m3/hr (for 10-. cm/s); water enters 100
emplacement holes; four events having 1-hour duration each; and diameter of
emplacement hole 1 Im.



packages. If the total floor area of the repository, including the projected
floor area of the ramps, is 5,588,850 m2 (Table 2-6), and the upper-bound
infiltration for unanticipated conditions is assumed to be 1.0 mm/yr, the
amount of water could be 5,600 m3/yr. We recognize that, for unanticipated
conditions, infiltration in selected areas couldjbe higher than 1.0 mm/yr.
The value of 1.0 mm/yr, therefore, represents an average, upper-bound infil-
tration value. As results from hydrologic testing from the Exploratory Shaft
Facility are obtained, estimates of water flow under unanticipated and
anticipated conditions will be modified as appropriate.
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5.0 ASSESSMENT OF THE NEED FOR SEALING

The determination of the need for sealing is jbased on a comparison of

estimated, allowable amounts of water that can enter the waste disposal area
and the actual amount of water that enters the waste disposal area. This
assessment (Section 5.1) addresses the quantitative necessity to reduce water
or air flow or to divert water flow so that radionuclide releases from the
waste will not exceed the NRC limits. In the overall determination of the

need for seals, additional consideration is given to other ronquantitative
considerations, including the requirements from 10,CFR 60.134 that shafts and

boreholes should not act as preferential pathways for ground water (Section

5.2).

5.1 ASSESSMENT OF THE NEED FOR SEALING:TO MEET THE NRC RELEASE CRITERIA

Calculations presented in Chapter 3 were used to develop the maximum-
allowable-hydrologic-performance goals for the sealing system. These goals
can be compared with estimates developed in Chapter 4 and summarized in the

following table of the amounts of water that can enter various parts of the

sealing subsystem for anticipated and unanticipated conditions.

Table 5-1. Summary of Estimated Inflows Into 'Shafts, Ramps and the
Underground Facility

Anticipated Unanticipated
Conditions, Scenarios or Events,

m3/yr m3/yr

Shafts(a) 270 ' 4 ,950(b) - 83 ,700(c, d)

Ramps 21 (e)

Underground Facility
Vertical Emplacement Drifts 62 5,600
Horizontal Emplacement Boreholes 44 5,600

(a) Assumes shaft fill, hydraulic conductivity|= 10-2 cm/s. These values
represent the amount of water entering the upper portion of the
shaft. - !

(b) 500-year flood scenario
(c) Probable maximum flood scenario (PMF)l
(d) In the above estimate, boreholes 'are not included. The inflows

through boreholes are expected to be smali because the boreholes are
few in number and cross-sectional areasl are small (Section 6.7).

Sealing of the borehole, as required by' state laws, will fur-l:er
reduce the potential for water flow into the underground facility.

(e) Estimated ramp inflow included'in underground facility estimates.
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These values (Table 5-1) refer to the amounts of water that can enter the
repository and not necessarily the water that can potentially enter the waste
emplacement areas and contact the waste. The amount of water that can enter
the waste emplacement areas will be less than the amounts (as indicated in
Table 5-1) entering the overall repository for the following reasons:

1. The Topopah Spring Member is highly fractured and some
drainage will occur through the lowerjportion of each of
the shafts. Table 5-2 shows a comparison between the
volumes of water estimated to enter each shaft and the
estimated sump storage capacities arid drainage capaci-
ties (:ee Appendix A-5 for further details). Drainage
rates are calculated assuming that the bulk, saturated
hydraulic conductivity ef the rock, at the lower portion
of each shaft is 5x10 cm/s, a reasonable lower bound
for either the Topopah Spring Member or the vitric
Calico Hills Member.' With the exception of the Emplace-
ment Exhaust Shaft (EES), the drainage through the sumps
can easily accommodate the infiltration into each shaft
under assumed anticipated conditions. The EES connects
to drifts in the lowest part of the repository that can
accommodate a much larger volume (see Section 6.2.1)
than the infiltration shown in Table 5-2.

2. All of the shafts are located near the lowest part of
the repository. With the current repository layout for
vertical emplacement, about 6,800 m3 of water can
accumulate in the lowest part of the repository before
the water level would rise sufficiently to enter the
waste emplacement area (see Section 36.2.1). Of the
additional amount above 6,800 m3 that could enter the
waste disposal area, only a fraction would potentially
contact the waste.

3. Within the underground facility, some drainage will
occur through drift floors. If the lower value of bulk,
saturated hydraulic conductivity of the Topopah Spring
Member (10% cm/s from Table 2-2) is used to compute
drainage through the drift floor each 32 m2 of drift
floor will drain about 100 ml in 1 year (Figure
A-5.3). The drainage capacity of the drifts in the
lowest part of the repository (corresponding to the
storage volumes discussed above) is about 32,000 m3/year
for the vertical emplacement configuration and 20,000
m3/year for the horizontal emplacement configuration.
For the highest value (10-2 cm/sec), the drainage
capacity could be three orders of magnitude higher or
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Table 5-2. Comparison of Inflow to Shafts With Storage and Drainage Capacities of Sumps

Yearly Water Storage (Sump) Yearly Drainage Through
Sump Entry Into Volume Below Unlined Shafts,(c
Depth, (a) Shaft,(b) Repository Station, (c) m3 (ft3)

Shaft m (ft) m3 (ft3) m3 (ft3 ) Nasberg-Terletskata(d) Glover(d)

Emplacement
Exhaust Shaft
(EES)

3.0
(10)

106.0
(3,750)

34
(1,190)

63
(2,230)

315
(11,100)

Men and Materials
Shaft (MMS)

24
(80)

106.0
(3,750)

270'
(9,540)

1,340
(47,300)

2,688
(9.47x10 )

Exploratory
Shaft-1 (ES-1)

140
* (460)

(e)

44.2
(1,560)

659
(23,300)

(e)

31,100
(1.13x10 6 )

50,00g
(1.77x10 )

Exploratory
Shaft-2 (ES-2)

13.4
(473)

NA NA

(a)Height of water in shaft is equal to sump depth (see Figure 2-10).
(b)From Table 4-3 for normal conditions.
(c)All storage and drainage capacities based on a shaft diameter of 3.7 m. The larger the shaft diameter, the

larger will be the drainage capacity.
(d)See Appendix A-5 for formulas, assumes liner removed.
(e)The current design of ES-2 has no sump, but does have a connecting drift between ES-1 and ES-2 as indicated

in Figure 2-10.
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32,000,000 m3/year for vertical 'emplacement, and
20,000,000 m3/year for horizontal emplacement.

.
4. With the horizontal emplacement configuration each

emplacement borehole is elevated about 1.4 m above the
floor of the emplacement drift. This means that any
water entering the drifts (either directly or' from the
shafts or ramps) cannot enter the emplacement boreholes
until the storage volume in the lowest part of the
repository is filled. As noted above, the volume is
3,300 m for the horizontal configuration with a
backfill porosity of 0.3. Moreover,: since the annual
drainage capacity of the lowest area exceeds the storage
volume, the volume entering the drifts would have to
exceed 3,300 m3 each year before water would back up
sufficiently to enter emplacement boreholes. Higher
volumes could be accommodated by backfill with a higher
porosity, by not backfilling somej drifts, or by
modifying the repository design.

From the preceding discussion, it can be concluded that for anticipated
conditions water entering *the shafts and ramps will not enter the waste
emplacement areas. Only the water directly entering the emplacement drifts
(for vertical emplacement) or the emplacement boreholes (for horizontal
emplacement) could contact waste. This suggests that the amount of water that
can potentially contact the waste under anticipated conditions can be no
greater than approximately 62 m3/year for vertical emplacement or 44 m3/year
for horizontal emplacement. These values assume that all water entering the
underground facility will contact the waste which is unlikely to occur. These
amounts fall well below the maximum-hydrologic-performance goals computed for
select radionuclides in Chapter 3 (Table 3-2).

Considering now unanticipated scenarios or events, it is seen that the
unanticipated water inflows (Table 5-1) do not exceed' the maximum-hydrologic-
performance goals computed for selected radionuclides in Figure 3-2.
Referring first to inflow from the shafts, the inflow into shafts resulting
from a 500-year flood in each of the drainage basinsjis computed to be 4,950
mi. This amount could be contained in the lowest part of the repository for
vertical emplacement but not for horizontal emplacement. The potential
inflow from the probable maximum flood would exceed the storage capacity for

The flood volume could be accommodated for the horizontal emplacement
configuration if some of the potential water storage area is not backfilled or
if the repository design is midified to enlarge the water storage volume. For
example, a volume of 10,000 m of water could be accommodated with the present
repository design if no wastes are stored below 2,945 feet elevation. This
would mean relocating about 15 emplacement boreholes, !representing about 0.6%
of the total waste inventory.
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both vertical and horizontal emplacement. However, such an event would
theoretically occur infrequently during the lifetime of the repository. From
Table 5-1, the direct inflow to the emplacement drifts (vertical and
horizontal emplacement) under unanticipated conditions is 5,600 m3/year.

In reaching a determination on the need for sealing, it is important to
understand that many conservative assumptions are incorporated in both the
computed goals and computed inflows. At the same time, there are acknowledged
uncertainties in the analysis. The conservative assumptions include

* failure of waste packages begins at 300 years
following closure,

* all water entering the emplacement drifts or boreholes
contacts the waste, and

* the assumed solubility limit is ;5 ug/ml (5x10-3
kg/m 3). This value coincides-with the uranium con-
centration (unfiltered solution) of J-13 water in
which bare fuel was emplaced.

More realistic assumptions could include

* substantially complete containment is assumed for 300
to 1,000 years,

* if uniform corrosion is the only mechanism to breach a
waste disposal container, the expected container
lifetimes would be on the order of 10,000 years (DOE,
1986, pp. 6-371, 6-372),

* only a portion of the water entering the emplacement
drifts contacts the waste, and

* the uranium concentration of J-13 water, in which
spent fuel having a split defect was 'emplaced was 0.10
pg/mL (10-4 kg/mg) (Wilson and Oversbj, 1985, p. 9).

If failure did occur similar to that described in ,Section 3.1.1.2; if only a
portion of the water contacted the waste; and the uranium solubility was 0.10
vg/ml; the recomputed hydrologic goals could be as much as three orders of
magnitude greater than the maximum-allowable-hydrologic-performance goals
computed for the radionuclide given insFigure 3-2. At the same time, there
are uncertainties in the derivation of the goal (e.g., the radionuclide
inventory in the cladding gap and the release rate for these radionuclides)
and in the analysis of potential inflows (e.g., the number and properties of
faults).
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Figure 5-1 compares the results of the maximum-allowible-performance goals for
the sealing subsystem (from Table 3-2) with the estimates of the anticipated
and unanticipated water flows computed in Chapter, 4. The annual, water
volumes entering the waste disposal area are shown in Figure 5-1 to be 44 to
62 m3/year for anticipated hydrologic conditions and about 5,600 m3/year for
unanticipated hydrologic conditions. For unanticipated hydrologic conditions,
it is postulated that the estimated annual flow Of 5,600 m3/year can be
exceeded by some amount associated with flooding (events. As computed in
Chapter 4, this amount can be up to 4,950 m3/year for a 500-year flood or up
to 83,700 m3/year for a PMF flood. The estimates for the maximum-allowable-
performance goals are always greater than 136,000 m3/year. Because

* the estimates for water volumes entering the waste
disposal area are less than the maximum-allowable-
performance goals,

* the lines representing the anticipated and unantici-
pated flow volumes have not been reduced to account
for drainage through drift floors or the sump areas,

* only a portion of the water entering the repository
contacts the waste, and

* the maximum-allowable-performance goals are computed
using the conservative assumptions identified above
and in Chapter 3 rather than the more realistic
assumptions identified above,

we feel, given the current understanding, of the site, that sealing is not
necessary.

5.2 SHAFTS AND BOREHOLES AS PREFERENTIAL PATHWAYS

In addition to the release limit for radionuclides for the engineered barrier
system, 10 CFR 60 provides general guidance for the design of seals and selec-
tion of seal materials. Section 60.134.a states that "seals for shafts and
boreholes shall be designed so that following permanent closure they do not
become pathways that compromise the geologic repository's ability to meet the
performance objectives." Section 60.134.b states that "materials and place-
ment methods for seals shall be selected to reduce, to the extent practic-
able: (1) the potential for creating a preferential pathway for ground water;
or (2) radioactive waste migration through existing pathways."

In evaluating the potential for shafts and boreholes to act as pathways for
radionuclide migration, it is important to note that, at present, the proposed
repository at Yucca Mountain lies in ane unsaturated zone above the water
table, and ground-water movement in-the vicinity of the repository would be
predominantly, vertically downward if the position of the ground-water table
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remains below the repository, and Is not subject tolclimatic change. Because
the shafts do not penetrate to the water table, and because there is no known
mechanism for waste transport upwards in the shafts, it currently appears that
it is not credible that the shafts could act as pathways for radionuclide
migration. The shafts do clearly provide preferential pathways for water
movement into the repository although, as described above, the amount of water
will be small except possibly for extreme events.

It is noted that where existing boreholes penetrate through the repository
horizon to the ground-water table, such boreholes could represent preferential
pathways if they intersected emplacement zones. In these few instances, it
would be prudent to insure through accurate survey control that the emplace-
ment rooms were located a minimum distance of 15 m away from such preferential
pathways as discussed further in Section 6.7.

5.3 CONCLUSIONS

From the evaluation in Section 5.1, we conclude that sealing is not necessary.
Nevertheless, sealing measures are proposed in Chapter 6 to provide additional
assurance that repository performance objectives will be met when extreme
conditions occur. For these extreme conditions, sealing is proposed for a
period of less than 1,000 years following closure.

The time period for sealing is established by considering design-basis-
performance goals (Chapter 3) in relation to the unanticipated volumes of
water entering waste disposal areas for selected, tunanticipated scenarios
(Chapter 4). The design-basis-performance goals are reduced from the maximum-
allowable-performance goals. In this sense, the use of the design-basis-
performance goals provides a degree of conservatism. The assumption of
constant, unanticipated flow provides additional conservatism and indicates
only an excess for events of low probability. This excess can only occur up
to 1,000 years after closure, which establishes the maxsimum life for sealing
components.

The inclusion of some sealing to address extreme conditions will also address
the 10 CFR 60 guidelines that some measures should be taken so that the pene-
trations will not act as preferential pathways for ground-water movement.
These measures are required to reduce, but not prevent ground-water flow so
that they should not be regarded as seals in the strict sense of the word.
Moreover, Chapter 6 presents design options for reducing the potential inflow
through shafts, controlling water flow through the repository drifts, and
sealing boreholes. Quantitative design requirements associated with these
design options are also defined.
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6.0 DESIGN REQUIREMENTS FOR SEAL COMPONENTS

Previous chapters of this report have developed hydrologic performance goals
and evaluated the need for sealing. While it is concluded in Chapter 5 that
sealing is not needed, design options and associated design requirements are
proposed to provide a greater degree of assurance that the performance goals
can be met. In this chapter, design options are presented and associated
design goals and design requirements are identified.

The logic used to arrive at preferred design options (or sealing components),
goals, and design requirements is presented in Figure 6-1. First, performance
goals* are allocated to the shafts and ramps and the underground facility
(Section 6.1). Design options are identified, jand design goals are then
established. These design goals can be related ito the overall performance
goal of the sealing system or the general functional requirement of diverting
water away from the waste packages. For example, because water might (1)
enter the underground repository, (2) flow throughl seal components, (3) enter
emplacement rooms, and (4) potentially affect overall performance, the sealing
component design for flow through such components would be subject to perform-
ance allocation. Alternatively, in remote areas of, the repository or in areas
where waste is not emplaced, the inflows may pose-little potential to contact
waste, provided that the drainage capacity is adequate. In these latter
cases, design goals are developed independently of the performance allocation.
After the design goals are selected, design requirements are computed. The
design options are then rank ordered by considering the ease with which the
design requirements can be achieved.

The design requirements are generally based on simple hydrologic models that
assume fully saturated conditions and Darcy flow. pIn this way, it is antici-
pated that conservative design requirements are developed. Because the per-
formance goals for the sealing system relate mainly to reducing or diverting
water flow, the bulk of the design requirements relate to hydrologic
properties such as hydraulic conductivity. Additional design requirements
considered in Chapters 6 and 7 concern 'strength, density, emplacement
considerations, longevity, and cost.

The design requirements are developed at this stage in the design development
process as guidelines for design analyses -and future materials testing.
Revisions and additional design requirements are expected to emerge from the
Advanced Conceptual Design (ACD) and during the License Application Design
(LAD).

A performance goal is a restriction placed on the sealing subsystem to
achieve &. desired level of performance. Here, our primary intent is to
present sealing design options that will limit the amount of water entering
the waste disposal areas or will control water in waste disposal areas.

6-1
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6.1 PERFORMANCE ALLOCATION|

In Chapter 3, hydrologic performance goals for t.he sealing subsystem are

developed. In this section, these performance goals (for specific times
following closure) are allocated between two major portions of the sealing
subsystem: sealing components within the shafts and ramps and sealing compo-
nents within the underground facility. This allocation is made such that the
allocation to the shafts and ramps plus the allocation to the underground
facility is equal to the performance goal f r each specified year.
Mathematically, the relationship can be expressed as

T(t) =S(t) + U(t)

where

T(t) = performance goals for the entire sealing subsystem,
S(t) = performance goals allocated to seals in the shaft/ramp

subsystem,
U(t) = performance goals allocated to thejunderground facility

subsystem, and
t = time.

A comparison of the functions T(t), S(t), and U(t) are shown schematically in
Figure 1-4. When allocating performance, the designer considers the potential

difficulty in achieving the performance of one 0o the sealing subsystems
(i.e., underground facility) in relation to the other subsystem. In

determining the potential difficulty, the following were considered:

the difference in uncertainty in the number of sealing
components required to achieve the performance goal. for
the underground facility and the performance goal for
the shafts and ramps. In the underground facility, the
Ghost Dance Fault intersects approximately 24 waste
emplacement rooms for the vertical emplacement configu-
ration and approximately 100 horizontal emplacement
boreholes (see Section 4.2.2 and Appendix E) for the
horizontal emplacement configuration. The conditions
at any or all of these locations, plus possibly addi-
tional locations, may require sealing. Contrary to
this uncertainty, the numbers and locations of the
shafts and ramps are currently defined together with
their relationship to the underground facility. The
number and types of sealing components can thus be
defined with more certainty for the shafts and ramps
than for the underground facility.

* the site conditions that must be evaluated to achieve
some desired performance. In the underground facility
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the sealing components,will be subjected to higher tem-
peratures and stresses than those components in the
shafts and ramps.

These considerations suggest a comparatively greater ldifficulty in achieving a
desired performance for sealing components in the underground facility, as
compared to sealing components in the shafts and ramps. Because of the
greater uncertainty in the number and locations of iseals in the underground
facility, and the higher temperature environment, we have elected to allocate
all of the total performance goal (T(t)] initially to' the underground facility
[U(t)]. By initially allocating to the underground facility, there is greater
flexibility in the underground facility seal design in achieving the higher
performance goal.

The maximum amount of the performance goal that is allocated to the
underground facility is the maximum, ground-water inflow computed to enter the
underground facility from the matrix and fractures. For vertical and horizon-
tal emplacement, the amount is 5,600 m3/year. Allocating more of the perform-
ance goal to the underground facility is not required if these volumes of
water are considered to be upper-bound values.

The designer may specify, within a limited degree, the time period and degree
of performance bearing in mind that a relaxation In the design goal for one
seal subsystem results in a more stringent design goal for the other. It is
noted that the expected performance for each seal subsystem may change as site
characterization information on unanticipated flow scenarios becomes avail-
able, and that an alternative performance allocation may then be selected. It
is further noted that the two, major, seal subsystem components might be
further subdivided to reflect differences among individual shaft/ramp or
underground facility locations. For example, one shaft may be placed in a
more unfavorable location than another, and have an unfavorable performance
(high unanticipated flow). This might be compensated by specifying a larger
performance allocation for this individual shaft.

Table 6-1 presents the current performance allocation to the underground
facility and the shafts/ramps. All of the total flow is allocated to the
underground facility until the total flow equals the maximum unanticipated
flow and specific performance from the seal components is not necessary. For
vertical emplacement and horizontal emplacement, this match occurs at about
500 years following closure. Following this time

* the required performance allocated to the underground
facility remains fixed for future years,

* specific performance from seal components within the
underground facility is not necessary o reduce the
maximum computed inflows beyond 500 years after
closure, and
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the difference between the total performance goals
[T(t)) beyond 500 years and the allocation of 5,600

M3/year to the underground facility [U(t)] represents
the performance that can be allocated to the shafts and
ramps (S(t)].

Table 6-1. Performance Allocation for the Sealing Subsystem

Performance Allocation, m 3/year

Time After Total
Closure, Underground + Shafts and Performance
years Facility Ramps Goals (Table 3-2)

i
0- 300 1,180 + 0 = 1,180

400 2,600 + 0 = 2,600

500 5,600(a) + 90 = 5,690

600 5,600 ,+ 6,700 = 12,300

700 5,600 + 20,900 = 26,500

800 5,600 + 50,300 = 55,900

900 5,600 + 110,400Q= 116,000

1,000 5,600 + 1301 4 00(a) = 136,000

1,000 - 10,000 5,600 + 130,400 , 136,000

(a)No specific performance required of seal components beyond this point in
time.

Using the same logic as applied to the underground facility, performance can
be allocated to the shafts and ramps until the performance allocated to the
shafts and ramps is equal to the maximum computed inflow (83,700 m3/year) into
all the shafts and ramps. This match occurs before 1,000 years following
closure. After this point in time, specific performance of seals within the
shafts and ramps is not needed to reduce the maximum computed inflows. There-
fore, the specific sealing measures that are emplaced within the shafts and
ramps to control flow between zero and 1,000 years following closure are not
needed beyond 1,000 years. The seals that are emplaced at closure would, of
course, remain in place over the long term together with the shaft and ramp
fill. I
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In general, the time period in which sealing is required is proposed on (1)
the maximum computed inflows into the underground facility and the shafts and
ramps, and (2) the performance goals. If these values change as part of the
design process, the time period over which sealing is proposed will also
change.

6.2 HYDROLOGICAL DESIGN GOALS FOR SEAL COMPONENTS

The primary emphasis in this chapter is placed on the selection of hydrologi-
cal design goals and requirements because the flow of water relates directly
to seal subsystem performance. This section presents these design goals on a
component basis, and develops the philosophy towardsitheir selection.

Water that enters the underground facility might either flow towards the waste
emplacement rooms and potentially contact the waste or alternatively be
drained through the floor of the repository before contacting the waste. For
example, seals in emplacement rooms might isolate flow from a fault. Any flow
occurring through the seals enters directly into the waste emplacement room
and might contact the waste. Alternatively, water might enter the perimeter
drift downgrade from the waste emplacement areas ahd not contact the waste
provided there is adequate floor drainage.

For planning purposes in selecting design goals for the seal system, it is
assumed that water flowing through shafts and ramps to the underground and
water flowing through emplacement drifts above specified minimum volumes could
potentially contact the waste. These inflows are subject to performance allo-
cation. It has been further assumed that water flowing from faults into non-
emplacement drifts is sufficiently isolated, and would not contact the waste
if adequate floor drainage is provided. In the former case, the design goals
are established through the performance allocation process to arrive at design
requirements for specific seal options (see Section 6.2.1). In the latter
case, leakage through the seal system is restricted to a small percentage of
the floor drainage capacity (see Section 6.2.2).

6.2.1 Design Goals Based on Performance Allocation

For performance allocation between the shaft/ramp and underground facility
seal subsystems, the performance goals are modified to account for storage at
the repository horizon:

Sm(t) = S(t) + CS(t)

Um(t) U(t) + Cu(t)
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where

Sm(t) modified performance goal for the shaft and ramp subsystem,
Um(t) = modified performance goal for thejunderground facility

subsystem,
S(t) = performance goals allocated to seals in the shaft and ramp

subsystem,
U(t) = performance goals allocated to the underground

facility subsystem,
CS(t) = storage capacity for the shaft and ramp seal subsystem, and
Cu(t) = storage capacity for the underground facility subsystem.

In the above relations, the performance goals are modified by the potential
storage volume that could be drained as discussed subsequently. For planning
purposes, it is assumed that 10,000 m3 of water could be stored at the lowest
point of the repository for shaft/ramp inflows. For the underground facility,
the storage capacity is assumed to be zero.

The design goals for the two seal subsystems are evaluated at repository
closure, and at the end of the sealing period (the point in time when specific
seal performance is not needed). The design goals after repository closure
may be stated as

S (t)
DG (t) m 0ao( to

a 0 xa

or

Um(t)
DG (t ) m

ao Xa

where

DGa(to) = design goal of a specific seal component at time to,
Xa = number of proposed components, and
to = time at repository closure.

At the end of the sealing period, the design goals may be stated as

S (t
DG (tf)= mX tf

a

or

U ,t

DGa(tf) mx f)
a6-
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where

-t = time at the end of the sealing period.

The shaft/ramp storage volume CS(t) is established at the lowest point of the
repository near the Emplacement Exhaust Shaft (EES). iWater that infiltrates
through a shaft must first fill the sump before it overflows into the shaft
station area. Any overflow would enter the access drlifts and could possibly
enter emplacement drifts, depending on th'. grades jof the drifts. With
relatively simple measures such as drainage channels or; earthen dams, however,
the water could be diverted away from emplacement drifts (Section 6.5). Ulti-
mately, any water that enters the repository is expected to drain through the
floor or will collect in the lowest part of the repository near the EES.

The following analysis estimates the amount of water accumulating in the
lowest point of the repository before contacting the waste. As the water
level in this area rises, water first contacts the waste (approximately) at
elevation 897.6 m (2,945 ft) for horizontal emplacement (Figure 6-2) or 900.6
m (2,955 ft) for vertical emplacement (Figure 6-3).j Assuming a backfill
porosity of 30%, the water volumes stored in this area'are 3 300 m3 and 6,800
m3, respectively. Considering a water volume of 10,)000 m~ the repository
would flood up to an elevation of 903 m (2,963 ft). At this elevation,
the number of emplacement holes flooded would be about 42 for vertical
emplacement or 15 for horizontal emplacement. This represents only 0.1% and
0.6%. respectively, of the total waste inventory.

This analysis indicates that large volumes can potentially enter the
repository through shafts/ramps without contacting the waste. And, depending
on where the water enters the underground facility, a storage capacity Cu(t)
could also be established for the underground facility.

6.2.2 Design Goals Based on Storage Capacity and Drainake

For seals not affected by hydrologic performance goals in Section 6.1, the
design goals are established to restrict flow through the seal to 10% of the
drainage capacity of the floor area behind the seal. This design will assure
that flow in nonwaste emplacement areas is dominantly vertical infiltration
through the floor, and not lateral flow to waste emplacement areas or the
lowest point of the repository.

6.2.3 Summary of Hydrologic Design Goals

A summary of the design goals for various components orIdesign options of the
sealing subsystem are summarized in Tables 6-2 and 6-3. The proposed, design
goals are used for the selection of hydrologic design requirements for speci-
fic design options contained in the following sectionslof this chapter. To
facilitate the selection of design requirements, Appendix F provides a series
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Table 6-2.(a) Summary of Design Goals - Shaft/Ramp Seal Subsystems

Nlutber Deslen Coals
Storage Modified Or After End of

Performance Coals Capacity Performance Coals' Components Closure Sealing Period
Component S(t,,) S(tf' C,(t) Sm(t,) S3,(tr) DC,(tn) DC ,t1 ) Reference Section

Anchor-to-
Bedrock Plug 0 130.000 10,000 10.000 140,000 6 1,700 23,000 6.3, 6.1

Shaft/Ramp

Station Plug 0 130.000 10,000 10.000 140,000 10 1000 It,000 6.3, 6.t

Shaft Fill
Rasp Fill 0 130.000 10,000 10,000 1t0,000 6 1 1,700 23,000 6.3

"'Coals and storage capcitles are In units or 0
3 /year.

Table 6-3.(a) Summary of Design Coals - Underground Facility Subsystem

W M Design Coals
Storage Modified . 'i! After Ed orC

I-10lnoCoal C DCC II t Performance Coals Co2ponents Closure Sealing Period
Component UitiJ Unie Iff Y U*(t01 U.(trl 659 DC,(tn1) DICatr Reference Section

Single Dan
or Single
Bulkhead In
Emplacement
Drifts 1,180 5,600 0 1,180 5.600 25 1*7 220 6.5
Perimeter iestrict flow to t0$ of
Drifts 350 - - - drainage behind the structure 6.5
Main Restrlct Flow to 10S or
DrIfta - 620 - - drainage behind the structure 6.5

Double
Bulkheads In
Emplacement
Drifts (no
settlement) 1,180 5,600 0 1,180 5.600 50 24 110 6.5
Double
Bulkheads In
Emplacerent
Drifts

(settlement) 1.180 5,600 0 1,180 5,600 50 24 110 6.5

Plug In an
Emplacement
Hole 1,180 5,600 0 1I180 5t600 100 12 56 6.6

II)Coais and storage capacities are In units of m3/year.
1b)kumber of components based on current designs or ssumptions made for the number or vater.producing

emplacement drifts.
2ones encountered In
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of design charts with design goals at the time of repository closure and at
the end of the sealing period.

6.3 DESIGN REQUIREMENTS FOR SHAFT SEALS

6.3.1 Functional Requirements

The primary functions for shaft seals are as follows-

* reduce the potential for surface water or ground water
to enter the waste emplacement areas via the shafts,
and

* deter human entry to the repository via Ithe shafts.

For the unanticipated scenario postulated (Section 4.1.5), as much as 83,700
m3 of water could enter each of the shafts if no shaft seals (other than
backfill) are emplaced. Small amounts of ground water could also enter the
shafts through fractures (Section 4.1.2).

The potential for casual or inadvertent human entry to the repository can be
reduced by filling or sealing the shafts and by marking the location of the
repository and its purpose. Methods of warning future populations of the
hazards associated with a repository have been evaluated by a DOE Task Force
(ONWI, 1984). This group recommended installation of monuments around the
repository perimeter as well as a central monument that would house written
and pictorial messages. The task force did not address whether messages
should be left at specific shaft locations. To our knowledge, there is no
regulatory guidance addressing this topic. &

It may be noted that marking a shaft location with a prominent, durable
monument could be inconsistent with the goal of deterring human entry because
the monument would draw attention to the location of ;access points. The cur-
rent position adopted in the NNWSI Repository Sealing Program is that there is
no necessity to mark the surface location of the shaft. Rather, it is prefer-
able to restore the surface location to its original condition. Human entry
will be discouraged by fill and seals placed below the ground surface.
Further, no special high-strength or abrasive materials will be used to deter
entry on the grounds that any group intent on mining into the repository could
easily mine through such materials.

6.3.2 Design Options

The functional requirements for shaft seals may be satisfied by one or more
seal components used in combination. These components, as identified by
Fernandez and Freshley (1984) includ6 the following:

surface cover (incorporating the collar fill),
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* anchor-to-bedrock plug,

* shaft fill,

* shaft plug (at intermediate depth in the shaft or at
the base above the shaft station), and

* station plug (in drifts adjacent to the shaft station).

Arny of these components could reduce the amount of water that could enter the
repository. A surface cover would directly prevent surface water from enter-
ing the shaft, but a disadvantage of this component is that it would be loca-
ted in an erosional environment where durability over hundreds to thousands of
years would be questionable. As noted previously, it is not considered neces-
sary to provide a durable surface cover such as a monument. Flow through the
shaft can be reduced by fill placed along the length of the shaft or by one or
more seals (plugs) placed at intervals. Fill alone may not be a satisfactory
option if there is the potential for flow through a modified permeability zone
(MPZ) adjacent to the shaft wall. In such a case, it would be necessary to
form a key way through a portion of the MPZ possibly by keying a plug into the
walls (Lundstrom et al., 1986). In this concept, the most severely damaged
zone is removed at the plug location and the plugiis "keyed" into the rock to
replace a highly fractured material with a low permeability material.

6.3.3 Design Goals and Design Requirements for Shaft Seal Components

The hydrologic design goals may be achieved by al shaft plug or shaft fill.
The design requirements are derived from the hydrologic design goals (Section
6.2) and the design charts for flow through a plug placed at the base of the
shaft or near the top of the shaft (Appendix F, Figures F-3 and F-4).

A design requirement is obtained,by dividing 10,000 m3 (modified performance
goal, Table 6-2) by the number of seals required to seal all of the shafts and
ramps. If the seals are placed in the shafts, the number of seals required is
six (four shafts plus two ramps). In this case, if the allocation for each
shaft and ramp is 1,700 m3/year (i.e., 10,000 m3/year + 6), the design
requirement for the effective hydraulic conductivity of an anchor-to-bedrock
plug in a shaft is about 10-5 cm/s 3Figure F-4). At the end of the sealing
period the design goal is 23,000 m /yr and the design requirement is 10-
cm/s. If the seals are placed in drifts adjacent to the shafts, the number of
seals required is 8 for shafts plus 2 for ramps, a total of 10. In this
latter case, the design goal for each seal is 1,000 m3/year and the design
requirement for hydraulic conductivity is about 1i-6 cm/s (Figure F-3) from
zero to 500 years. At the end of the sealing period the design goal is 14,000
m3/year and the design requirement is 10-5 cm/s.
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For shaft fill, a general design goal is the reduction of air and water
flow. As discussed in Section 3.2 and illustrated in Figures C-7 through C-10
the air flow rate through the shafts can be reduced to less than 2.5% and 5.0%
of the total airflow through the shafts and the rock mass (for vertical and
horizontal emplacement respectively) if the air conductivity is 3x10-4 m/min
(or 10-2 cit/s effective hydraulic conductivity). These values are less than
the performance goal of 25% given in Section 3.2. :To achieve this airborne
performance goal and to provide an additional level pf conservatism, a design
requirement of 10-2 cm/s (saturated, effective hydraulic conductivity) is
selected for the shaft fill.

To assess the effectiveness of shaft fill to reduce water flow through the
shaft, a design chart was prepared (Figure F-10). This chart can be used to
obtain design requirements for selected design goals and to illustrate the
potential influence of an MPZ. For example, to achieve a hydrologic design
goal of 1,700 m3/yr (as developed above), shaft fill with a hydraulic conduc-
tivity of about 10-4 cm/s can be specified provided flow through the MPZ is
not significant. At the end of the sealing period the design goal is 23,000
m3/year and the design requirement is 10-3 cm/sec. Conversely, if an MPZ did
exist as defined by cases 1 through 4 in Figure F-10, emplacement of shaft
fill would not be effective in achieving the design goal of 1,700 m3/yr from 0
to 500 years.

6.3.4 Preferred Options for Shaft Seals
The design requirements for the various optional shaft seal components are
summarized in Figure 6-4, and the design analyses and associated input data
required for each component are listed in Table 6-4. The preferred option for
reducing water flow and deterring human entry is the anchor-to-bedrock plug
for the following reasons:

* The anchor-to-bedrock plug is located ip a relatively
benign environment protected from surface temperature
extremes, surficial geologic processes and from the
heat generated by the waste.. Conversely, any surface
cover or monument placed over a shaft would have to
withstand the maximum expected flood and debris flow.
Additionally, the surface climatic and geochemical
environment, including extreme diurnal temperature
variations and the possibility of sulphate-rich water
deleterious to -anticipated concretes, would also have
to be considered. Station plugs are isolated from the
waste emplacement areas by barrier pillars, but the
maximum temperatures could potentially reach or even
exceed 1000C. The in situ stress would be greater than
that associated with a plug closer to the surface.

* The design requirement for the anchor-tb-bedrock plug
is less stringent than that for a seal at the base of
the shaft because of the lower, maximum hydraulic head.
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DESIGN DESIGN DESIGN
OPTIONS GOALS REQUIREMENTS

* Limit surface waters * Construct an anchor-
entering shaft to to-bedrock plug

AtLUVUM 1,700 m3/yr from 0 having an effective
t2 500 yrs and 23,000 hydraulic conduc-
th ,yr at the end of tivity (including

.the sealing period ilnterfac zone and
cT'VA E 100 er) PZ) 10-> to 10-'CANYON(1,000 years).

a tooc, I 4-MPZ cm/s.
SNAP? FILL

ANCHOR-TO.SEDOOCK PLUG * Deter human entry. * Structural require-
ments to be deter-
mined by ACD.

>yALUVUUM

14NAFT FILL

* Reduce potential for * Emplace shaft fill
water and air flow., having a saturated

hydraulic copduc-
tivity < 10- cm/s.

GENERAL
SHAFT BACKF LL

* Provide structural * Structural require-
support of shaft ments to be deter-

*s,|'j,: backfill (station and mined by ACD.
'LUG shaft plugs in shaft)

E- ALTIANAT[ If necessary.
*.LOCATiOND

G: I * Limit surface and * Effective hydraulic
TOPOPAK susufae atro , L 7 subsurface waters conductivity

NOITR OCKI I * from entering the (including interface
,: undergroun facility zong and MPZ) 10- to

-- to 1,000 m'/yr 10- cm/s.
(station plug) from O

SUMP tj 500 yrs and 14,000
. ..m'/yr at the end of

the sealing period
STATION ANO SHAFT PtUOS (1 ,000 years).

Summary of Design Requirements for Potential Design
Options - Shafts

Figure 6-4.
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Table 6-4. Design Analyses and Properties Required for the Shaft Seals

Site Properties/ Repository Design
Conditions Required Features H1equired for

Design Analyses for Design Seal Design b)

Surface Cover(a)

* Foundation Stability/
Erosion of Alluvium
ColluvIum

- Erosion by
Stream Flow

- Bearing Capacity and
Settlement of Alluvium

- Liquefaction of
Alluvium

- Seismic

* Structural Stability
of Cover

- Seismic

Shaft Liner/Collar
Design

Maximum Stream
Flow Rate

Mechanical Properties
of the Alluvium
Depth to Bedrock

Hydrologic Properties
of the Alluvium

Horizontal and
Vertical Acceleration

Shaft Liner/Collar
Design

Horizontal and
Vertical Acceleration

- Thermal Diurnal Temperature
Variation
Extreme Temperature
Variation
Increased Temperature
Due to Curing

- Gravitational and
Hydraulic

* Chemical Durability

Weight of the Slab and
Maximum Imposed Load
Stream or Debris Flow

Chemistry of the
Alluvium

(a) The current position of the NNWSI Repository Sealing Program is that
(b) surface covers will not be emplaced.

Appropriate repository design features will be taken from SNL (1987b) or
subsequent updates of the repository design requirements report.
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Table 6-4. Design Analyses
(Continued)

and Properties Required for the Shaft Seals

Site Properties/ Repository Design
Conditions Required Features Requirzd for

Design Analyses for Design Seal Design b)

Anchor-to-Bedrock Plug

Flow Through Plug
and MPZ

Saturated Hydraulicl
Conductivity of the
Tiva Canyon

MPZ Model for the
Tiva Canyon

Shaft Diameter

* Foundation Stability/
Erosion of the
Alluvium/Colluvium

Mechanical
Properties or the
Tiva Canyon

* Structural Stability
of the Plug

- Seismic

Shaft Liner Design

Horizontal and
Vertical Acceleration

- Thermal Diurnal Temperature;
Variation II

Increased Temperature
Due to Curing

Extreme Temperature I
Variation

- Gravitational In Situ Stresses in
the Tiva Canyon

Shaft Depth at Plug
Location

* Chemical Durability Geochemistry of the
Tiva Canyon

Shaft Fill

* Earth Pressure Within
Backfill

Angle of Internal
Friction

Shaft Depth
Shaft Diameter

* Settlement

* Particle Segregation

Coefficient of
Compressiblity I

Quantity of Seepage Water

(b) Appropriate repository design features will be taken from SNL (1987b) or
subsequent updates of the repository design requirements report.
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Table 6-4. Design Analyses
(Concluded)

and Properties Required for the Shaft Seals

Site Properties/ Repository Design
Conditions Required Features Required for

Design Analyses for Design Seal Design(b)

3tation Plug

* Flow Through Plug and Saturated, Bulk Rock, Depth of Shaft at Shaft
MPZ and Sump Drainage Hydraulic Conductivity Station
Capacity of Topopah Spring

Elevated Temperature
MFZ Model for the due to Radioactive
Topopah Spring Heat Generation

* Silting Potential Shaft Fill
in Sump Characteristics

* Structural Stability of Fracture Drift D'mensions at
the Plug Characteristics Station Plug and Shaft

Backfill Diameter
Characteristics

- Seismic Horizontal and
Vertical Acceleration

- Thermal Geothermal Elevated Temperatures
Temperature at Base of Shaft Due to

Radioactive Heat
Generation

- Gravitational/ Earth Pressure Within Shaft Depth at
Hydrostatic the Shaft Fill Plug Location

In Situ Stress in the
Topopah Spring

Water Pressure Within
the Shaft Fill

(b) Appropriate repository design features will
subsequent updates of the repository design

be taken from SNL (1987b) or
requirements report.

i,
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* Only one seal is required for each shaft, making a
total of four, whereas eight total seals are required
if seals are placed in the shaft stations.

* Construction of a seal at shallow depth in a shaft
(about 10 m) should be easier and cheaper than con-
struction at the base of the shaft. If necessary, the
alluvium can be stripped away to facilitate construc-
tion of the anchor-to-bedrock plug.

* The anchor-to-bedrock plug can be designed to reduce
the potential for flow through the MPZ, whereas simple
placement of shaft fill would have no influence on the
MPZ. Moreover, development of the MPZ at the shallow
depth of the anchor-to-bedrock plug should be less than
that at the station plug location! where inelastic
deformations are more likely to occur (Case and
Kelsall, 1987).

6.4 DESIGN REQUIREMENTS FOR RAMP SEALS

6.4.1 Functional Requirements

The primary functions for ramp seals are the same as those for shaft seals:

* reduce the potential for surface water or ground water
to enter the waste emplacement areas via the ramps, and

* deter human entry to the repository via the ramps.

As with the shafts, there is a potential for surface flood waters to enter the
ramps, although this potential is alleviated by locating the portals on hill
slopes above the present-day water courses (Appendix A-1). Compared to the
shafts, there is a greater potential for ground water to enter the ramps
through fractures or faults such as the Bow Ridge Fault, which intersects the
waste ramp, or faults below Drill Hole Wash, which intersects both ramps
(Figure 2-2).

The requirements for sealing ramps to deter human !entry are the same as for
shafts. While the location of ramps could be marked by monuments, the current
position of the sealing program is that the ground surface should be restored
to its original condition. Human intrusion will be deterred by an anchor-to-
bedrock plug placed in the bedrock.

6.4.2 Design Options
The seal components proposed for ramps (Fernandez and Freshley, 1984) are
similar to those for shafts:
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* surface cover,

* anchor-to-bedrock plug,

* ramp fill, and

* ramp plug or dam (placed, at intermediate depths,
probably downgrade from faults).

For ramps, the surface cover and anchor-to-bedrock plug will probably be
combined into a single component because the unconsolidated materials above
the bedrock are thin.

Water flow into the repository can be reduced either by fill placed along the
length of the ramps or by a plug placed at the bottom of the ramp (equivalent
to the shaft station plug) or at some point in the ramp down grade from pos-
sible inflow sources. Backfill alone may not be a satisfactory option if
there is the potential for flow through an MPZ in the floor or walls. In such
a case, it would be necessary to install a plug with keyways or cutoffs
excavated into the adjacent rock.

6.4.3 Design Goals and Design Requirements for Ramp Seal Components

The hydrologic design goals may be achieved by ramp plugs. The design
requirements are derived from the hydrologic design goals (Section 6.2) and
the design charts for flow through a ramp plug (Appendix F, Figure F-5). The
modified hydrologic design goal accounts for the storage volume of the lower
part of the repository near the EES. From Section 6.2, the modified hydro-
logic design goal is equal to the volume which can beiallocated equally to 10
seals, one for each ramp and eight shaft seals. In this case, the allocation
for each plug is 1,000 m3/yr, and the design requirement for hydraulic conduc-
tivity is 10-6 cm/s over the period from 0 to 500 years. At the end of the
sealing period (1,000 years), the design goal is 14,000 m3/yr, and the design
requirement is 10-5 cm/s.

6.4.4 Preferred Options for Ramp Seals

As noted above, the option of a surface cover separate from an anchor-to-
bedrock plug does not pertain to ramps because of the thin sedimentary cover
above the bedrock. Another difference regarding sealing shafts and ramps is
that the more likely water sources in ramps are subsurface faults, whereas the
more likely source for shafts is surface flooding. For ramps the main func-
tion of the anchor-to-bedrock plug will be to deter human entry, while the

For the proposed (new) locations of ES-1 and ES-2, the potential for water
entering the surface is substantially reduced from the original locations.
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function of reducing water will be provided by plugs located at or near the

base of the ramps.

The main concern will be the need to reduce the potential for flow through the
interface and MPZs. Design requirements for the optional ramp seal components
are summarized in Figure 6-5 and the required design analyses are listed in
Table 6-5. For ramp seals, the preferred option is the ramp seal placed just
below the points intersected by vertical or nearly vertical faults if these
represent potential water conducting zones. In such locations, the seal could

intercept fault flow, and perhaps retain some of the advantages of near-

surface emplacement cited previously. .

6.5 DESIGN REQUIREMENTS FOR SEALS IN THE UNDERGROUND FACILITY - VERTICAL
EMPLACEMENT

6.5.1 Functional Requirements

The function for seals located in the underground facility (vertical emplace-
ment) is to divert the flow of any water that may enter the facility away from

the waste. It was noted in Section 4.2.4 that only a small volume of water

(62 m3/year) is expected to enter the repository under anticipated conditions.
Under unanticipated conditions, larger volumes of water (5,600 m3) could enter

from faults and matrix sources (Section 4.2.5).

Regardless of any seal design options that are placed in the underground
facility, the current planning basis is that the drifts will be backfilled
with crushed tuff. The backfill will prevent large-scale collapse of drifts

that could lead to changes in the hydraulic conductivity of the rock mass

overlying the repository and possibly increased water inflow.

6.5.2 Design Options

The present design considers several design options for underground seal
components that would satisfy the design goals for seals emplaced in the

underground facility. Seal components could be placed in nonemplacement areas

to enhance vertical drainage prior to water reaching low points of the repos-
itory. If water is encountered in emplacement drifts, our current strategy is
to abandon the drift. We, nevertheless, present design options that could be
used in emplacement drifts if maximization of waste storage areds is consi-
dered desirable. The design options for the vertical emplacement
configuration include:

* sumps and drains excavated below or adjacent to faults,

* grouting of fault zones,

* fault seals (plugs or bulkheads, used to seal off a
potential inflow zone),
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Figure 6-5. Summary of Design Requirements for Potential Design Options
- Ramps
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Table 6-5. Design Analyses and Properties Required for Ramp Seals

Site Properties/ Repository Design
Conditions Required Features Requirzd for

Design Analyses for Design Seal Design a)

Anchor-to-Bedrock Plug

* Flow Through Plug Saturated Hydraulic Ramp Diameter
and MPZ Conductivity of the

Tiva Canyon

MPZ model or the
Tiva Canyon

* Foundation Stability Mechanical Properties
or the Tiva Canyon

* Structural Stability
of the Plug

- Seismic Horizontal and
Vertical Acceleration

- Thermal Diurnal Temperature
Variation

Extreme Temperature
Variation

Increased Temperature.
During Curing

- Gravitational In Situ Stresses in the Rarmp Depth at Plug
Tiva Canyon Location

* Chemical Durability Geochemistry of the Tiva
Canyon and the Colluvium

Ramp Fill

Earth Pressure Within Angle of Internal Ramp Depth
Backfill Friction Ramp DiameterI

() Appropriate
subsequent u

repository design features will be taken from SNL (1987b) or
updates of the repository design requirements report.

It
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Table 6-5. Design Analyses and Properties Required
(Concluded)

for Ramp Seals

Site Prdpertles/ Repository Design
Conditions Required Features Required for

Design Analyses for Design _ Seal Design a)

* Settlement Coefficient of
Compressibility

IRamp Plug

Flow Through Plug and
MPZ, and Sump Drainage
Capacity

Saturated, Bulk Rock
Conductivity of the
Topopah Spring

Length of Ramp, Depth
at Base of Ramp

MPZ Model for the
Topopah Spring

Elevated Temperature
due to Radioactive Heat
Generation

* Silting Potential Fracture Characteristics
Backfill Characteristics

0 Structural Stability
of the Plug

- Seismic

- Thermal

Fracture Characteristics

Backfill Characteristics

Horizontal and Vertical t
Acceleration

Geothermal Temperature '

Drift Dimensions at
Ramp Seal and Ramp
Diameter

Elevated Temperatures
at Base of Ramp Due to
Radioactive Heat
Generation

Increased Temperature
Due to Curing

- Gravitational/
Hydrostatic

Earth Pressure Within
the Ramp Fill

Ramp Depth at Plug
Location

In Situ Stress In the
Topopah Spring

Water Pressure Within
the Ramp Fill

(a) Appropriate repository design features will be taken from SNL (1987b) or
subsequent updates of the repository design requirements report.
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* drainage channels in nonemplacement drifts, and

* abandon the hole for disposal.

Design features of the repository, although not seal design options, could be
used to facilitate flow direction and drainage such that some of these seal
design options would not be necessary. For example, drift grades could be
specified to facilitate diversion of flow away from waste emplacement drifts.
As water flows downgrade throughthe emplacement drift, it is intercepted by
steeper panel entries that would divert flow away from the adjacent emplace-
ment drift downgrade. Similarly, the main entries could be designed to have
steeper grades than adjacent panel entries to divert flow away from
emplacement waste areas. X

The diversion of flow away from waste emplacement areas might be facilitated
by open channel construction. Such channels placed at points where entries
intersect would provide a more positive means of subsurface-water diversion
around corners. Such channels might also be placed in areas where entry
grades are unfavorable to subsurface-water diversion.

6.5.3 Design Goals and Design Requirements for Seals in the Underground
Facility

A consideration in assigning design goals and requirements for seals in the
underground facility is that the sealsi;should be able to accommodate a wide
range of inflows. Several types of components may be used at different points
in the repository, with each type designed for a specific rate and total
volume of inflow. Selection of the type of component for a specific fault
intersection would be based on the geological conditions and the 'observed
inflow at the time of construction and during opera'tion. If it is considered
desirable to maximize the waste storage capacity, :a second consideration in
the design of seals could be to minizize the length of sumps or bulkheads.
However, our current strategy is to abandon drifts in which the inflow occurs.
Observations of water inflows during the construction and operation of the
Exploratory Shaft Facility will be used to refine this strategy.

6.5.3.1 Sumps

The simplest design option for retaining water inflowing from a fault is a
sump excavated below the inflow zone (or downgrade in the drift). The volume
of the sump, will be designed to accommodate flow from a single event. This
inflow will be based in part on observations made during construction. For
present planning purposes, we assume that the depth of the sump should be
limited to 1 m (for ease of construction), in which-case for a drift grade of
7.5% the volume is about 5 m3 (Figure 6-6). The length of the sump is about 7
m and the drainage capacity in 1 year is 100 m3, biased on a floor hydraulic
conductivity of 10-5 cm/s. The sump can thus handie as much as 5 m in one
event or 100 m3  over an entire year (for perspective, 5 m3  represents 22

6-25

I - ----. --- _



DESIGN DESIGN DESIGN
OPTIONS GOALS 1 REQUIREMENTS

a'.PLO* F4Ou FAtWl

EUPLACIft, * Retain ground-water * Provide tempo ary atorage
CoR, .,. inflow near source. capacity 25 m and a

dSainage capacity 2100
I rn/yr.

I 11

BACKFILLED
sumP

Emplacement Drifts

* Channel ground-water t *Avea in cross section 20.25
Inflow away from m .
waste packaging at Hydraulic conductivity of
the following flow backfill

* , BACKFILLED rates: f
* ROOM (2,000 3iyear cm/s . gpM flow)

* ; ;. (<I gal/min)
! . 2,000 - 20,000 m3/year 10 cm/s (i - 10 gpm)

(1 - 10gal/mln),
* .- 20,000 - 2x0V m3/year 100 cm/s (10 - 100 gpm)

CHANNEL (10 - 100 gal/min)

Access Drifts

2.0x105 - 2.0x106 m3/year *Area In cross section >2 m2.
(100 - 1,000 gal/min) Hydraulic conductIvitles or

backfill 2100 cm/s.

Figure 6-6. Summary of Design Requirements for Design Options in the
Underground Facility - Sumps and Chalnnels
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gal/min over 1 hour or 0.9 gal/min. over 1 day; iO0 m3/year represents 0.05
gal/min continuously over 1 year). It is noted that the effects of elevated
temperature could alter the state of stress in the fracture system below the
sump and possibly change the drainage capacity of jthe welded tuff floor. The
size of the sump might be increased to provide additional protection. The
extent to which sump capacity is increased is dependent on site specific
factors.

6.5.3.2. Channels

Channels can handle higher flows than those accommodated by sumps, depending
on the grade of the drift (and channel), cross-sectional area and backfill
hydraulic conductivity (Figure 6-7). Assuming a minimum slope of 2.5% and a
aross-section of 0.25 m2, a flow of 2,000 m3/year (1 gal/min) requires a
backfill hydraulic conductivity of 1 cm/s. Flows of up to 4x105 m3/year (200
gal/min) corresponding to the maximum calculated for ,individual faults
(Section 4.2.2), can be accommodated by two channels, each having a cross-
sectional area of 0.25 m2, with a backfill hydraulic conductivity of 100
cm/s. According to Freeze and Cherry (1979, p. 29), this is the upper limit
of conductivity for a gravel. Larger channels may be considered for the
access drifts or mains where the width could be increased. Drainage capaci-
ties of 1,000 gal/min (collecting water from several faults) could be achieved
with a trench 2 m wide by 1 m deep backfilled with 100 cm/s gravel. The
drainage capacity of the channels discussed above and given in Figure 6-6 in
no way suggests that the large volumes of water are expected on a continuous
basis. As indicated in Section 4.2.5 the total amount estimated for unantici-
pated conditions in a year is 5,600 m3 or 2.8 gal/min on a continuous inflow
basis.

6.5.3.3 Bulkheads or Dams in Emplacement Drifts

Inflows may be retained by bulkheads or dams constructed across the drift
downgrade from the source (Figure 6-8). As described below, various types of
bulkheads or dams can be considered:

* single dam, and
* single or double bulkhead or dam combination.

In this context, a dam is a structure comparable to an earth dam that need not
be in contact with the roof of the drift. A bulkhead is a more rigid
structure designed to form a tight contact with the roof.

For present purposes, we assume that the length of drift associated with this
design option is 46 m. In this case, the storage' capacity against the seal
ranges from 17 m3 for a 2.5% grade to 51 m3 for at 7.5% grade. The drainage
capacity is 470 m3/yr for each case and the depth!of water against the seal
varies from 0.75 to 2.25 m. Because the water does not flood up to the full
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A design requirement for the hydraulic conductivity of a single dam in an
emplacement drift may be derived on the basis that the total flow through all
such dams should be less than the total allowable inflow from faults that can
contact the waste. (In effect;, this assumes,-that apy water leaking through a
seal contacts the waste.) From Section 6.2. the mopified design goal for the
total ground-water inflow that can, potentially .:contact the waste is. 1.1Cv
m3/year (0 to 300 years following closure). ',<From:Appendix,E, the number of
intersections of the Ghost Dance Fault with emplacement drifts is about 25. A
modified design goal of 47 m3/yr can be achieved by,'each dam with a hydraulic
conductivity of approximately 10 5 cm/s for a period of 0 to 300 years, pro-
vided that no flow occurs through the adjacent,rocI, i.e., provided that the
hydraulic conductivity of the adjacent ,rock. isapproximately 10- cm/s or less
(FigureF-8, Appendix F). At the end Of the iealinrg period, the design goal
is 220 m3/yr per dam and the design requirement. Is 10-4 cm/s. These calcula-
tions assume that the maximum depth of.,water'against the seal is about 6.1 m.

A more complete isolation, of a water inflow in an emplacement drift would be
achieved by two bulkheads, one on either side~of-the source. Again assuming
that the length.of the drift lost to disposal is"about 46 m, the storage capa-
city between th!e bulkheads would be about 300m 3 if the length of each bulk-
head is, about twice the width. If the volume between the bulkheads became
filled, the hydrostatic pressure would rise, .increasing leakage into the host
rock and through the bulkhead. For a total.'leakage of 1,180 m3 through 50
bulkheads (i.e., 25 pairs), and assumingia full' column of water to the ground
surface (300 m), the required hydraulic conductivity would be 10-8 cm/s for 0
to 300 years (Figure F-6, Appendix F). At'the'end of the sealing period the
design.goal is '110 m3/yr per bulk head and -the design requirement is 10-
cm/s.' As with other bulkheads,',the host'rockjconductivity adjacent to the
bulkhead must be reduced to the' same value as' the seal material. Also, as
with the single bulkhead described above, the requirement for the downslope
bulkhead could be less stringent with, theprovision' of drainage channels to
divert leakage away from the waste.' This. would not' apply to the up-slope
bulkhead, however, because leakage would build,'up'against the seal and would
not be confined to the drainage channels. ' ...,

For two bulkheads to be completely effective as-descr ibed above, there should
be no settlement or separation from the drift roof. 'If settlement occurs (or
is allowed to occur), the storage capacity'will' depeind on the amount of set-
tlement -(i.e.,' the maximum depth of water' against the lower bulkhead) and the
drift grade. .For a grade of five percent and a-settlement not to exceed 10%
the storage would be aboul 210 to 2.40 m3 (againwith'a total 46 m lost dispo-
sal).' The hydraulic conductivity required to limitf low through 50 bulkheads
to 1,180 I m3, or 24 m3/yr -per bulkhead, -would be sligtly less than 10-5 cm/s
for 0 to 300 years (Figure F-8, 'Appendix F)."' At 'the end of the sealing
period, the design goal is 110 m3/year per bulkhead and the design requirement
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is slightly less than 10-4 cm/s. These goals are less stringent than the case
for no bulkhead settlement because the maximum head that can develop is less.

6.5.3.4 Perimeter Drift Seals

The repository floor grades to the north and east to the lowest point at the
EES. If flow were to occur through the repository drifts after closure, much
of the flow would eventually follow the perimeterldrift on the northeast side
of the repository. This design option calls -for seals in the perimeter drift
installed so that the drift will not form a preferred pathway for rapid flow
toward the lowest point. These seals could be piaced up gradient from each

access drift that connects to the perimeter drift (Figure 6-9). The storage
behind each bulkhead would then be determined by the length of perimeter drift
between access drifts and by whether the water level could rise to or above
the top of the seal; i.e., by whether settlement of the bulkhead was allow-
able. For the condition of no settlement,' the storage capacity behind each
seal would be equal to or exceed 1,000 m3, whereas for a case of up to 10%
settlement (with no overflow), the storage would range from 350 m3 for a 10%
grade to 700 m3 for a 2.5% grade. For;;all cases, the drainage capacity

through the floor would be at least 2,000 m3/yearr for a floor hydraulic con-
ductivity of 10- cm/s or greater. The total, cumulative inflow that could be
handled by each seal (for each half panel onj the eastern side of the
repository) would thus be 2,000 m /yr.

The perimeter seals need *not be completely impermeable since their function
would be to retard flow, not prevent It. A .design requirement for hydraulic
conductivity is established by assuming that the Iflow through the seal in 1
year is selected to be less than 10% of the drainage capacity behind the seal
(i.e., so that the 'bulk of the water drains through the floor). This leads to
a requirement for hydraulic conductivity of. the seal to be about 10-4 cm/s
(Figure F-9, Appendix F) for a period of 500 years.'

6.5.3.5 Seals in the Mains

Seals in the mains would have a similar function, to those in the perimeter

drift. Whereas the seal in the perimeter drift would collect and store water
entering in the eastern half of the repository, the seals in the mains would
collect and store water entering in the western half. As with the perimeter
drift, the storage capacity is determined by. the length of the mains between
seals placed at cross-cuts (Figure 6-9), by the grade, and by whether water
can rise to or above the top of the'seal. Considering two of the mains (tuff
main and service main), the storage capacity is' 1,900 m3 (2.5% grade) for the
case of no settlement and 1,900 m3 (2-5% grade) to 620 m3 (8% grade) for up to

10% settlement. (The volume in the waste main is not considered because this
main is not connected to the panels on the west side by cross-cuts). The
drainage capacity, i.e., the cumulative yearly inflow that can be accommo-
dated, is 9,000 m3/year (2.5% grade) ';to- 2,800 M3/year (8% grade) for 10%
settlement. Using'the same design goal'fodr leakage through the seals as for
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the perimeter drift (i.e., 10% of the floor drainage per year), the required

hydraulic conductivity is 10-4 cm/s with or without settlement.

6.5.4 Preferred Options for Seals.in the Underground Facility - Vertical
Emplacement

As noted at the beginning of Section 6.5.3, the selection or seal components
to be used in the underground facility -depends on the hydrologic conditions
encountered. If no significant water-bearing zones are encountered during

construction, and if there are no fractured zones that are expected to conduct
water, it will not be necessary to place any seals.' If there are zones that

are expected to conduct significant amounts of water, the available options
range from sumps andtchannels to bulkheads or dams. i

Sumps and drainage channels offer a simple means of channeling water away from
tI.:: waste. A major advantage of sumps and, channels is that they do not

require the use of materials that could be degraded by ground-water interac-
tion at the high temperatures that will exist in the repository after closure.
For sumps and drainage channels, the main process of concern is the reduction

of storage volume or drainage capacity.,by silting.' Fines could be derived
from the inflow (i.e,, silt or clay washed out of a fault) or from the back-
fill placed in the sump or channel. Silting from fault inflow could be pre-
vented by use of a double sump, the first of which, located below the inflow,
would catch the fines. Silting of the backfill can probably be prevented by
appropriate gradation.

Bulkheads are routinely' used in mining to control water flow, but in situa-
tions where leakage can often be tolerated and'where'the design life is short.
The most stringent case evaluated above was for two bulkheads intended to
isolate a fault zone and limit flow to 24 m3/yr through each bulkhead. This
would require an effective hydraulic conductivity range of from 10- to 10-7
cm/s for the seal and the MPZ. This is considered to be a very stringent
design requirement for a bulkhead built in a rock mass with a hydraulic
conductivity of io2 to 10-5 cm/s.

In contrast, the requirements of 105 cm/s for an embankment-type dam placed
in an emplacement drift or 10-4 cm/s for-a dam in the mains or perimeter drift
are considered to be attainable. ' In utilizing emplacement dams, it will be
important to assure that the storage capacity behind each dam is sufficient to
prevent the water height from exceeding the dam height during the time period
of 500 years. It is emphasized that silting may be an important issue that
could require provision for a large storage volume.

Significant amounts of water are defined as volumes of water entering the
underground 'facility in excess of the performance allocation established for
the underground facility.
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For all bulkheads or dams, the main concerns relate to structural stability
and the need to reduce flow through the interfacejand damaged zones. Seals
located in the emplacement rooms would be subjectito temperatures exceeding
1000C. Seismic loading may he a concern if it is necessary to maintain a
tight interface between the seal and the host rock or if it is necessary to
prevent cracking. To reduce flow through the damaged zone, it may be neces-
sary to cut out a keyway or to grout the fractures in the host rock adjacent
to the seal. Concerns regarding structural cracking within the seal or at the
interface may be alleviated by the' use of cementitious or earthen materials or
a combination of both. Consideration would then be given to limiting
settlement and cracking due to desiccation.

Grouting of fault zones is not favored as a means for long-term water control
because of concerns with the longevity of the materials employed and because
it may be difficult to demonstrate the effectiveness of the technique.

Given the concerns regarding the practicability of constructing low
permeability seals in fractured rock, the preferred option for sealing in the
underground facility is a combination of sumps and iearthen dams that may, in
certain, selected, nonemplacement areas, be supplemented with channels. Sumps
can be used alone to accommodate inflows of up to 5 m- a single event or
100 m3/year. Earthen dams could effectively-promote vertical drainage of up
to 2,000 m3/year in selected areas. Channels within nonemplacement drifts can
accommodate large flows as high as 2,000,O00 m3/year (1,000 gal/min), provided
they are backfilled with coarse crushed rock and steps are taken to prevent
silting. If silting were to occur reducing channel capacity, the reduced flow
capacity would likely still be large, and exceed flow rates for unanticipated
conditions. Because the underground facility is located in the unsaturated
zone and the anticipated inflows are estimated to be 62 m3/year (Table 4-6),
the full drainage capacities of the channels and dams given above will not be
reached.

Design requirements for the optional seal components are summarized in Figures
6-6 and 6-8, and the required design analyses are listed in Table 6-6.

6.6 DESIGN REQUIREMENTS FOR SEALS IN THE UNDERGROUND FACILITY - HORIZONTAL
EMPLACEMENT

6.6.1 Functional Requirements

The function for seals located in the underground facility (horizontal
emplacement) is to reduce the amount of water that can contact the waste.
Under anticipated conditions, little or no water is expected to enter the
emplacement boreholes from matrix flow. Because this water will enter the
emplacement boreholes directly, it is probably not practical to attempt to
reduce the volume. For extreme conditions, seals may be required to isolate
inflows from faults.
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Table 6-6. Design Analyses and Properties Required
Facility Seals - Vertical Emplacement

for Underground

Site Properties/ Repository Design
Conditions Required Features Required)for

Design Analyses for Design Seal Design

Fault Sump

* Storage and Drainage Saturated, Bulk Rock, Grade of Emplacement
Capacity Calculations Hydraulic Conductivity Drifts

of the Topopah Spring
Drift Dimensions

Elevated Temperatures
Due to Radioactive
Waste Generation

* Silting Potential Condition of Fault
Flow Zones

Gradation of Fill,

Drainage Channels

* Flow Capacity Saturated Hydraulic Grade of Emplacement
Calculation Conductivity of Backfill Drifts

Drift Dimensions

* Silting Potential Condition of Fault
Flow Zones

Gradation of Fill

Drift Bulkhead

* Flow Through Plug and Saturated, Bulk Rock,
MPZ Hydraulic Conductivity

of the Topopah Spring

MPZ Model for the.
Topopah Spring

(a) Appropriate repository design features will
subsequent updates of the repository design

be taken from SNL (1987b) or
requirements report.
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Table 6-6. Design Analyses and Properties Required for Underground
Facility Seals - Vertical Emplacement (Concluded)

Site Properties/ Repository Design
Conditions Required. Features Required for

Design Analyses for Design Seal Design a

Structural Stability of
the Bulkhead Drift Dimensions

Depth of Repository

- Seismic Horizontal and Vertical
Acceleration

- Thermal Repository Temperature Temperature Rise Due
Temperature RiseDDue to Radioactive Heat
to Curing Generation

- Gravitational/ Depth of Water in the.
Hydrostatic Fault System

In Situ Stress In the
Topopah Spring

* Settlement of the Coefficient of
Bulkhead Compressibility of the

Backfill

* Chemical Durability Geochemistry of the
Topopah Spring

(a) Appropriate repository design features will'.be taken from SNL (1987b) or
subsequent updates of the repository design requirements report.

I
i
t

I

I
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6.6.2 Design Options

The sealing approach for horizontal emplacement is different than for vertical
emplacement where emphasis is placed on diverting water flow away from the
waste. In the case of horizontal emplacement,- if an emplacement borehole
intersects a fault inflow, diversion of water is not possible. The options
that exist for horizontal emplacement holes (Figure 6-10) are

* place a seal in the borehole between' the source and the
waste,

* grout the permeable zone in the borehole, and

* abandon the hole for disposal (not shqwn in figure).

If a hole is abandoned, any water inflow will flow freely into the access
drifts, which will act as drains (analogous to the'drainage channels proposed
for vertical emplacement) because the emplacement boreholes are drilled at the
mid-height of the walls of the rooms. Any water that enters a drift will not
be able to enter another emplacement borehole until extreme flooding occurs in
the low part of the repository.

6.6.3 Design Goals and Design Requirements for Seals in the Underground
Facility

The total design goal for the underground facility is 1,180 m3/year from 0 to
300 years. At the end of the sealing period (500 years), the design goal is
5,600 m3/yr. It is recognized that uncertainty exists in the amount of flow
that can enter the horizontal emplacement boreholes under unanticipated condi-
tions. An underestimation of this amount of water might suggest the selection
of a design goal to reduce the amount of water entering the waste disposal
area. Reduction of water could be achieved by emplacing fault seals (plugs)
within the emplacement boreholes or by abandonment of the emplacement hole.
For the purposes of calculating a design requirement for a plug, we assume
that the total leakage through 100 fault seals* is to be limited to 1,180
m3/year. A design goal of 12 m3/ ear per seal can be achieved by a seal with
a hydraulic conductivity of 10 cm/s provided no flow occurs through the
adjacent rock (Figure F-7, Appendix F). At the endtof the sealing period, thg
design goal is 56 m3/yr and the design requirementis slightly less than 10-
cm/s. In practice, it will be necessary to groutt the host rock adjacent to
the plugs so as to reduce the potential leakage.

In the remainder of the underground facility, design concepts similar to those
proposed for the vertical emplacement configuration can be implemented.

As described in Appendix E, the Ghost Dance Fault will intersect about 97
emplacement boreholes.
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Underground Facility - Horizontal Emplacement
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Within the emplacement drifts, dams can be placed or sumps excavated to

isolate small quantities of water. To prevent potential water entry into the

horizontal emplacement holes, however, the height of water behind dams should

be controlled so that water does not flow into ,the horizontal emplacement

holes. The option to direct water to the access and perimeter drifts and the

tufr and service mains is possible. The selection of dams to isolate water

inflows at their source or the selection to direct waters to other locations

in the repository (e.g., perimeter drifts or,,mains) depends on the volume of

water and number of occurrences of water. For'-example, diversion of waters to

the perimeter drift and mains may'not be necessary if the flow into the under-

ground facility is low and infrequent. If waters are diverted away from their

source, excavation of the emplacement drift floor to create channels would not

be necessary. ,

Figure 6-11 illustrates the potential locations for, perimeter seals and seals
in the service and turf mains. Because no mid-panel access drifts exist for
horizontal emplacement, the potential,', water storage zone and drainage

capacity associated with these seals is greater than zones associated with

similar seals proposed for vertical emplacementj (Figure 6-9). This is

particularly true if the seals do not settle. The storage and drainage

capacities are approximately twice the values calculated for vertical

emplacement if settlement is not allowed to occur. -

6.6.4 Preferred Options for Seals in the Underground Facility - Horizontal
Emplacement

Similar concerns exist for seals placed in horizontal emplacement holes as for

bulkheads placed in drifts, in that the hydraulic conductivity required for a

tight seal (10-7 cm/s) is very stringent for sealing in fractured rock. These

concerns may be more serious for horizontal emplacement holes given that the

seals must be placed remotely and that the seals might be subjected to temper-

atures exceeding 2000C. The same concerns apply to grouting within the

fracture zone as to placing a seal in the borehole.

Given the concerns expressed above, the preferred option for any borehole in

which water is encountered would be to abandon the hole. Consider the extreme

case of abandoning (or not drilling) any hole intersecting the Ghost Dance
Fault. A total of 97 holes or 3.6% of all the holes would be lost from the
repository. More realistically (but still an extreme case), considering only

those boreholes that intersect the Ghost Dance Fault below washes (Section

4.2.3), the number of holes lost would be about 25, or 0.9% of the total.

Design requirements for seals in horizontal emplacement holes are summarized

in Figure 6-10, and the required design analyses are.,listed in Table 6-7.
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Table 6-7. Design Analyses and Properties Required
Facility Seals - Horizontal Emplacement

for Underground

Site Properties/ Repository Design
Conditions Required Features Requir 9d for

Design Analyses for Design Seal Design a)

Borehole Seal

* Flow Through Plug Saturated, Bulk'Rock, Borehole Diameter
and Damaged Zone Hydraulic Conductivity '

of the Topopah Spring

MPZ Model for the Topopah
Spring

* Structural Stability
of. Plug Borehole Dimensions

Depth of Repository

- Seismic Horizontal and
Vertical Acceleration

- Thermal Repository Temperature Temperature Rise Due to
Radioactive Heat
'Generation

Temperature Rise Due to
Curing

- Gravitational/ Depth of Water'in the *
Hydrostatic Fault System .

In'Situ Stress in'the
Topopah Spring

* Settlement of the Coefficient of -
Bulkhead Compressibility of the

Backfill

* Chemical Durability Geochemistry of the
Topopah Spring'.

(a)Appropriate repository design features will',-be taken'from SNL (1'
subsequent updates of the repository design'requirements report.

.. I
987b) or

I

I
. I.1
I
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6.7 SEAL DESIGN REQUIREMENTS FOR EXPLORATORY HOLES

6.7.1 Functional Requirements

Exploratory boreholes drilled from the surface could potentially provide
pathways for radionuclide migration from the repository to the water table.
The primary function of seals for these holes is to reduce the potential for
water-transported radionuclides to be preferentially transported through bore-
holes. The physical process of concern would be preferential, ground-water
flow through the repository, Calico Hills Unit,' and into the ground-water
table (see Section 3.3). A secondary function for borehole seals may be to
mark the location of the boreholes at the surface, jif this is required by
State regulations.

As of May 1986, there are four existing boreholes within the proposed
repository perimeter that penetrate to the water table (Figure 6-12). These
boreholes provide a simple vertical pathway from the repository to the water
table. About 25 additional boreholes penetrate to the water table within 5 km
of the repository perimeter. Among these holes, a potential pathway exists
for those holes, which are downdip from the repository. Water that drains
through the repository floor could become perched at a: stratigraphic contact,
flow downdip, and enter a borehole that penetrates through the contact to the
water table.

Figure 6-13 shows structural contours on the variousistratigraphic contacts
that occur between the" repository horizon and the water table.* All of the
units shown in Figure 6-13 occur. above the water table on the western side of
the repository, whereas only the Topopah Spring and part of the Calico Hills
units occur between the repository and-the water tablIe on the eastern side.
The strikes on each of the contacts are generally north-south or northwest-
southeast, so that if any of the contacts act a'i.barriers to downward infil-
tration, flow would occur downdip to the east.ori'northeast.. Generally, bore-
holes that occur to the west of the repository, as well as probably those to
the south and north, cannot act as pathways for radionuclide migration.

6.7.2 Design Options

Design options for borehole seals were presented by Fernandez and Freshley
(1984). The major component is a seal placed in the Calico Hills section.
This seal may extend vp into the Topopah Spring,".or th is section of the hole
could be backfilled with sand or gravels to be free draining. A surface cover
is required to mark the location of the hole and deter Ireentry. Abandonment

Structural contours are related to the reference stratligraphy given by Ortiz
et al. (1985) which is more detailed than the hydrogeologic classification in
Table 2-1. The reference stratigraphy by Ortiz et alJ is based on thermal,
mechanical and physical properties.
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requirements developed by the Nevada Department of Conservation and Natural
Resources for oil, gas, and water wells may also apply.

6.7.3 Performance Goals and Design Requirements for Borehole Seals

A performance requirement for borehole seals is developed from the NRC
10 CFR 60 requirement (Section 1.2) that "boreholes shall be designed so that
following closure they do not become pathways that compromise the geologic
repository's ability to meet the performance objectives." We adopt the posi-
tion that this requirement is satisfied if the pIotential for vertical flow
through boreholes is only one percent of the potential for vertical flow
through the host rock mass. For both boreholes and the rock mass, the effec-
tive hydraulic gradient is unity for the conditloh or vertical infiltration
under atmospheric pressure. Considering the area within the repository peri-
meter, the potential vertical flux through the rock mass is the effective
hydraulic conductivity of the rock units between the repository and the water
table times the floor area of the repository. drifts or, more conservatively,
the total area within the repository. The potential flow through boreholes is
the total, cross-sectional area of the boreholes within the repository area
times the effective hydraulic conductivity of the seal material (taking into
account the effect of the seal host rock Interface). The required hydraulic
conductivity is obtained by

hydraulic conductivity of seal material

0.01 x area within repository perimeter x rock mass, hydraulic conductivity
00 * total area of boreholes

A range of rock mass, hydraulic conductivities may be considered; the lower
the value selected, the lower will be the required hydraulic conductivity for
the seal material.

Performance goals for borehole seal materials have been determined for various
cases representing different areas to the northeast, east and southeast of the
repository, as well as the repository area (Figure 6-14). A range of rock
mass, hydraulic conductivities is also used, from 10-8 to 10-4 cm/s represent-
ing approximately the, range for rock mass and matrix conductivity of the
Calico Hills (Table 2-2). Applying the formula given above, the required
hydraulic conductivity for the borehole seal material varies from about 10-3
to 102 cm/s (Figure 6-15), the lowest value being obtaiped for the case of the
repository area and the 10-8 cm/s rock mass,.hydraulic conductivity. Because
boreholes are distributed fairly uniformly around the repository, the required
hydraulic conductivity -is relatively insensitive to the area included in the
calculation. Additional boreholes drilled from the exploratory shaft test
facility during site characterization are expected to have similar hydraulic
conductivity requirements. -
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6.7.4 Preferred Options for Borehole Seals

For current planning purposes, the approach adopted involves placing a
moderately low permeability material in the Calico Hills section. It is
noted, however, that the application of the performance goals for borehole
seals depends on the location of the borehole relative to the repository.
Therefore, only a portion of the boreholes are intended to achieve the per-
formance goals. These boreholes are identified in Table 6-8. Most of the
boreholes identified penetrate through the underground facility and into the
ground-water table. Shallow boreholes that penetrate into the Topopah Spring
Member or overlying members are not included in Table 6-8 because they do not
represent pathways to the accessible environment. In Table 6-8, Category A
boreholes are those that represent potential pathways to the accessible envi-
ronment. The further the borehole is located from the repository boundary,
the lower its potential to act as a pathway to the accessible environment.
Those boreholes located generally to the northeast, southeast, and east of the
underground facility fall into Category A. Those boreholes located to the
west, 5 km or more from the edge of the repository boundary, and to the far
north and far south are not included here. Category B boreholes are those
boreholes that do not represent potential pathways to the accessible environ-
ment but because of their proximity to the repository boundary will be sealed.
Those boreholes immediately to the south and north of: the underground facility
are included in Category B.

There appear to be fewer concerns related to sealing boreholes drilled from
the surface than for sealing shafts, ramps, drifts, or emplacement boreholes.
Borehole features advantageous to sealing include the low volume of seal
materials, isolated locations away from a high temperature field, a less sig-
nificant MPZ than for shaft or drift seals (Kelsall et al., 1982), and the
fact that the seal can be placed over the entire length of the holes between
the water table and the repository. In two other respects, borehole sealing
may be more difficult because remote methods are required for emplacement and
because direct inspection of the completed seal is not possible. Accordingly,
the most significant consideration for borehole seals is the development of
adequate emplacement methods. Design analyses required for borehole seals are
listed in Table 6-9.

Two additional requirements imposed in the design of !the underground facility
are that (1) the underground facility does not intercept any borehole and (2)
a minimum distance of 15 m occurs between a drift excavation and the borehole.
This minimum distance of 15 m represents a point where elastic deformation
occurs and the deviatoric stresses are small (Case and Kelsall, 1987, p. 27).,

Further, interconnecting a borehole with the underground facility could pro-
vide a preferred pathway from the 'underground facility to the water table.
For those boreholes within the repository outline, sealing of boreholes should
be performed from the repository horizon to the top of the Calico Hills in
addition to sealing within the Calico Hills unit. The proposed design
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for Sealing to a Specified Performance GoalTable 6-8. Boreholes Proposed

Category A

* Within repository
limits

USW H-5

USW G-4

UE-25 at6

USW H-4

USW WT-2

* 1 km from edge
of repository

UE-25a#4

UE-25ai5

UE-25a#7

UE-25bt1

UE-25at1

* 2 km from edge
of repository

UE-25WT#4

USW WT-1

* 3 km from edge
of repository

- UE-25WT#5

UE-25c01

UE'25pI1

* I4km from edge
of repository

UE-25WT#14

* 5 km from edge
-of repository

UE-25WTt15

UE-25WTt13

Category B

* USW

USW

USW

USW

USW

H-3

G-3/GU-3 ; ;

Uz- 1

H-1

G-1
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Table 6-9. Design Analyses Required for Borehole Seals

Site Properties/ Repository Design
Conditions Required Features Required)tfor

Design Analyses for Design Seal Design a

Borehole Seal

* Flow Through Seal Saturated, Bulk Rock,
and MPZ Hydraulic Conductivity .

of the Calico Hills

MPZ Model for Borehole
in the Calico Hills

* Structural Stability of
the Borehole Seal

- Thermal Geothermal Temperature Elevated Temperatures at
Seal Location Due to

Repository Temperature Radioactive Heat
Generation

- Gravitational/ Earth Pressure Within
Hydrostatic the Backfill

In Situ Stresses in
the Calico Hills

Water Pressure Within .
the Backfill

(a 6. t- 1 - ~f 14f 7

nsubsequen uLpdate of the epstr des LAI -tad4ur.inl
s~ubsequent updates of the repository design

U. Le II 1Fula .rdLw u IOIDJ or
requirements report.

i
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7.0 SEAL MATERIAL SELECTION

This chapter describes the sequence of steps that~ lead to the selection of
candidate materials for seals and backfills. Materials selection incorporates
a series of screens in which materials properties or performance characteris-
tics are evaluated with respect to the design requirements (i.e., desirable
materials properties) developed in the previous chapter.

7.1 OVERVIEW OF THE MATERIALS SELECTION METHODOLOGY

The materials selection process includes a screening procedure that is devised
to determine candidate seal materials that will satisfy the functional
requirements of repository seals and the specific design requirements deter-
mined for individual seal components. The materials screening procedure
provides the rationale for the initial selection and subsequent refinements in
the selection of materials. The candidate materials will be included in
continued materials testing activities and incorporated into the Advanced
Conceptual Design.

The materials screening logic and activities are (summarized in Figure 7-1.
Each materials selection screen corresponds to a 4tep in the development of
seal designs. Each screen examines whether materials possess several physical
and chemical properties that must be met by the candidate seal materials, as
determined from seal functional and design requirements. Thus, each screen is
the impetus for materials performance testing and analysis.

The initial screen (completed before developing the design requirements) was a
qualitative comparison between the functional requirements of seals described
in Fernandez and Freshley (1984) and the expected performance of broad mater-
ials groups that might be expected to be applied tolsealing a tuff repository.
The second materials screen identifies more specific materials types by means
of a matrix of design requirements, emplacement considerations, and environ-
mental conditions. The third materials screen to be conducted as part of the
Advanced Conceptual Designs will be based on specific design requirements
determined by design analysis.

The materials selection criteria become increasingly quantitative and objec-
tive in more advanced screens. The first screen identifies broad materials
groups such as cementitious and earthen materials and explains why other mate-
rials such as metals or ceramics are not being evaluated in current testing.
The second screen identifies specific material types such as "high-temperature
concrete" or "low-permeability crushed rock/clay" for each of the seal
components that may be included in the design. The third screen (not yet
conducted) will identify detailed materials formulations.
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7.2 INITIAL SCREEN

The initial screen was a qualitative evaluation of generic materials groups,
with respect to general functional requirements.' This screen was based on
engineering judgments and was conducted after the initial design concepts for
seals were developed by Fernandez and Freshley (1984).

The initial bases for screening and selecting materials were the functional
requirements for seals described by Fernandez and Freshley (1984):

* containment and isolation, i.e., reducing the potential
for radionuclide migration;

* human intrusion, i.e., deterring entry to the
repository;

* longevity, i.e., providing materials that will perform
as required over 10,000 years; and

* cost, i.e., other factors being !equal, providing
materials that are readily available and least
expensive.

Materials- properties and requirements that may relate to meeting functional
requirements include the following:

* low permeability, to reduce radionruclide migration
potential by limiting ground-water flow;

* moderate to high strength, to resist host rock defor-
mations, provide structural support, or maintain low
permeability by limiting the formation' of fractures;

* chemical stability under in -situ temperatures, to
ensure adequate performance or seal for up to 10,000
years;

* chemical stability and inertness, to limit the
potential for seal materials or their byproducts to
affect waste isolation by, for, exampie, enhancing the
mobility of radionuclides;

* experience in materials applications in large engineer-
ing projects, which may help reduce development costs
associated with research, materials handling, long-term
performance, and emplacement technology for underground
application; and

7-3
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* cost and availability of raw` materials used in
constructing seals, as a practical guide to overall
sealing costs.

This properties and requirements list is not exhaustive, but it is the basis
for a qualitative assessment of candidate materials groups. The initial
screen was designed to determine candidate materials groups that, in general
terms, were likely to be capable of meeting seal functional requirements.

Figure 7-2 shows our subjective judgment as to'how well each or several
potential types of seal materials meet the desirableiproperties. Whereas all
materials groups possess at least some desirable characteristics for sealing,
differences among materials appear in the uncertainty associated with long-
term stability, experience with engineering applications and emplacement in
mined geologic structures, and cost and availability.! Those materials groups
that appear less desirable as seal materials include:i

* Polymer cements, polymer concretes, and polymer
impregnated concretes (PiC) can be formulated tCo have
superior strength and permeability characteristics,
compared with typical portland cement-based materials.
Also, polymer cements have been'developed for cementing
geothermal wells and have proven stable:(Coons et al.,
1982). The organic content orn these Cements may be
geochemically incompatible in- a high temperature
environment. These materials are extremely expensive,
however, and should not be considered unless portland
cement-based materials are found to be unsatisfactory.

* Inorganic chemical grouts have proven to be satisfac-
tory in conventional engineering operations for sealing
fine-aperture fractures, but their long'-term perform-
ance is unknown. Many chemical-grout formulations also
include organic compounds that may affect radionuclide
solubilities (e.g., by complexing) and would require
some further investigation. Other potential problems
with chemical grouts are shrinkage and strength
deterioration (Karol, 1982).

* Organic chemical grouts may also appear desirable in
sealing, particularly because low-viscosity grouts can
penetrate deeply into fractured rock. The use of these
materials will, however, introduce organic chemicals
into the repository -environment,$'.:many "of which are
toxic and difficult to handle. Considerable develop-
ment with respect to long-term stability, effects on
isolation, and materials handling may bejrequired with
these materials (Karol, 1982).
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CHEMICAL VOLUHETRIC/THERHAL EXPERIENCE :HIGH TO STABILITY AT STABILITY WITH MATERIAL CHEMICAL 4
MATERIALS LOW MODERATE TEMPERATURE AND/OR ENGINEERING EFFECTS ON COST AND

GROUP PERHEABILITY STRENGTH (0 - 250*) EXPANSIVITY APPLICATION ISOLATION AVAILABILITY 9,

Portland Cement-
Based Concrete 6 0 0 - 0 O

Portland Cement-
Based Grout ; * 0 0 0 O

Clay-bearing - 0 :_ -_-__
Materials O :0 - O 0 - -O

Crushed Rock O S * O - -

Polymer Cement,
Poly. Concr, PIC 0 0 X - 0 X

Inorganic Chemical
Grout 0 0 0 O

Organic Chemical
Grout 6 0 -0 X 0 X

. .1
TherBa etResin s 0 _ 0 0 0

Ietals 0 0 0 0 X X 0

Ceramics 6 . _ . X- 0 0

* Expect acceptable performance can be achieved.
O Materials performance Is uncertain.
X Materials performance may be unacceptable.

Figure 7-2. Initial Materials Screen for Candidate Seal MaterialsI



Bitumen (asphalt, rock asphalt, etc. is frequently
used for waterproof ing and 'may be used like a grout to
seal permeable zones, Interfaces between other seals
and host rocks, or boreholesto 'J'arget. openings (e.g.,
sandwiched between stiff bulkheads or| plugs). These
materials have little thermal'Wstability; and their
-physical properties change at elevated temperatures.
This might limit their applicability tin some sealing
applications or seal locations. Although bituminous
materials are very Insoluble in water,'they may intro-
duce complexants that enhance radionuclide solubility,
particularly over the long-term performance of the seal
system.

* Thermoplastic and thermoset resins may' have value for
low permeability and reasonably'high strength. Appli-
cations in large-scale engineering- projects, materials
handling, and emplacement technology would need
significant development.

* Metals may be considered in' the seal system for
'bulkheads, supportive structures,- orre inforcement. A
potential problem in a tuff repository may be oxidation
of metal components. Metal seal, components would
probably have to be' used in combination with other
materials such as concrete or clay.'

* Ceramics (complex mixtures of metal oxides to which an
external heat 'source is applied to partially or com-
pletely fuse the mix) share many, characteristics of
metals (low permeability,, heat resistance, and
strength), but they may be difficult to emplace
(particularly if external,'heat is required in situ)
without developmental studies.

The outcome of the initial screen shows that the materials groups possessing
desirable properties that are also familiar in engineering applications are
portland cement-based concrete and grout, clay-bearitgg materials, and crushed
rock. In addition to generally satisfactory engineering properties, the
reasons for selecting these candidate materials include the following:

* The candidate materials are widely used in construc-
tion, and they have familiar~properties End engineering
characteristics. The need for basic res arch in mater-
ials development and characterization cap be limited by
the use of these familiar and well-studied materials.
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*The technology to emplace these.- materials in shafts,
boreholes, tunnels, or'drifts is-developed and, perhaps
with some modification, can be'.used in' repository seal-
ing. Thus, research in emplacement technology may be
minimized.

*The materials are widely available and relatively
inexpensive.

. I
7.3 SECOND MATERIALS SCREEN

Development of design requirements for seal materia'ls (as presented in Chapter
6) allows a more specific identification of the materials types that will
probably be used for each seal component. At this stage, the selection of
materials types is based on primary design requirements (especially hydraulic
conductivity), emplacement considerations, and environmental conditions. The
next materials screening will be based on additional design requirements that
emerge from the Advanced Conceptual Design, and 'on the results of ongoing
materials testing that will confirm the' assumed properties of the selected
materials or form the basis for revision of assumed materials properties.

The second materials screen is based on the following requirements or
conditions:

* hydraulic conductivity,
* strength or density,
* emplacement considerations,
* potential influence of seals on groundLwater chemistry,
* emplacement conditions

-host rock lithology/chemistry
-temperature range at seal"location. I

Table 7-1 summarizes these requirements and conditions for each of the seal
components that may be included in the overall system. For several seal com-
ponents, low to moderate hydraulic conductivity is the primary design require-
ment. Required val~ies range from 10-3 cm/s for sealing boreholes drilled from
the surface to 10- cm/s for some bulkheads. (Note that these bulkheads are
not preferred sealing options because of the low hydraulic conductivity
required.) In contrast, backfills placed *in drainage channels or sumps
require high hydraulic conductivity, in the range 1;to 100 cm/s.

Moderate to high strength or density is requirec for components in which
settlement or cracking could lead to increased hydrlaulic conductivity. Seals
such as the anchor-to-bedrock plugs, shaft or ramp station plugs, and fault
seals in horizontal emplacement boreholes are intended to provide low effec-
tive hydraulic conductivity by forming .a tight interface against the host
rock. Seals placed in drifts are intended'to be compacted sufficiently that
settlement will be limited. In contrast, backfills placed in drainage
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-4 Table 7-1. Summary of Design Requirements and Environmental Conditions for Seal Components

Component
-Anchor-to- General Backfill Drainage ChannelDesign Requirements/ Bedrock Plug Station Plug(b) (Shaft, Ramp or Surface Cover(a) Backfill (Access)Host Environment (Shaft, Ramp) (Shaft or Ramp) Drift) (Shaft, Ramp) or Main Drift

Hydraulic Conductivity 10-5_10-4 cm/s 1o-6_10-5 cm/s 10-2 cm/s No requirement >100 cm/s
Strength/Density High to increase High to limit Moderate density High to limit Graded to limitdurability, movement under -to limit intrusion, silting of porestability and shaft fill compaction/ increase volume

permanence if load compressibility durability
exposed stability and

permanence
Emplacement Bulk or Bulk or Bulk Bulk BulkConsiderations pumpable pumpable pumpable, or

: preformed
Emplacement Conditions

Host Rock Alluvium/ Topopah Spring Various(C) Alluvium/ Topopah Spring
Tiva Canyon . Tiva Canyon

Temperature Near surface Ambient to Ambient to Surfage~_ambient Ambient.toRange--Q- - ambent - 100 >100 (-27 to 53) >100
(-27 to 53)

Influence on ground- None(e) None(e) None(e) None(e) Possiblywater chemistry near significant
waste packagesTd)

(a)May be combined with anchor-to-bedrock plug.
(b)May not be required in shafts, preferred option is anchor-to-bedrock plug.
(c)To the extent possible, crushed, welded tuff should be placed as a backfill where welded tuff occurs.Crushed, nonwelded tuff should be placed where nonwelded tuff occurs.
(d)The influence of sealing components is probably not significant for all components associated withhorizontal emplacement. The only possible exception would be the horizontal emplacement hole.(e)To be further evaluated in subsequent studies.

p.:
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Table 7-1. Summary of Design Requirements and Environmental Conditions for Seal Components (Concluded)

i
I
i
i

Component
Design Drift Dam Drift Dam Fault Seals Fracture Borehole
Requirements/ (Emplacement (Perimeter or Drift (Emplacement Treatment Surface Borehole
Host Environment Drift) Mains Bulkhead(f) Borehole) (Grout) Cover Plug

Hydraulic
Conductivity

Strengtt:'
Density

10-5-10-4
cm/s,

High density
to limit
settlement

Bulk or
pumpable -.

<10-4

High density
to limit
settlement

Bulk or
pumpable

1O~-8 10-7'
cm/s

High to
resist rock
loads and
resist
cracking

10o-7-1o6
cm/s

High to
prevent
settlement/
cracking

< 10-5
cm/s

High to
prevent
reopening
fractures

Pumpable
into fine
aperture
fractures

No
requirement

High to limit
intrusion,
increase
durability,
stability and
permanence

Bulk,
pumpable, or
preformed

< 10-3
cm/s

High to
prevent
settlement
and gap
formation

Pumpable... ..... .

f ., , '

I . .

Emplacement
Considerations

Bulk or Pumpable
pumpable into-fine

..' aperture
.- fractures

.... -I?
# . . .

. .. . . Emplacement Conditions T .. ; ., iva . -.

TivaHost Rock Topopah
_ _ -.. Spring

Topopah
Spring-

Ambient to
(100

Topopah
-- Spring-

Ambient to
>100 (esti-
mated range
30 to 110)

Topopah
-Spring - Canyon,

Topopah
Spring

Alluvium/ Various,
Tiva-Canyon-----including- --- -

Calico
Hills

Temperature
Range (OC)

Ambient to
>100 (esti-
mated range
30 to 110) -

Ambient to-
>100 (esti-
mated range
30 to 200)

Ambient
to >100
(estimated
range 30
to 200)

-27 to 53 Ambient to
<100

Influence on
ground-water
chemistry near d
waste packages

Possibly
significant

Minor Possibly
significant

Possibly
significant

Possibly None
significant

None

-J

%o

(f'Double bulkhead with-water flow occurring under confined conditions.
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channels should be loosely compacted to provide high hydraulic conductivity,
but they should also be graded so that permeabilitylis not reduced by silting.

Emplacement considerations are also significant with respect to materials
selection. Whereas some materials are required for filling large openings
(e.g., drift seals or backfills), others are required for relatively small
openings (e.g., emplacement hole seals, grouts). Large openings afford easy
access to machinery and workers (bulk emplacement), but small openings may
have to be filled remotely (e.g., by pumping material into a seal zone). Some
components such as grouts that are required to fill cracks must be emplaced by
pumping under pressure, whereas others such as backfills can be placed mechan-
ically with little or no compaction. 'Other. components such as shaft and
borehole covers may be preformed or' consist of several preformed units that
can be moved into place as integral units.

An additional consideration in the selection of seal materials is that the
chemical interaction between the seals and the gro nd water should not alter
the ground-water chemistry to the degree. that thiI could have a significant
deleterious effect on waste package performance. i Deleterious ground-water
effects may include

* increasing waste package container corrosion rates,
* increasing waste form solubility'or dissolution rates, and '

* increasing the solubility and mobility 6f radionuclides.

Corrosion of the metallic waste package container may be increased by lowering
the ground-water pH or increasing anion' concentrations (e.g., carbonate,
chloride, fluoride). Silica glass waste form solubility may be enhanced by
increased pH (alkaline conditions), reduced silica activity, or increased
alkali or alkaline earth activities in ground water. Several anionic species
may increase the solubility and mobility of radionuclides by forming soluble
aqueous species with radionuclides; these include carbonate, fluoride, sul-
fate, nitrate, and phosphate. A goal for seal materials selection, therefore,
is to ensure that alteration of ground-water composition by interaction with
seal materials results in little change' in pH and little increase in cation
and anion concentrations.

A final set of parameters that contribute to the types of materials required
for sealing a tuff repository are the conditions to which the material will be
exposed and under which the material must meet design requirements after
emplacement in a seal zone. Among the conditions that may affect seal
performance are the following:

* range of temperatures;

* host rock mineralogy, and chemical! and physical
properties;

7-10
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* moisture regime, including the degree of saturation and
total water available in a seal zone;

* chemistry of water associated with a seal horizon; and

* local stresses, imposed by overlying seals and
backfills, in situ stresses, tectonic stresses, and
seismic loads.

It will not be practical to select a different material for every possible
combination of host rock properties and environmental conditions because this
would lead to an impracticable number of materials, each requiring detailed
evaluation. Moreover, it is important to note that rock properties, ground-
water chemistry, and other environmental conditions can vary locally within a
seal zone as well as on a larger scale. Each materlial should thus be selected
to be compatible with a range of environmental conditions. The parameters
considered to be most significant in screening materials are the host rock
type and the expected temperature range. A suggested classification is as
follows:

Host Rock Temperature

* alluvium surface -270 to 53"C
(Eglinton and Dreicer,
1984, Table 19)

* welded tuft (Topopah near surface
Spring or Tiva Canyon) -27° to 530C (ibid.)

* welded tuff ambient to >1000C

* Calico Hills ambient to <100I C

This matrix of environmental conditions is used in combination with the design
requirements for hydraulic conductivity, strength/density, and emplacement
considerations to identify 10. materials types (Table 7-2). These materials
types and their associated design requirements are the basis for ongoing
testing of concretes, grouts, and earthen materials and for the assignment of
properties in design analyses. The materials types may be modified in the
future on the basis of further testing. For example, testing may determine
that a single concrete, or a single grout, may bet applicable to all of the
host rock/temperature range combinations.

7.4 PROPERTIES OF CANDIDATE SEAL MATERIALS

7.4.1 Properties of Portland Cement-Based Concrete and Grout

The experience with portland cement-based materials is very extensive, and a
large data base on concrete and grout performance, ciemistry, emplacement, and
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Table 7-2. Summary of Candidate Materials for Seal Components in Tuff

Design Requirements Emplacement Conditions
Effect on

Hydraulic Density and Emplacement Ground-water Candidate
Conductivity Strength Methods Chemistry Host Rock Temperature Components Material

I low

2 low

3 low

1i low

5 - low

high

high

high
volumetric
stability

high

high
volumetric
stability

:--high -:
volumetric
stability

bulk or
preform

bulk

bulk

pumpable

pumpable
or tamped

bulk

less
Important

less
important

less
Important

less
Important

less
Important

* more
Important

Alluvium

Alluvium/
Tiva Canyon

Topopah Spring

Tiva Canyon/
Topopah Spring

Calico Hills/
Topopah Spring

Topopah Spring

-27" - 53"C

-27* - 53*C

surface cover(a)
(shaft, borehole)

anchor-to-bedrock
plugs (shafts and
ramps)

standard concrete I

standard concrete 2

compacted earth or
standard concrete 3

ambient to station plug. drift
(100C seal (perimeter,

drlft or main)

ambient to grout(b)
C lOOC

ambient to
(100<C

borehole plug

.. . 6
, i1 f -. 6'

standard cementitious
grout I

standard cementitious
grout 2 or compacted
earth :..

compacted earth
or high-temperature
concrete

. I
�'-' � I'1 ; "�.: , �-. ,. .ow ambient to bulkhead (em-

>1000C placement drift)

- *~~_._.Aow.....--high pumpable- - - more -- Topopah-Spring-
Important

-ambient-to , emplicement-' ^ fiijfitemperature&
>100C borehole seals cementitious grout

B no
requirement(*)

volume-
trIcally
stable

volume-
trically
stable

bulk

bulk

more
Important

more
Important

Tiva Canyon/
Topopah Spring/
nonwelded turf

ambient to
>10O*C

backfill (shafts,
ramps, drifts)

drainage channel
backfill, fault
sump backfill

crushed turr

crushed turr
(fines removed)

9 highly
permeable

Topopah Spring ambient to
>IO0*C

The preferred option Is crushed turf with 10% to 30% clay or fines from crushed turf.
(a)Surface cover for shafts and ramps not currently proposed in the NNWSI Repository Sealing Program.
(b)Used In conjunction with standard concrete to seal around bulkheads
(c)For shart and ramp fill, a hydraulic conductivity or less than 10- cm/s Is proposed.
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durability is available. Concretes (i.e., cemeniitious materials with fine
and coarse aggregate) are known chiefly for) high strength, but mix and curing
variables (such as the types and proportions of 1key ingredients and admix-
tures) can result in materials possessing a wide jange of properties, includ-
ing low strength, somewhat plastic materials. For example, the compressive
and shear strength of concrete can be controlled within a wide range of values
that overlaps the strength range of the rocks in which seals will be emplaced.
The compressive strength of concretes typically falls in the range 7 to 124
MPa (B. Mather, 1966, 1967; K. Mather, 1965), depending on factors such as
temperature, age, water:cement ratio, aggregate type and content, additives,
environmental factors such as drying, etc. '-The compressive strength of grouts
(i.e., pumpable cementitious materials with ;no coprse aggregate) can display
similar wide variations.

The range of typical concrete permeabilities is O1x0 5 to 1x10-3 Darcy, or in
terms of hydraulic conductivityI <1x10-8 to lxlO a cm/s, although hydraulic
conductivities less than 10-1 cm/s are achievable (see B. Mather, 1967).
Values obtained by the NNWSI Repository Sealing Program for two grouts and one
concrete ranged from 1.6x10 0-1 to 9.5xlO 10 cm/s (Appendix G, Table G-4). The
hydraulic conductivity of these materials is comparable to that of unfractured
tuff (Table 2-2). Laboratory and field studies indicate, however, that the
interface between the rock and cementitious materials may be more permeable
than either the seal or rock and may be a preferred flow path (e.g., Peterson
and Christensen, 1980; Wakeley and Roy, 1982). As 'noted in Chapter 6, the MPZ
around an excavation may also be a preferred pathway.

The longevity of portland cement-based concretes and grouts is perhaps a
significant issue related to their use in sealing.| Cured materials'are prob-
ably geochemically metastable under repository conditions, and changes will
undoubtedly occur in the chemistry, mineralogy, land microstructure of the
cementitious seal materials over long periods of time and under high tempera-
tures. These changes could also induce volume changes. Characterization of
cementitious-based materials under elevated temperature is being addressed by
continued materials research and testing.

A specific concern related to the longevity of materials is that chemical
interaction between seal materials and the ground' water should not have an
adverse influence on ground-water chemistry (Section 7.3). Current studies
suggest that under repository conditions, including temperatures up to 2500C,
cementitious grouts and concretes will interact with ground water and alter
its composition. For example, Scheetz and. Roy (in preparation, pp. 42-45)
show that a portland cement-based concrete using tuff aggregate may increase
the calcium, silica, sulfate, and pH of J-13 reference ground water when
reacted in a closed system at 1500 and 200°C. The ground-water composition
appears to change as a function of both temperature land time. Changes in some
chemical components in the ground water do not vary conslstently or systemati-
cally with respect to time and temperature, however, and the growth of
secondary phases appears to control solubillties of several species (silica,
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sodium, calcium sulfate) in long-term .-experiments. In evaluating these
results, it should be noted that ~the experimental data may not accurately
reflect actual ground-water/concrete interactions in situ, i.e., tinder reposi-
tory conditions, interactions will occur in- an open system. The results from
these relatively short-term (6 weeks) experiments. may not reflect long-term
effects of ground-water/concrete interactions on ground-water compositions and
do not represent the effects of changing physiochemical conditions over time,
such as temperature, 'and the growth of stable secondary-phase assemblages.
Also, the effects on the composition of any ground water that contacts the
waste will depend on the water flow rate through the seals and the effects of
mixing with water flowting from the host rock. . Nonetheless, the data do sug-
gest that cementitious materials have the potential to alter the ground-water
chemistry.

7.14.2 Properties of Earthen Materials (Clays and Crushed Rock)

There is a considerable data base regarding the properties of earthen
materials obtained from general geological studies, the use of clays in water-
retaining structures such as dams and slurry walls, and from research related
to nuclear or hazardous waste disposal. A review o~f hydrologic properties
(porosity and hydraulic conductivity) is given. In Appendix D for crushed turft
and rock-clay mixtures. 'A wide range of properties can be obtained depending
on particle size distribution, clay type and- content, water content, and
degree of compaction. Porosities can range from about 25% to 50%, with values
in the range 30% to 35% expected for a compacted,: crushed turf backfill.
Hydraulic conductivity. can vary over a very. wide range. For cohesionless
materials (i.e., with no clay), values may range from as high as 100 cm/s for
a clean, coarse gravel or rock fill to 10-5 cm/s for. a fine silt. Specific
values within this range can be engineered by crushipig and screening crushed
tuff. Lower values of hydraulic conductivity 'can belobtained by adding clay
to crushed tuft. For example, a value of abo ut 10 I cm/s can be obtained
from a mixture of crushed tuff with 30% Na-bentonite (,see Appendix D).

To achieve low, effective hydraulic conduct ivities in earthen materials, it is
necessary to avoid cracking or gap. forma~tion .at the interface between the
backfill and the host rock. Cracking may resul t from drying, chemical reac-
tio:ns accompanied by volume reduction, tectonic effects, or structural effects
(e.g., compaction, unequal loading). The effec ts of cracking might be mini-
mized by use of a swelling clay such as bentonite, although further research
is needed to verify this supposition. The potential for gap formation can
possibly be reduced by the careful selection of seal materials. For exaniple,
increased cation concentrations in ground water may alter clays or zeolites
that are emplaced in the facility or occur naturally in the tuff. Alteration
of clays such as smectites may reduce their swell ing-capacity. As indicated
in Scheetz and Roy (in preparation, pp. 412-45), a por'tland cement-based con-
crete together with J-13 water may increase 'the cor centrations of several
cations within the water. Therefore, use',~of'concretes together with clays
could affect the swelling capacity of the .clay.--, If tie swelling capacity of
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the clay is determined to be important, then the 'use of a clay and concrete
together should be avoided. '

Materials used as room or emplacement hole backfill or in other seal compo-
nents may be required to retain adequate performance over a long period of
time. It is anticipated that crushed turf will be geochemically stable under
repository conditions, and clay minerals are generally stable over a wide
range of geological environments (see Grim, 1968). Further research may be
required if clays are to be used at temperatures greater than 1000C.

As with cementitious materials, a specific concern, regarding longevity is the

effect of interaction between seal materials and the ground water on ground-
water chemistry. Limited experimental evidence suggests that earthen materi-
als seals, containing clays, crushed tuff, or a combination of these materials
may alter ground-water composition upon interaction under repository condi-
tions. For example, Grim (1968, pp. 446-448) indicates that silica may be
dissolved from clays (specifically montmorillonitel and attapulgite, 900C, 4:1
water:solids ratio) in neutral to slightly alkaline solutions. The results
quoted by Grim are not steady-state values,'and the potential for significant

silica removal from clays in alkaline solutions (presumably with low silica
activities) is inferred. A study of J'Na-montmorillonite interaction in a
closed system with calcium-free, basaltic '(high pH) ground water (25:1
water:solids ratio) at 1500 and 200°C for up toi 6 months showed increased
sodium, potassium, calcium, magnesium silica, and aluminum in the altered
fluid (Howard and Roy, 1985, p. 83). These limited data suggest that under
repository conditions clay/ground-water interaction may result in the release
of several species to the ground water. These experimental results must be
cautiously applied to the tufr repository environment, however, because the
starting fluid compositions in these experiments are not representative of the
tuff repository. For example, the silica concentration used by Howard and Roy
(about 100 ppm) was lower than the silica concentration expected in associated
ground water under tuft repository conditions (over 250 ppm at 1500C)
(Oversby, 1984, p. 17). In addition, the experimental fluids had starting pH
values (9.8) that are higher than the pH expected in the tuff repository
ground water (generally less than 8.0, Oversby, 1984, p. 47). Based on these
limited experimental results, it appears that clay/ground water interactions
may result in small compositional changes in the ground water; however, this
subject has not been fully addressed.

Interaction of J-13 ground water and crushed Topopah Spring tuft at 1500C
resulted in increased potassium, silica, aluminum and pH, decreased magnesium
and variable changes (usually decreased) in sodium and calcium in the ground
water (Oversby, 1984, pp. 47, 49-51, 55-58). Similar reactions may be expec-
ted from reactions between ground water and crushed Ituft. These reactions may
recur at a faster rate because of the larger surface area in a crushed mater-
ial. Additional work is required to determine whether some reactions could be
different in a crushed material than in the host rock, for example because of
differentiation of some chemical components during crushing.
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7.5 MATERIALS RECOMMENDATION SUMMARY

The second materials screen (Section 7.3) indicated that the preferred seal
materials are earthen materials (crushed tuff with fines added if low permea-
bility is required) or cementitious materials (grout or concrete). With the
assumption that a single grout and a single concrete cannot be applied over a
wide temperature range, the material groups identified below may be required
for all application:

* standard concrete 1 (freeze-thaw resistant),
* standard concrete 2 (temperature >OOC, '1000C),
* standard concrete 3 (temperature >0OOC),
* standard grout 1 (temperature <1000C),
* standard grout 2 (temperature >1000C), I
* crushed tufr and clay (low permeability), and
* crushed tuft, fines removed (high permeability).

The number of materials will be reduced if both a tingle grout and a single
concrete can be applied over the whole temperature rpnge from <0C to >2000C,
i.e.: &

* concrete,
* grout,
* crushed tuff,
* crushed tuft and clay, and
* crushed tuft, fines removed..

Currently, the NNWSI Repository Sealing Program is conducting research on both
cementitious and earthen materials. Our current preference is to propose
earthen materials for as many applications as possible to minimize potential
degradation of physical properties and potential adverse effects on ground-
water chemistry in the repository environment. Within the higher temperature
environments, I.e., within the emplacement drifts, earthen materials are
anticipated to be more stable than concretes and grouts. Their impact on
waste package corrosion, waste form solubility, and Mobility of radionuclides
is considered to be less severe than cementitious-based materials. This
conclusion is reached by comparing potential increases in pH and cationic
species. Therefore, earthen materials are preferred for use in emplacement
drifts. In places where low strength is acceptable, earthen materials may
also be used. The most likely application for cementitious materials is where
high strength and low deformability-may be required (e.g., in some bulkheads)
or where high strength combined with pumpability may be required (e.g., for
grouting fractures).
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8.0 CONCLUSIONS I

The purpose of this report is to provide a technical basis for the performance
goals to be used in the NNWSI Repository Sealing Program and for the design
requirements associated with specific, sealing components. These performance
goals and design requirements are then used to provide a more definitive basis
for the seal design development, including selection of suitable materials for
sealing components. Conclusions supporting seal design development are
summarized below.

By comparing the design-basis-performance goals with the anticipated water

flows into the repository, it is concluded that limited sealing efforts (e.g.,
emplacing crushed turf fill in shafts and ramps) are sufficient t: meet the
quantitative NRC performance requirements in 10 CFR 60.113a.1.ii.B. However,
to meet selected, unanticipated water flows into the repository, specific
sealing measures may be required to provide additional assurance that perform-
ance objectives will.be met. For the'shafts and ramps, sealing measures are
required for the first 1,000 years after closure. For the underground
facility, sealing measures are required for the first 500 years following
closure. To provide the assurance that the design-basis-performance goals can
be met, even if unanticipated conditions are encountered, a broad range of
sealing options and associated design requirements are proposed.

For shafts and ramps, the preferred option is the emplacement of an anchor-to-
bedrock plug (a sealing component located in the upper portion of the shaft or
ramp) together with a general fill in the majority of the shaft and ramp
This fill should have a saturated hydraulic'conductivity of less than 10-
cm/s. The shaft liner below the repository station should also be removed.
Preferred sealing options in the underground facility for the vertical
emplacement configuration is a combination of sumps and earthen dams that may,
in selected nonemplacement areas, be supplemented with channels. In the
underground facility, for the horizontal emplacement configuration, the pre-
ferred option would be to abandon emplacement boreholes in which water is
encountered. For exploratory boreholes, the emplacement of a seal, where the
Calico Hills unit is penetrated, is preferred. Two design requirements
associated with exploratory boreholes include: (1) the underground facility
does not intercept any borehole, and (2) a 'minimum distance of 15 m occurs
between a drift excavation and the borehole.

Considering the design options and design requirements presented in the early
portions of this report, potential sealing materials are identified. It is
concluded that five materials are suitable for use as sealing components:

The design-basis-performance goals are performance goals selected for
developing seal designs. The design-basis performance goals selected for use
in this report are reduced from the maximum-allowable-performance goals to
provide an added degree of conservatism.'
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concrete,
grout,
crushed tuff,
crushed tutf and clay, ard
crushed tuf:, fines removed. :
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Our preference in the NNWSI Repository Sealing Program is to propose earthen
materials for as many applications as possible-to minimize potential degrada-
tions of physical properties and potential 'adverse effects on ground-water
chemistry in the repository environment. Specifically, earthen materials are
preferred in emplacement drifts and where low strength is acceptable. If high
strength, low deformability, or pumpability is required, cementitious
materials may be more appropriate.

Finally, it is important to indicate that the conclusions reached in this
report are based on the available, site hydrologic information and engineering
judgment. In this regard, these conclusions are preliminary and subject to
change. Therefore, as results from the hydrologic tests conducted in the
Exploratory Shaft Facility are obtained and *as additional analyses are
performed, the design bases, including design.'requirements will be modified.
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APPENDIX A I
SURFACE-WATER SUPPLY AND COLLECTION NEAR THE SHAFTS AND RAMPS

A-nl.l GEOLOGY AND MORPHOLOGY OF SHAFT AND RAMP PORTAL LOCATIONS

All of the proposed shaft locations'-and one of the proposed ramp portal
locations are within broad valley's or on vaIlley walls near washes. Although
the washes are normally dry, flooding may occur in the valleys during heavy
rainfall. This section summarizes the geology and topography present at each
shaft and portal location and the current designs for flood control.

A.;.1.1.1 Exploratory Shafts

The Exploratory Shafts (ES-i and ES-2) are located in a wide valley through
which the north and south forks of Coyote Wash flow at the northern and
southern margins (Figure A-1.1). The valley floor slopes moderately (approx-
imately eight percent) to the east and is underlain by coarse alluvium and
mud/debris flow deposits, with surficial, fine-grained sand probably of eoliar.
origin. Bedrock (Tiva Canyon Member) is exposed ib the steep valley walls to
the north and south and headward in the valley ito the west. Bedrock is
exposed in the washes upstream of the ES location. Downstream, the washes lie
on alluvium. At boreholes USW G-14, near the shaft location, and UE-25a#6,
near the mouth of Coyote Wash, alluvium is 6.5 to, 10 m, thick (Fernandez and
Freshley 1984, pp. 60,69).

At the conclusion of this study, alternative locations for ES-I and ES-2 were
proposed. These proposed locations are also shown in Figure A-1.1. Both
shafts will be collared in bedrock. Because of the recent decision to relo-
cate the exploratory shafts to the proposed. locations, details of surface
development of the ES area are not available to ~incorporate herie. Figure
A-1.2 is a north/south cross-section through, the site showing the existing
topography and, the modifications (assuming the original locations of the ESs)
planned for site development.

A-1.1.2 Men and Materials Shaft AN R

The proposed location for the Men and Materials Shaft (MMS) lies on the prow
of a ridge separating Wren Wash to the north from a smaller wash to the south
(Figure A-1.3). The ridge is underlain by colluviumn over bedrock. The sur-
face in the vicinity of the shaft location slopes, toward the washes to the
north and south. The valley walls north of Wren Wash and south of the
southern wash are steep (up to about 140%). Headward, the ridge on which the
shaft is located, also steepens (Figure A-E.3). The EMS is located at the
edge of the limits of the probable maximum flood (PMF) as defined by the
U.S.G.S. (Squires and Young, 198t4).

In the current preliminary plan, a rectangular pad about 12 acres in area will
be constructed at the ESS location (SNL, 1987a). Construction of the pad will
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require up to 7.6 to 9.1 m of'additional fill, particularly to the east,
north, and south. Headward, however, surficial deposits and bedrock under-
lying the ridge on which the shaft is located (on the existing surface) will
be cut away. North and south of the pad, two, approximately parallel, diver-
sion channels will be constructed in the washes. In Wren Wash, the channel
will have a bottom about 9.1-m wide. The southern channel will be about 7.6-m
wide at the bottom. These will require excavation of bedrock forming the
slopes lying north and south of the planned surface facilities as shown in
Figure A-1.4, a north-south cross-section through the shaft location.

A-1.1.3 Emplacement Exhaust Shaft

The proposed location for the Emplacement Exhaust Shaft (EES) lies in the
center of a broad valley surrounded on the north; south, and west by steep
slopes underlain by bedrock (Figure A-1.5). The EES is located on alluvial/
colluvial material covering the valley floor. The natural surface slopes
gently away from the location to the'north, south, and down-valley to the
east. Washes lie along the north and south margins of the valley at the base
of the steep valley walls. The preliminary site development at the EES
(Figure A-1.5) calls for a pad to be constructed in the valley between the
washes (SNL, 1987a).

A-1.1.4 Muck Handling Ramp Portal

The Muck Handling Ramp (MHR) portal proposed in the current design is located
south of an unnamed wash about 76 m north of Pagany Wash. The portal will be
excavated in bedrock (Tiva Canyon Member) and-lies about 6.1 m above the floor
of the adjacent wash to the north on a fairly steep-(approximately 20% to 25%)
slope (Figure A-1.6). The opposite (north) side of the wash is a broad, low
terrace estimated in the field to be about 4.0 m, below the portal (Figure
A-1.7).

Several, preliminary, site development plans have been developed for the MHR
Portal location (SNL, 1987a). Some plans call for diversion of runoff in the
wash by berms. Alternative designs include blocking the wash or filling the
valley and wash with waste rock.

A-1.1.5 Waste Handling Ramp Portal

The Waste Handling Ramp (WHR) portal is proposed to'be constructed at the base
of the eastern slope of Exile Hill (Figures.A-1.8 and A-1.9). The location
lies in alluvium/colluvium less that 15 m in thickness. There are no large
drainages or washes on the east slope of Exile Hill, and no major diversion
structures are planned at this site.
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A-1.2 FLASH rLUU) PUTENTIAL
{.1

As described in the previous sections, the proposed [locations for the shafts
are within relatively steep washes. These washes are normally dry, but rapid
runoff can occur during heavy rains. Figure A-1.10;shows the catchment area
for each of the shaft and ramp locations. The flash flood potential is
evaluated by several methods, as presented below..

Squires and Ycung (1984. p. 1) examined the flood potential in Drill Hole Wash
and other major washes near Yucca Mountain. The following formulas were
derived to calculate Q100 and Q500, respectively, thelpeak discharges in cubic
feet per second (ft3/s) for floods with 100-year and 500-year recurrences:

Q10 =482 A

05oo 2200 A0 571  (A-1-1)

where

A area of the drainage basin in square miles.

Consider the example of ES-1 with a combined catchment area for the two forks
of Coyote Wash. For a watershed area of 4.8x10 1 k62 (0.19 mi2), Q100 equals

approximately 5.3 m3/s (190 ft3/s), and Q is about 24 m3/s (850 ft3/s) near
the ES-1 location. Although these values may appear large, the U.S.G.S.
(Squires and Young, 1984, p. 2) estimates that the peak discharges for Q100
U Q5oo for Drill Hole Wash at its confluence with Forty Mile Wash are 65 and

280 m3/s (2,300 and 10,000 ft3/s), respectively. The regional maximum flood
(i.e., peak flow rate) for Drill Hole Wash is estimated by the U.S.G.S. to be
2430 m3/s (86,000 ft3/s). Drill Hole Wash includes a drainage area of 3Y.9
km (15.4 mi2) and is considerably larger than the two forks of Coyote Wash.

The U.S.G.S. formulas indicate the peak flow of the flood in a wash but not
the duration or the cumulative flow. Accordingly, hydrograph analyses were
performed as part of the present study for the washes near selected shaft
locations to determine peak and total flows (Table A-1.1) as well as the
maximum and average depths of water in the washes during flooding. The hydro-
graph analyses were performed for the ESs, the MMS, and the EES. The ESs and
EMS lie within washes that drain large areas and would appear to be more
subject to flooding than the EES and ramp portals that lEe within smaller
drainage areas or well above adjacent washes.

A computer program, THYD, was used to generate synthetic, runoff hydrographs.
The program is based on the Soil Conservation Service (SCS) triangular unit
hydrograph method described in U.S.B.R. (1974, pp. 65L89) to generate a com-
posite runoff hydrograph for humid environments. Input to the program
consists of the watershed characteristics and rainfall data as shown in Table
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A-1.1. The analysis permits site-specific Information such as hydrologic soil
type, ground cover, and meteorological conditions to be taken into account.
The present analyses were conducted for a storm that produces 18 cm (7 in.) of
rain in 1 hour. This Is the maximum expected rainfall in the southern Nevada
area defined by the U.S. Bureau of Reclamation, (U.S;B.R., 1974, p. 53).

Figure A-1.11 shows the runoff hydrographs for the two forks of Coyote Wash.
For the 1-hour event, the discharges rise sharply.after about 0.5 hour to
maximum values of 10 to 12 m3/s (370 to 420 ft3/s) and then decrease over the
next 45 minutes to about 4 to 4.5 m3/s (1140 to 160 ft3/s). The total runoff
for the two washes combined is about 5.6x104 m3 (45 acre-ft) for this storm
event.

The runoff hydrographs for Wren Wash and its adjacent wash to the south near
the MMS are similar to those discussed above. The maximum flow rates for a
1-hour, 18-cm (7-inch) event are 29 and 9 m3/s (1,010 and 310 ft3/s), respec-
tively. The combined total runoff from the two washes is 9.9x104 m3 (80 acre-
ft).

The flood hydrographs that have been synthetically generated may be compared
with a flood hydrograph for Eldorado Canyon (Glancy and Harmsen, 1975, p. 15).
The actual hydrograph is Illustrated in Figure A-1.12 and indicates a higher
flow rate over a shorter duration than the synthetic hydrographs. This sug-
gests that there may be difficulty in predicting peak flow rates and runoff by
the SCS unitgraph method when small watershed areas are considered. For this
reason, the Eldorado Canyon flood hydrograph was assumed to be typical of the
expected flood hydrograph, and the relationship of. surface water runoff to
peak fiow rate for this flood was used to calculate surface runoff from peak
flow rates for the several shaft locations for comparison to other methods
(Table 4-1).

A- 16
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Table A-1.1. Hvdvograph Analyses at Various Shaft Locations

Coyote Wash Wren Wash Drainage at Emplacement
(Exploratory Shaft) (Hen and Materials Shaft) Exhaust Shaft

North South Combigeo Wren Adjacent Wash Combined South- North Combintd)
CATCHHENT Fork Fork Forksta) Wash to South Washesta) Fork Fork Washes a

Area (ft2)
Elevation
change (ft)(b)

2.4x10 6 2.8x10 6 5.2x106 6.7x106 2.Ox106 8.7x106 1.4x106 5.7x105 1.9x106

720 710 720 675 640 460 300

Length (ft)

THYD Hydrograph(C)

7-inch storm - 1 hr

Peak flow (ft3/s)

Mean flow (ft3/s)

4500 4500 4500 4500 4000 2400 1300

370

170

1420

200

790

370

45

1010

480

310

140

20

1320

620

240

100

110

40

350

140

Total runoff (acre-ft) 20 25 60 80 1, 5 18

(a)Sum of separate washes.
(b)Elevation difference in feet from highest point in the watershed to shaft location.
(C)The THYD hydrograph procedure was developed by IT Corporation and was based on U.S.B.R. (1974). In this

analysis, the following assumptions were made: soil type has low run-off potential, probable maximum
thunderstorm (1 hr) rainfall (PHTR) is 7 inches, the maximum area receiving the PMTR is 50 mi2, and the ground
cover is brush, sage, grass, or combination.
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APPENDIX A-2
GROUND-WATER INFLOW TO A SHAFT UNDER PERCHED WATER CONDITIONS

The expected hydrologic conditions at Yucca Mountain is that the average
ground-water flux is less than 1 mm/yr (DOE, 1986,!pp. 6-150 to 6-153). Under
these conditions, the ground-water inflow to a spaft will be very small, as
described by Fernandez and Freshley. Higher inflows to a shaft could occur if
local saturation, i.e., perched water conditions, develops in the vicinity of
a shaft. Theoretically, perching can occur where downward infiltration is
impeded by permeability contrasts or capillary barriers.

A permeability contrast may occur where alluvium overlies Tiva Canyon bedrock
in the washes. At the Exploratory Shaft-1 (ES-1) location, for example, the
depth of the alluvium is about 9.1 m (Bentley, 1984, Table 1; see also Figure
A-1.2). The hydraulic conductivity of the alluvium has not been measured, but
a relatively low value for gravel is 10-2 cm/s (Freeze and Cherry, 1979, p.
29). In contrast, the bulk hydraulic conductivity of the Tiva Canyon is
approximately 10-3 cm/s (Sinnock et al., 1984, p. 12).

A simple calculation may be performed to show that the alluvium below a wa.jh
could become saturated down to bedrock during runoff. The calculation uses
the Green-Ampt solution (Section A-3) to calculate' the infiltration rate into
the alluvium and the depth of the wetting front against time. The required
parameters are the height of ponding at the surface [taken as 0.39 m from a
hydrograph for a 6-hour, 18-cm (7-inch) storm performed using the same method
described in Section A-1.2], the initial pressure head -100 cm; Section A-3],
and the porosity and hydraulic conductivity of the alluvium. The following
table shows the depth of wetting against time for alluvium with a porosity of
0.3 and a saturated hydraulic conductivity of 10 2 cm/s.

Depth of Wetting (m) Time (hr)

0.30 0.03
1.5 0.4
3.0 1.3
6.1 3.2
9.1 5.4

According to this analysis, water would penetrate to 9.1 m within a 6-hour
storm, even with relatively low conductivity alluvium. With a more permeable
alluvium (such as clean gravel with hydraulic condsctivity of 10 to 100 cm/s),
water would penetrate to bedrock within a few minutes and could then spread
laterally across the bedrock surface toward the shaft. This analysis does not
allow for caliche layers within the alluvium that might have low permeability
and might slow infiltration.

A permeability contrast also exists where the fractured, welded Tiva Canyon
overlies the nonwelded Pah Canyon Member of the Paintbrush tuff. From Sinnock
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et al. (1984, p. 12) and Scott et al. (1983, p. 299), the saturated, bulk
hydraulic conductivity of the Tiva Canyon is approximately 10-3 cm/s, whereas
that of the Pah Canyon varies from 10O3 cm/s (vitric) to 10-6 cm/s (clayey).
Following heavy rainfall, water could penetrate rapidly through fractures to
the base of the Tiva Canyon, but it would be -impeded from infiltrating into
the Pah Canyon, especially if the underlying unit were clay rich (Scott et
al., 1983, P. 325-327). Infiltration could also be limpeded by air entrapment
ahead of the wetting front (Montazer and Wilson, 1984, p. 47). According to
either hypothesis, much of the water infiltrating from the surface could flow
downdip (generally to the east) along the upper contact of the nonwelded
Paintbrush Tuff.

A-22

. .. I



APPENDIX A-3
INFILTRATION THROUGH SHAFT FILL

Two solutions are presented for downward infiltration through shaft fill. A
steady-state solution is used to calculate flow rate based on the saturated
hydraulic conductivity or the shaft fill. This method is useful for estimat-
ing the maximum flow rate, but it does not account for the time required to
saturate the fill, which may be substantial if the hydraulic conductivity is
low. Thus, a transient solution (Green and Ampt) is used to calculate the
rate at which the wetting front moves. Both solutions assume pipe flow within
a filled shaft; i.e., no flow is lost laterally into the walls of the shaft.

A-3.1 STEADY-STATE INFILTRATION

A possible approach to infiltration through shaft fill is to assume saturated
conditions and steady-state infiltration rates. The maximum flow rate down
the shaft under atmospheric conditions is obtained from Darcy's law where the
hydraulic gradient is unity:

Q = K * A (A-3.1)

where

Q flow rate (m3/s),
K saturated hydraulic Conductivity of the shaft fill (mis), and
A area of the shaft (mi).

The calculated flows for a range of fill conductivity are shown in Table
A-3.1.

Table A-3.1. Infiltration Through Shaft Fill

(b)K, Approximate - Infiltra ion Rate,
cm/s Backfill Gradation(a) m /s

10 coarse gravel/rock fill 10

10-1 sand 10-2

1o-4 silty or clayey sand 10-5

(a)Appendix D.
3.7-m-diameter shaft.

A-3.2 GREEN AND AMPT TRANSIENT SOLUTION

Downward infiltration into an initially unsaturatedifill will occur under the
combined influence of suction and gravity gradients. As the water penetrates
deeper and the wetted part of the profile lengthens; the average suction gra-
dient decreases. This trend continues until eventually the suction gradient
in the upper part of the profile becomes negligible, leaving the constant
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gravitational gradient as the only remaining force moving water downward in
the transmissive zone. Because the gravitational-head gradient has the value
of unity, it follows that the flux tends to approach the hydraulic conducti-
vity as a limiting value. In a uniform soil under prolonged ponding, the
volumetric water content of the wetted zone approaches the saturated porosity.

A simple method for calculating vertical infiltration is the Green and Ampt
solution (Hillel, 1971, pp. 140-143), which has been found to give good
results for cases of infiltration into initially dry soils. This solution
gives no information about details of the moisture profile during infiltration
but does offer estimates of the infiltration rate and the cumulative
infiltration as functions of time.

The principal assumptions of the Green and Ampt solution are that there is a
distinct and precisely definable wetting front and that the matrix suction at
this wetting front remains effectively constant regardless of time and posi-
tion. Furthermore, this approach assumes that, behind the wetting front, the
soil is uniformly wet and of constant conductivity. jThe wetting front is thus
viewed as a plane separating a uniformly wetted zone from a totally dry zone.

With gravity taken Into account (i.e., vertical infiltration) the Green and
Ampt solution gives

Kt L - (H - H ) In (1 + L (A-3.2)
p 0

where

K = saturated hydraulic conductivity of the fill (mis),
t = time (s),
A = et -i
et = transmissive-zone, volumetric water content,
9i = initial water content,
L = distance from the surface to the wetting front (i.e.,

length of the wetted zone (m)],
Hp = pressure head at the entry surface (m), and
HP initial pressure head at the wetting front (m).

Assumptions involved in this analysis include the following:

* The ponding depth is negligible.

* The surface is maintained at a pressure head of zero.

* Full saturation is assumed behind the wetting front.

* The initial water content (01) equals zero.
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The effective pressure head (Hpo) at the wetting front
is equal to -100 cm H20:!(found by experiment to be
typical for infiltration into initially dry soil;
Hillel, 1971, p. 143).

Equation (A-3.2), after being rearranged, gives the time at which the wetting
front reaches a given depth in the shaft

L - (H- H ) ln (1 + )
t K _ P (A-3.3)

The time taken for the wetting front to reach a given depth is therefore
inversely proportional to the saturated hydraulic' conductivity of the fill.
For a fill with a saturated hydraulic conductivity of 102 cms and a porosity

of 0.3, the time required for the wetting front to penetrate to 300 m is about
2 minutes (Figure A-3.1). For a fill with conductivity 10- cm/sec, the time
required to penetrate 300 m is about 1,000 days, i.e., proportionally six
orders of magnitude greater.

The average rate of advance of the wetting front (LR) over a given time
increment is given by

LR- at . (A-3.4)

The infiltration rate (I) is thus given by

-AO- (A-3.5)

From these relations it can be shown that the infiltration rate approaches the
steady-state rate, which is equal to the saturated hydraulic conductivity foj
a unit gradient. For a fill with a saturated hydraulic conductivity of 10-
cm/s the infiltration rate approaches the steady-state rate after about 70
days (Figure A-3.2), which is only 10% of the time required for the wetting
front to penetrate 300 m. Initially, the fill will accept a higher flow rate
than that predicted by the steady-state approach. Over the first hour, the
average infiltration rate is 1.2x10-3 cm/s, or 12 times the steady-state rate.
Over the first day, the average flow rate slows to 5x10-41 cm/s, or five times
the steady-state rate.
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A-3.3 DISCUSSION

The calculations in the previous section show that ian assumption of steady-
state conditions is reasonable for a fill with high hydraulic conductivity
(e.g., 10 2 to 10 cm/s or higher). For such a {material, both the time
required for the wetting front to travel down the shaft and the difference
between the transient- and steady-state-infiltration rates can be ignored for
practical purposes.

The transient condition cannot be ignored for shaft fills with low hydraulic
conductivity (e.g., 10-2 to 103 cm/s or lower). !For example, consider a
scenario where water is impounded above the shaft and remains for a nominal 30
days before draining or evaporating away. Considering a fill with a saturated
hydraulic conductivity of 10- cm/s, the wetting front would penetrate only
about 11 m into the shaft. The volume of water that would enter the shaft
woud beabout 34 m3, assuming a fill porosity of 30%. With a conductivity of
10-2 cm/s, the wetting front would penetrate to the bottom of the shaft in
about 10 days (Figure A-3.1).

The calculations presented above consider flow in a pipe that has impermeable
sides. This is approximately the case for a shaft Pined with steel or good
quality concrete when flow through the host rock around the shaft is ignored.
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APPENDIX A-4i
ALTERNATE SOLUTION FOR INFLOW TO A SHAFT

The alternate solution assumes the alluvium is instantaneously saturated by
the flood event with water perched on the Tiva Canyon-alluvium contact. The
desaturation of the alluvium is assumed to occur under unconfined conditions.
The vertical infiltration through the Tiva Canyon bedrock is assumed equal to
the saturated hydraulic conductivity of the bedrock times the cross-sectional
area in plan out to the radius of influence, but excluding the area occupied
by the shaft and modified permeability zone (MPZ). This assumption is conser-
vative for purposes of estimating shaft flow because the initial gradients for
vertical infiltration may be much, greater than one.

The general assumptions given above are identical to the assumptions made
using the computer program, TOTAL. Two significant differences in the alter-
nate analysis are the computation of Ho, the hydraulic potential at the shaft
wail, in the radial formula for unconfined flow (A-4.1) and the introduction
of a "capture zone."

The radial flow tbward the shaft is as3umed to occur under unconfined
conditions under the Dupuit assumption; i.e., flow occurs horizontally and is
uniform in vertical section. The equation of flowj is given by Todd (1980, p.
118):

zK (H2 -H 2 )
QS In ( (A-4.1)

where

QS = flow rate toward the shaft,
'H = hydraulic potential at the radius of influence,
Ho = hydraulic potential at the radius of the shaft,
r = radius of influence,
ri = radius of the shaft, and
K = hydraulic conductivity of the alluvium.

Water that flows radially towards the shaft then flows vertically downward
through the fill or plug and a surrounding MPZ. The top of the fill or plug
coincides with the contact zone between the Tiva. Canyon and the alluvium.
Darcy's Law may be written for vertical flow down alshaft:

' Ho + L
Q KeAei (K A + K A ) (- (A-4.2)
ie p MPMP LA

.. *
TOTAL is a FORTRAN listing used to facilitate the numerical calculations used

to describe the flow into the tpper portion'of a shaft in Section 4.1.3.
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where

Ke = effective hydraulic conductivity of the shaft fill and MPZ,
A = total area,
I = vertical hydraulic gradient,
L = length of the plug or fill,
Kmp = conductivity of the MPZ,
Amp = area of the MPZ,
K? = conductivity of the fill, and
Ap = area of the fill.
p

In the case of a filled shaft, the length of fill (L1) may be much greater than
the height of perched water (Ho) such that the vertical hydraulic gradient
[(Ho + L)/L] is approximately one and the, shaft fill is draining under
approximately unconfined conditions.

According to the flow-continuity principle, the radial flow toward the shaft
(A-4.1) must equal the vertical flow down the shaft (A-4.2) or

nK(H2 _H2 H+L
0 = + KmpAmP) (A-4.3)

ln(-) P mp L

Therefore, the following relationship is used to solve for Ho:

K A + K A KA- + C Al 2
_K H 2 + ( p p + mp mp H p MPP H) K =0Hn '0 L ) 0 ( 1 ln(-)r arI

(A-4.4)

In the solution of the above equation, it is possible that the fill and sur-
rounding MPZ could have a vertical drainage capacity that exceeds the radial
flow under all circumstances of perched water (O S Ho 5 H). In this case, it
is assumed that the hydraulic potential over the shaft Ho is set to zero.

The second major difference between the two analyses is the incorporation of
the "capture zone" (Figure A-4.1). All water flowing down the wash that lies
within the capture zone will eventually flow down the shaft. In this zone,
the radial flow velocity induced by the drawdown of the water surface near the
shaft is sufficiently strong to overcome the tendency for flow to occur later-
ally down the alluvium in the wash. Outside this zone, the converse is true.
According to Keely and Tsang (1983, p. 703), the width of the capture zone is
27r times the stagnation radius (rs). The stagnation radius represents the
point where the alluvial flow velocity "Vd" down the wash is equal to the
radial flow velocity "Vs t o or
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V -V andd s

K * i -rH(-4.5)
K* -2irr H

where

QS = radial flow towards the shaft (defined below),
Vd = Darcy velocity in the alluvium,
Vs = shaft velocity,
rs = stagnation radius,
K =hydraulic conductivity of the alluvium,iand
i = hydraulic gradient assumed equal to the topographic

gradient of the wash.

The term "Qs" is the radial flow toward the shaft and is assumed to occur
under unconfined conditions under the Dupuit assumption of Equation A-4.1;
i.e., flow occurs horizontally and is uniform in vertical section.

The area dominated by alluvial flow can be computed from the radius (rs). At
this stage the alluvial, Tiva Canyon, shaft, and MPZ flows are computed for a
small time step. The change in storage in the alluvium from the three compo-
nents of flow over the time step is then computed. At the end of the time
step, the drawdown or desaturation of the alluvium corresponding to the change
in storage is calculated.

A comparison of the results for the Exploratory Shaft-1 (ES-1) obtained using
this approach and the approach described in Section 4.1.5 (TOTAL approach) is
illustrated in Figure A-4.2 for the 500-year flood volume and for Tiva Canyon
hydraulic conductivities of 10- and 10- cm/s. A small difference of about
7 m3 is observed on the left portion of both sets of curves. This is attri-
buted to the assumption in the alternate calculation i that a small wedge of
water contained within the alluvium drains immediatelylinto the ES-1. At the
peak for the 10-5 cm/s Tiva Canyon curve, there is little difference between
the two calculations. At high-alluvial conductivities, the results indicate
that, for both the Io5 or io2 cm/s Tiva Canyon curves, the TOTAL calculation
provides a conservative estimate (slightly higher) of the volume of water
entering the shaft. This is attributed to differences between the two
approaches in computing alluvial flow; i.e., the capture zone approach results
in a smaller amount of water flowing towards the shaft. Considering the
general nature of the alternate solution, the results azre in good agreement.
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APPENDIX A-5
DRAINAGE THROUGH THE SHAFTS AND DRIFT FLOORS

A-5.1 DRAINAGE FROM A SHAFT
I,

Drainage to the surrounding fractured tuff after :standing water develops in
either the shaft or sump is evaluated using formulas developed for calculation
of hydraulic conductivity in cased or open boreholes above the water table.
Stephens and Neuman (1982a) give two, steady-state solutions for drainage from
a cased borehole and three solutions for an open hole. All solutions are for
boreholes above a deep water table. The solutions are derived using free-
surface theory where the flow region is completely saturated and the free
surface is a boundary across which no flow occurs, (Figure A-5.1). Solutions
derived for cased boreholes may be used for drainage from a lined shaft if the
concrete shaft liner is assumed to be impermeable.: In this case, flow occurs
only through the base of the shaft. Solutions derived for open boreholes may
be used for the case where the liner has been totally or partly removed. In
this case, flow occurs through the walls of the shaft as well as through the
base.

FREE SURFACE

ZONE

I I

Classical Free-Surface Concept of Flow From a Borehole Above
a Deep Water Table (Stephens and Neuman, 1982a)

Figure A-5.1.

A-5.1.1 Drainage from a Fully Lined Shaft or Sump

Flow from the base of a lined shaft was calculatediby using a formula devel-
oped by the U.S. Bureau of Reclamation (Stephens and Neuman, 1982a, p. 625)
for flow from the bottom of a cased borehole:|
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Q 5.5 r H K (A-5.1)

where

Q =flow rate,
r = radius of shaft,
H = height of standing water in the shaft '(total head), and
K = saturated, effective hydraulic conductivity of fractured tuff.

The author of this solution (hence called the "LU.S.B.R. solution") and the
details of its derivation are unknown (Stephens and Neuman,. 1982a); however,
some empirical observations regarding its use have been made by the
U.S.B.R.:

* The thickness of the layer being tested should be equal
to at least 20 times the radius (r) of the borehole.

* The base of the borehole should be located at least a
distance of 10 times r above the water table.

* The base of the borehole should be located at least a
distance of 10 times r below the top of the layer being
tested. I

Also, by implication, the base of the unit tested should be below the water
table.

The MMS and EES will bottom out in the"Topopah Spring, about 90 m and 80 m
above the base of the units (Figure 2-10). The water table is below the base
of the Topopah Spring in both cases. For these shafts, the U.S.B.R. solution
appears to be valid, and it is appropriate to use the hydraulic conductivity
of the Topopah Spring over a range of 10-2 to 10-5 cm/s (Section 2.2.2).

The ES-1, as proposed, will bottom out in the Calico Hills about 25 m below
the base of the Topopah Spring and about 110 m above the water table. The
U.S.B.R. solution also appears valid for this shaft, but it is appropriate to
use a "weighted average" hydraulic conductivity to account for the lower
conductivity at the base of the shaft.

Drainage from a shaft calculated using the U.S.B.R. formula is shown in Figure
A-5.2 for a host rock, hydraulic conductivity of 5x10,6 cm/s. This is approx-
imately a lower bound for the saturated hydraulic conductivity of both the
vitric Calico Hills and Topopah Spring units. For a low head (1 m), the
drainage from a 3.6-m-diameter shaft is about 10-7 m3/s. For a head of 30 m,
the drainage rate increases to about 10-5 m3/s.
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The second solution given in Stephens and Neuman (1982a) for drainage from a
cased borehole was developed by Cecen. This solution involves use of a flow
net and a scaling factor, and it is not thought to be appropriate for drainage
from a shaft in fractured rock.

A-5.1.2 Drainage from an Unlined Shaft or Sump

Three solutions for infiltration from an open borehole are discussed by
Stephens and Neuman (1982a, p. 634); those of Cornwall, Glover, and Nasberg-
Terletskata. In addition, a modified Glover (half-source) solution is dis-
cussed by Reynolds et al. (1983, p. 257). Cornwall's solution was developed
for packer tests below the water table and is not appropriate for application
to shaft drainage calculations.

The solution developed by Glover is

Q K Cu r H (A-5.2)

where

Cu = 2i(H/r) (A-5.3)
sinh (H/r) - 1

and all terms are as defined previously.

The modified Glover or half-source solution is given by

KQ K 2cH (A-5.4)

where

c = sinh 1 (H) r2  I r1 (A-5.5)

This solution corresponds to a line source extending from the bottom of the
well to halfway to the water surface. This solution does not include the
effects of gravity drainage. The proportion of the total flow due to gravity
drops off rapidly as the H/r ratio increases becauseian increasing amount of
outflow is through the sides of the borehole. For example, H/r = 10 yields a
gravity flow component of only 1.5% of total outflow (Reynolds et al., 1983,
p. 259). In the present analysis the range for (H/r) is 0.8 < H/r c 200.
Thus, for most shaft/sump drainage analyses, the effects of gravity flow are
insignificant.
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The assumptions associated with both the Glover and the modified-Glover
solution are as follows:

1. The borehole can be replaced by a line source whose
strength is zero at the top and varies linearly with
depth.

2. The cylindrical geometry of a borehole is approximated
by prescribing constant head along the radius at the
bottom of the borehole.

Glover determined that the solution is reasonably accurate for H/r 2 10.
Reynolds et al. studied the modified solution for j5 AH/r S 10, stating only
that the modified version is superior within this range.

The Nasberg-Terletskata equation for drainage fromjan unlined shaft (Stephens
and Neuman, 1982a, p. 625) is

Q KH2  1 A56
0.1423 log(2H/r) (A5.6)

where symbols are defined previously. This equation was derived assuming the
following:

* The borehole can be replaced by a ltnelsource.

* The source strength is constant.

* Flow rate is uniform along the borehole wall.

* A prescribed' head is imposed at the bottom of the
borehole along its radius to approximate the borehole's
cylindrical geometry.

* The medium is homogeneous and isotropic.

Stephens and Neuman (1982b) indicate that the Nasberg-Terletskata solution is
best suited for 50 < Hir < 200 probably because it explicitly takes into
account the existence of a free surface. The Hasberg-Terletskata solution
does not account for a nonuniform rate of flow out of the borehole.

A concept presented by Fernandez and Freshley (1984, p. 35) is that the shaft
sump should act as a drain such that none of the surface water or ground water
entering the shaft would flow into the repository through the shaft station.
For purposes of calculating shaft drainage, the ma imum value for H used in
both the Glover and Nasberg-Terletskata solutions is thus taken to be the
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I.
depth of the shaft sump below the repository level., Values of H/r calculated
for each of the shafts as currently designed are shown below.

Shaft H (m) (m) H/r

Exploratory Shaft (ES-1) 140 2.2 64
Men and Materials 24 3.4 7.1
Emplacement Exhaust .3.0 3.4 0.9

'8 = approximate depth of sump below repository level at
shaft station (Figure 2-10)

r = shaft radius

For the ES-1, since 'ir > 50 (approximately), both the Glover and Nasberg-
Terletskata solutions are valid. For both the MMS and EES, the planned sumps
are relatively shallow, but the drainage may be estimated from Figure A-5.2.
As noted by Stephens and Neuman (1982b), there is no preference as to which
solution to use as H/r approaches unity. This is because the drainage from
the base of the shaft dominates the total discharge.

A-5.1.3 Discussion

The analytical solutions used in the previous two sections involve a number of
assumptions and simplifications. An lmportant assumption is that the rock is
isotropic and homogeneous and can be modeled as 'a continuum with an equiva-
lent, porous-medium, hydraulic conductivity. This assumption is reasonable
for the nonwelded Calico Hills, but it may be questionable for the fractured
Topopah Spring tuff. On examination, however, the assumption that the Topopah
Spring acts as a continuum may be reasonable (as a first approximation), given
that the typical fracture density (40 fractures/m3; Sinnock et al., 1984,
pp. 11-12) is high relative to the size and zone of influence of the shafts.
Moreover, the fractures are dominantly vertical, which should enhance drainage
both through the base of the shift and through the walls. A related assump-
tion concerns the equivalent, porous-medium, hydraulic conductivity for the
fractured Topopah Spring tuff. Scott et al. (1983, A. 299) quote a range of
1o-2 to 10-5 cm/s.

Other simplifications or assumptions are Implicit in the analytical solu-
tions. These include geometrical factors, the assumption of steady-state flow
rather than transient flow, and the assumption that the region outside the
free-surface boundary is dry, both initially and as flow is occurring. In
reality, the Topopah Spring is partially saturated with saturations as high as
91% (Scott et al., 1983, p. 325). Also, a saturated-unsaturated analysis by
Stephens and Neuman (1982b) indicated that a significaInt portion of the total
flow may take place outside the region defined by the classical free-surface
envelope.
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A.-5.2 DRAINAGE THROUGH THE DRIFT AND RAMP FLOORS

Drainage through the floor is estimated from Darcy's law using an equivalent,
porous-medium, saturated hydraulic conductivity to account for fractures.
Because the Darcy approach is valid only for saturated conditions, it is
assumed that the conductive fractures are saturated quickly. A unit gradient
is assumed for one-dimensional downward flow. Drainage is calculated by:

Q =.KA (A-5.7)

where

Q - flow rate (m3/s),
K = saturated hydraulic conductivity (m/s), and
A = area (m2).

Figure A-5.3 shows the calculated drainage rate as a function of floor area
and hydraulic conductivity over a range 10-2 to 10-6 cm/s. In practice, the
permeability of the floor could be reduced by fines generated during construc-
tion, although these could be removed in appropriate areas at decommissioning.
Figure A-5.3 also shows the drainage capacity of a single disposal room (408 m
x 4.88 m) as a function of the hydraulic conductivity of the floor. From
Section A-5.1, the inflow from a fault could be as high as 102 m3/s, assuming
convergent flow and a hydraulic conductivity of 10,2 cm/s. In order for this
inflow to drain, the hydraulic conductivity of the floor would have to be in
the range 10- to 10- cm/s. However, it should be noted that an inflow of
10-2 m3 /s, on a continuous basis, is improbable.
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APPENDIX B
SPARTAN RADIONUCLIDE RELEASE ANALYSIS

To illustrate how the hydrologic performance goals can be computed, assuming
all radionuclide releases are controlled by matrix dissolution, the following
example is used to to compute the hydrologic performance goals. A total quan-
tity of water 'q' is needed to compute the dissolution of uranium with time.
For the purpose of this analysis, a total amount of iwater 'q' of 16.5 m3/yr
per 70,000 MTHM is assumed.

Using this value of 'q' and a solubility limit of the uranium matrix of 5
ug/ml (5 x 10-3 kg/m3) the annual, mass release of, specific radionuclides
'D,(t)' can be computed. These values are then compared to the appropriate
NRd limits for each radionuclide. This comparison is made in Figure B-1 for
the predominant radionuclides of concern. The ordinate axis on Figure B-1 is
represented mathematically by

D(t) (q9 S) Em(t)/m (t))

NRC limits - NRC limit 7 (s)

where the terms are the same as presented in Equation 3-5. The NRC limit as
used in SPARTAN is the amount in kilograms of the 'jth' radionuclide that can
be released from 70,000 MTHM. A ratio less than one represents compliance
with the NRC release limits for the 'Jtl ' radionuclide. In Figure B-I, all of
the radionuclides from 300 years to 10 years are in compliance with the NRC
release limits for the case analyzed. Radionuclides Pu-238 and Am-241 domi-
nate the releases during the period of 300 to 1,000 years. Cs-137 and Sr-90
have comparatively high initial releases as compared to the other radionu-
clides but their releases drop off rapidly because of their short half-lives.
Radionuclides Pu-242, Zr-93, and Tc-99 dominate the ;releases out to 10,000
years after closure. Other radionuclide releases increase after the 300 years
following emplacement of the waste canisters. This is due to the buildup of
daughter radionuclides by radionuclide decay.
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APPENDIX C
AIR FLOW OUT OF THE REPOSITORY

For a repository located above the water table, there is the possibility of
release of radionuclides by air flow out of the repository through the shafts
or through the host rock. Air flow may be enhanced by heating, which provides
a mechanism for convective flow and also dries out the rock around the reposi-
tory, increasing the effective air conductivity. IThe objectives of this
appendix are to evaluate the potential magnitude of air flow from the reposi-
tory and to compare the relative influence of the shafts, ramps, and host rock
in allowing air flow. More specifically, the calculations examine the influ-
ence of the modified permeability zone (MPZ) around the shafts and ramps, and
the degree to which flow can be limied by filling or sealing the shafts.

C-1 FLOW MECHANISMS

Two mechanisms for air flow out of the repository, are considered. Both
involve convective, air flow. Mechanism A (Figure C-1) assumes that little or
no flow occurs through the host rock relative to flow through the shafts,
ramps, and drifts. The Exploratory Shaft-1 and -2 (ES-1 and ES-2) are within
the repository area and the temperature is above ambient. The Men and Mater-
ials Shaft (MMS) and the Emplacement Exhaust Shaft (EES) and the ramps are
located outside or just inside the repository perimeter, and the temperature
is close to ambient. In response to the temperature gradients, air will tend
to rise in ES-1 and ES-2 and air will be drawn in thzough the other entries.
This mechanism may occur if the shafts and drifts are open or if the shaft
fill and drift backfill are relatively permeable so that the resistance to air
flow through the fill and backfill is less than that through the rock.
Mechanism B (Figure C-1) examines whether significant flow can occur through
the host rock. The waste disposal areas are relatively hot, and the heated
air tends to rise vertically through the rock as well as through the ES-1 and
ES-2. Air is drawn in through the peripheral entries maintaining pressure in
the rooms.

C-2 METHOD OF ANALYSIS

For purposes of a simplified analysis, the mechanisms of convective, air flow
through a heated repository are considered to be analogous to the problem of
air flow through an underground mine resulting from natural ventilation. Air
flows induced by thermal convection are calculated usiqg a network resistance
model by a method similar to that used in mine-ventilation studies (Hartman,
1982, pp. 239-245). Flow is calculated using Darcy's iaw, in which the major
input parameters are the resistance to air flow of the underground openings
and the host rock, and the pressure gradient calculated from the difference in
pressures between the inlet and outlet points.

The method of calculating flow through a heated repository based on methods
normally used for mine ventilation studies is an approximation of a complex
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problem in thermodynamics. Simplifications or assumptions 'involved
analyses are given below. I

in the

1. Darcy's law is valid
The resistance to air flow through open or backfilled
drifts may be characterized as either laminar or turbu-
lent. In turbulent flow, resistance dis nonlinearly
related to potential. In laminar flow,! resistance is
linearly related to potential, and flow may be calcula-
ted using Darcy's law.

The results of the analyses were usedX to check the
validity of Darcy's law by calculating the Reynolds
number from the air velocity or specific discharge, air
kinematic viscosity, and the characteristic dimen-
sion. In the case of laminar flow through a straight,
open drift, the characteristic dimension is the tunnel
diameter, and the calculated Reynolds number should be
less than 2,000 (Daugherty and Franzini, 1965, p.
193). In the case of laminar flow through backfill,
the characteristic dimension is the mean grain
diameter, and Darcy's law is valid as long as the
Reynolds number does not exceed a value!between 1 and
10 (Freeze and Cherry, 1979, p. 73). In both cases,
the calculated Reynolds numbers were within the
specified limits and the assumption of head loss
varying linearly with flow rate was found to be
justified.

2. Air temperatures in the shaft are the same as In the
adjacent rock *

Convective, air flow through a heated repository will
involve a complex coupling of heat transfer from the
rock to the air, which will tend to drive air flow, and
cooling of the rock by passage of the air, which will
tend to reduce the driving mechanism. In the modeling
which follows, the effects of cooling of, the rock are
ignored. The air is assumed to be at the same tempera-
ture as the adjacent rock at all points in the
repository, including the shafts.

Intuitively, this simplified approach is most valid for
the case of a backfilled repository in which air flows
relatively slowly and temperatures are able to equili-
brate. The faster the air flows, thel greater the
volume of air moving through the repositoy, and it is
more likely that the rock will be cooled to the extent
that convection slows down. A converse effect of rapid
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air flow could occur if the air flow is not sufficient
to cool the rock in the repository significantly. Flow
through the repository would be greater than that cal-
culated using our simplified approach if air in the
exit shafts (or rock) is not cooled byheat transfer to
the rock. As described in Section C-3, the driving
pressure could then be about three times higher than
that calculated with the assumption 'of equilibrated
temperatures. This higher driving pressure occurs,
however, because air is expelled at the ground surface
at the same temperature as the temperature of the
repository rooms, a condition which is intuitively
overconservative.

On balance, the approach adopted in these calculations
is considered to be valid for scopingjstudies, parti-
cularly when (as noted below) input parameters for
temperatures and air resistances are not well known.

3. Air flow is incompressible and the air is dry
Since convective transport evolves from air buoyancy
effects dependent on temperatures, thermal properties
such as air density and air viscosity will change
through the circuit. In reality, flow; is compressible
with the actual resistance to mass flow rate dependent
on density and viscosity. In the analyses presented in
this report, air compressibility effects on fluid flow
are ignored for reasons of simplification. This
assumption is considered to be reasonable given that
the pressures involved are small (i.e., <0.1 psi,
Section C-3). According to Hartman (1982, p. 160),
compressibility effects may be ignored ,for mine static
head pressure drops of less than 5 kPa (0.72 psi) or
where differences in elevation are less than 430 m.

Convective transport can, in, general, involve both the
transport of air and water vapor. The development of
high temperatures at the repository horizon will result
in drying and lowering of moisture content of the rock.
It is thus assumed that the air may be dry at the time
at which peak temperatures are reached.' This assump-
tion is conservative because the effect of adding
moisture to the convective flow will be jto increase the
work required to lift the air to the surface and to
thus reduce flow rates.
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4. Air circulation occurs along specified paths
The model assumes that a particular path for air circu-
lation (Mechanism A or B; Figure C-1) is established
and that flow is one-dimensional through either shaft
or ramp fill, open drifts, or through damaged or
undamaged tuff. The model ignores the development of
secondary circulation currents that might develop in
the host rock above or below the repository away from
the waste containers.

C-3 MODEL DESCRIPTION

The analytical method used to solve for air flow involves assembling a
"network stiffness matrix" (Zienkiewicz, 1977, p. 12-13) of various resistan-
ces representing the network of underground openings and (as appropriate) the
rock mass. The pressure boundary conditions are applied and a system of
linear, simultaneous equations is set up to calculate the nodal pressures,
which in turn are used to calculate air flows through the network. The fol-
lowing sections describe the temperature and pressure boundary conditions, air
conductivities (material properties), and model geometry (networks) used in
the analyses.

I.

C-3.1 Temperature and Pressure Distributions

The draft pressure was calculated for both mechanisms using the accepted mine
ventilation practice of computing pressure gradients on the basis of differ-
ences in air density at the inlet and outlet points. A separate calculation
based on thermodynamic considerations was performed to provide a more
conservative upper bound to the calculation of draft pressure.

The first step required in the analysis is to determine the temperature
profiles at the potential repository inlet and outlet.points. At present, no
analyses have been conducted to determine specific temperature histories at
the shaft and ramp locations, and temperature profileslat certain times cannot
be obtained. For purposes of the present analyses, a peak temperature profile
was estimated for the ES-1 based on a peak temperature of 1150C at the reposi-
tory horizon. At the time at which this peak temperature is attained, the
temperature at the other entries outside the repository will be considerably
lower. For a conservative analysis (i.e., with a maximum-temperature differ-
ence!, the temperature profile at the inlet shafts and ramps was constructed
from the natural, geothermal gradient, assuming a temperature of 130C at the
ground surface.

The draft pressure was calculated by integrating air density over depth for
the ES-I and the other shaft profiles to determine two pressures at the repos-
itory horizon and then taking the difference in these two pressures. The
calculated, draft pressure (i.e., pressure difference) was 0.350 kPa (5.1x10-2
psi), which corresponds to 1.4 inches of water gage. By comparison, according
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to Hartman (1982, p. 240), the natural ventilation pressure generated by
natural geothermal energy in mines is usually less than 0.5 inches water gage
and seldom exceeds 3 finches except in extreme cases. The calculated draft
pressure falls within this range for both mechanisms and would be expected to
be higher than 0.5 inches, since the generation of heat in an underground,
nuclear-waste repository results in larger temperature contrasts than those
experienced in a typical underground mine.

To provide a bounding calculation for the ventilation pressure, the air
circulation was also modeled as a' simple Joule cycle (Hall, 1981, p. 1110-
112). This cycle assumes adiabatic compression for air flow down the inlet
shafts or ramps, heating of the air to the repository temperature, and
adiabatic expansion up the outlet shaft. The net ventilation pressure was
calculated to be approximately three to four times higher than the previous
calculation. This occurs because heat is not transferred from either the
upeast or downcast shaft, and air is expelled at the ground surface at or near
the repository temperature.

C-3.2 Air Conductivities

The resistance to air flow for incompressible fluid flow through shafts and
drifts is dependent on the lengths and cross-sectional areas of the flow
regime and the air conductivities of the backfilliand the surrounding MPZs.
In the present analyses, the MPZs were modeled around the shafts, but not
around the drifts (see below). The cross-sectional areas and lengths for
vertical and horizontal emplacement were used in the analysis. The cross-
sectional area of the MPZ developed around the shafts was assumed to extend
out one radius from the wall. For ramps that have a noncircular cross sec-
tion, the MPZ area was calculated from the equivalent radius of a circle with
the same area.
Shaft fill, air conductivities were varied over a ra fx10-6

range from 3.10 in/mmn to
3.0 m/min equivalent to a range of hydraulic conductivity from 10-4 to 100
cm/s. The upper bound for air conductivity corresponds to a gravel, while the
lower bound corresponds to a silty sand (Freeze and Cherry, 1979, p. 29). The
lower bound might also correspond to a compacted backfill engineered for low
permeability by adding silt or clay fines.

The equivalent air conductivity of the MPZ was taken to be 20 and 60 times
higher than the conductivity of the undisturbed tuff averaged over an annulus
one radius wide. The equivalent conductivity factor of 20 corresponds to
expected conditions at depth. The equivalent conductivity factor under worst
case assumptions ranged from 40 to 80 times the undisturbed conductivity. The
average value of 60 was selected for analysis. For Mechanism A, the air con-
ductivity of undamaged tuff was 3x10 7 m/min, corresponding to a hydraulic
conductivity 6of 10- cm/s. The damaged zone thus had an air conductivity of
either 6x10-6 m/mmn or 1.8x10-5 m/min. For Mechanism B, the equivalent con-
ductivity of the overlying rock was determined, as explained subsequently, to
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take into account strata with varying conductivities, and the MPZ was assumed
to be either 20 or 60 times more permeable than the undamaged rock in each
stratigraphic unit.

For flow through the roof above the waste emplacement drifts (Mechanism B), it
is necessary to know the cross-sectional area of the flow regime for either
vertical or horizontal emplacement as well as the air conductivity. This area
was taken as the total roof area of the emplacement drifts containing waste.
These areas were estimated to be 983,700 m2 for vertical emplacement and
486,000 m2 for horizontal emplacement. Roof areas above the mains and sub-
mains were included in this calculation since it is expected that thermal
convection would develop circulation throughout the underground repository.

The equivalent conductivity for flow through the rock to the ground surface
was calculated according to the relation (Freeze and Cherry, 1979, P. 34)

1KI (C-1)

where

Kr = equivalent conductivity of the tuff for vert'ical flow (m/mmn),
L = distance from the repository roof to the ground surface (m),
Li = thickness of each unit (m), and
KI =,air conductivity of each unit (m/min).

In the present analyses, the thickness of the welded units (Tiva Canyon and
Topopah Spring) is 260 m and the thickness of the nonwelded Paintbrush is 40
m. The air conductivity of the nonwelded Paintbrush was assumed to be either
3x10-7 m/mmn or 3x10-5 m/mmn. This corresponds to a range of hydraulic con-
ductivity from 10O5 to 10-3 cm/s. The welded tuff units (Tiva Canyon and
Topopah Spring) were assumed to have either an air conductivity of 3x10-7 or
3x10-4 m/min. This corresponds to a range of hydraulic conductivities of from
10-5 to 10-2 cm/s.

Equation C-1 indicates that' the equivalent conductivity of strata in series
tends to be dominated by the unit with the lowest conductivity. Table C-1
shows the equivalent conductivities calculated for the low, intermediate, and
high combinations of conductivities of the welded and nonw lded units.

Air conductivity may be derived by calculating'an intrinsic permeability from
the hydraulic conductivity relationship presented by Freeze and Cherry (1979,
p. 27) and then by calculating the air conductivity using the fluid properties
of air.
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Table C-i. Conductivity of Rock to Water and Air

K K ~ KW, K' K'
RUNS (cm/s) (cnys) (r/mmi) (Mymin) (m~iin)

7 - 12 10-5  lo-5 3x10-7  3x10 7  3x10 7

13 - 18 10-2  lo-5 3x1- 3x10-7  2x10-6

19 - 24 1o02 10-3  3x10-4 3x10-5 10-4

K and K = hydraulic conductivity of welded and onwelded tuff,
respectively (see text for sources),

KW' and Knw = air conductivity of welded and nonwel ed tuff, respectively,
and

Kr = air conductivity of the tuff units in series.

A comparison of the resistances calculated- for open drifts and filled shafts
indicated a very large contrast. For practical purposes in calculating total
air flow, the resistance to flow from the open drifts may be neglected. How-

ever, differences in air flow resistance within the network of underground
drifts may affect the distribution of air flow between emplacement drifts and
development areas, as described later.

C-3.3 Model Geometry

Several networks were used to analyze convective transport. For Mechanism A,

two networks to evaluate flow rate and underground flow distribution were used
for combinations of filled shafts or ramps and open or backfilled drifts for
vertical emplacement. First, a simple network in which the resistance to flow
in drifts was assumed to be zero was used to calculate the total flow rate
through the system. Second, the total flow rate calculated from the first

network was imposed on an open drift network representing part of the reposi-
tory (Figure C-2) to determine the distribution of flow in the repository
between the mains and emplacement areas. This network was also used for
analyses in which drifts were backfilled for the vertical emplacement con-
figuration. A simple network was also used for the horizontal emplacement
configuration to calculate total flow rate. i

In the network used for Mechanism B, the drifts werelassumed to be open and to
offer no resistance to flow. The total, air-flow rate was calculated for
series flow down the peripheral shafts and ramps (including associated damaged
zones) and up the exploratory shafts and the tuff strata above the reposi-
tory. (No attempt was made to calculate the distribution of flow between the
emplacement drifts and the mains and access drifts for Mechanism B% By

definition in this case, all flow through the rock bccurs in the emplacement
drifts. This is a conservative definition because id reality some flow up the
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two outlet shafts could be short-circuited through ithe mains without passing
through the emplacement drifts.

C-4 RESULTS

C-4.1 Total Flow

The results for total flow rates under various conditions for vertical and
horizontal emplacement are presented in Table C-2 for the two mechanisms. The
first set of analyses (1 through 6) applies to Mechanism A. Note that both
open and backfilled drifts were evaluated. The second set of analyses (7
through 24) applies to Mechanism B, in which thel drifts were open in all
cases. Each of the analyses was run with high- and low-conductivity, MPZ
models around the shafts and ramps. The tabulated results allow for compari-
son among the several runs of the effects of a MPZ, the presence of backfill
in the drifts (Mechanism A), and the effects of variations in backfill and
tuff conductivity.

The calculated total, air-flow rate for the base case Mechanism A (Analysis
No. 1 with a relatively conductive backfill) Is i0O6 m3/min (2.1 ft3/min).
This flow rate may be compared directly with 0.08 m3/min (2.8 ft3/min)
obtained for the same conditions for Mechanism B (Analysis No. 11). The total
flow rate in Mechanism B is increased by about 25% relative to Mechanism A.
Some of the increased flow therefore represents flow through the rock.

A detailed network analysis of Analysis No. 1 showed that approximately 35% of
the flow would pass directly through the mains and access drifts to the ES-1.
The estimated flow rate passing through the emplacement drifts is therefore
about 65% of the total flow rate, or 0.04 m3/min (1.4; ft3/min).

C-4.2 Effects of System Components on Flow Rate

The convective, air-flow analysis results for Mechanism B are presented as a
series of plots. The relationship of total flow rate out of the repository to
shaft fill, air conductivity for vertical and horizontal emplacement configu-
rations, and low- and high-conductivity, MPZ models are presented in Figures
C-3 through C-6. The flow rate through ES-1 and ES-2 expressed as a percent-
age of the total flow rate out of the repository are presented in Figures C-7
through C-10. The three curves on each plot represent the low, intermediate,
and high, rock conductivity combinations presented previously.

Effect of Shaft Fill, Air Conductivity

The distribution of flow through the shaft fill, the MPZ, and the tuff roof
rock was found to be dependent on the shaft fill, :air conductivity. With
high, shaft fill, air conductivity of 1 m/min, the flow into and out of the
repository is dominantly through the shaft fill with total flow ranging from
approximately 1 to 10 m3/min, depending on the conductivity of the roof
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Table C-2. Results of Convective, Air Flow Analyses

Openings OnlyMechanism A: Flow Through Underground

Analysis No. 1 2 3 41 5 6

Shaft Fill Conductivity to Air

3 M/m~n X X
3x10- m/mln X X
3x10-5 m/mln
3x10-6 m/mln X X

Drift Backfill

drifts open X X X
drifts backfilled X X X

Vertical Emplacement

Total flow
rate with 6.03 6.01 1.411 4.90 4.89 2.35
60 MPZ xlO- x10 xio,2 x10-5
(m3/mln)

Total flow
rate with 6.02 6.01 5.28 4.89 4.89 1.75
20 MPZ X10O2 x10-5 XIO-2 x10-5
(m3/min)

Horizontal Emplacement

Total flow
rate with 5.95 5.94 1.45 --- ---
60 MPZ x10-2  x10
(m3/min)

Total flow
rate with 5.94 5.94 5.21 --- --- ---
20 MPZ x1O 2  x10 5

(m3/min)

I
i
i
I
i

0
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Table C-2. Results of Convective, Air Flow Analyses (Continued)

Monhnniqm P ¶ Flow Through Underground Ooenings Plus.. w_..u...s... A. , . , . ., _.

Flow Through Rock Overlving the ReDositorv

Analysis No. ja 8a 9a 12ad 11 a

Shaft Fill Conductivity to Air

3 m/m~n X
3x10- m/min X
3x10-3 m/min X
3x10-4 /min X
3x10-5 m/win X
3x10-6 m/min X

Drift Backfill

drifts open X X X X X X
drifts backfilled

Vertical Emplacement

Total flow
rate with 5.88 8.2l5 3.00 1.71 8.07 6.03
60 MPZ x10- x10 x10-3  x10. 2  xlO-
(m3 /min)

Total flow
rate with 2.16 4.53 2.67 1.69 8.06 6.03
20 MPZ x10-4 x10- x 3  x10 2  x10-2
(m3/min)

Horizontal Emplacement

Total flow
rate with 5.53 7.66 2.67 1.31 6.99 5.95
60 MPZ x06 x10-A x10-3  x10-2 X10-2
(m3/min)

Total flow
rate with 2.0c; 4.264 2.39 1.30 6.98 5.95
20 MPZ x10- x10 x10 3  x10 2  x10-2

(m3 /min)

(a)These runs are for the low rock conductivity combinations, i.e., the air
conductivity is 3x10 7 m/min for both the welded and nonwelded tuff units.

C- 13



Table C-2. Results of Convective, Air Flow Analyses (Continued)

Mechanism B: Flow Through Underground Openings Plus
.. _ _ . _, . _ , . . . .

Flow Throuah Rock Overlving the Repository

Analysis No. 13b 14b 15b 16b 17b 18b

Shaft FLll Conductivity to Air

3 m/m~n X
3xO-r m/min X
3x10- 3 mimin X
3x10- m/min X
3x10-5 m/min X
3x10-6 m/min X

Drift Backfill

drifts open X X X X X X
drifts backfilled

Vertical Emplacement

Total flow
rate with 4.21 4.45 6.76 2.80 1.55 6.18
60 MPZ x10-3  x10-3  x10-3  xjO-2j x10-1

(m3/min)

Total flow
rate with 1.44 1.67 4.04 2.57 1.54 6.18
20 MPZ x10-3  x10-3  x10-3  x10-2  x10-1
(m3/min)

Horizontal Emplacement

Total flow
rate with 3.96 4.18 6.30 2.46 1.18 6.02
60 MPZ x10-3  x10-3  x10-3  x10 X10 1

(m3/min)

Total flow
rate with 1.36 1.59 3.79 2.26 1.17 6.02
20 MPZ x10-3 x10-3 x10-3 x 102
(m3/min) x

(b)These runs are for the intermediate, rock conductivityicombination, i.e.,
the air conductivities are 3x10-4 m/min and 3x10-7 m/mmn for the welded and
nonwelded tuff units, respectively.

C-14



U

Table C-2. Results of Convective, Air Flow Analyses (Concluded)

Mechanism B: Flow Through Underground Openings Plus
Flow Through Rock Overlying the Repository (Concluded)

Analysis No. 19c 20c 21c 22c 23c 24c

Shaft Fill Conductivity to Air

3 m/m~n X
3xlO- m/min X
3x10-3 m/min X
3x10-4 m/min X
3x10-5 m/min X
3xO-6 m/min X

Drift Backfill

drifts open X X X X X X
drifts backfilled

Vertical Emplacement

Total flow I
rate with 2.56 2.57 2.59 2.82 5.12 13.0
60 MPZ X10-1 X10-1 X10-1 x101
(m3/min)

Total flow
rate with 8.63 8.66 8.90 11.13 3.47 12.9
20 MPZ X12 1-2- X1-2 x10-1 x10-1
(m3/min) 1

Horizontal Emplacement

Total flow
rate with 2.41 2.41 2.44 2.65 4.75 9.97
60 MPZ x10-1 x10-1 xlO 1  x10-1  x10
(m3/min)

Total flow
rate with 8.20 8.22 8.44 1.07 3.24 9.93
20 MPZ x1O-2  x10-2  x10-2
(m/min) 11 01

(c)These runs are for the high, rock conductivity combination, i.e., the air
conductivities are 3x10- m/min and 3x10-5 m/minifor the welded and
nonwelded tuff units, respectively.
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rock. With low, shaft fill conductivities (less than 10-5 m/min), flow into
the repository is primarily through the MPZ, while flow out of the repository
is dominantly through the turf roof rock, and total flow rates are less 'than
10-1 m/min. The high conductivity, MPZ model results in somewhat higher flow
rates than the low conductivity, MPZ model under these circumstances.

Effect of Backfill in the Drifts

The presence of backfill in the emplacement drifts in Mechanism A (Analyses
4-6) has a relatively minor effect on total air flow and air flow past waste
containers over the range of backfill conductivities from 3x10-2 to 3 m/min.
These results confirm that the main resistance to air. flow in Mechanism A is
in the shafts and ramps, with the network ;of drifts providing little resis-
tance. Therefore, backfilling only, the shafts, and ramps is effective in
reducing overall flow. It is postulated that the MPZ around the drifts (not
included in these analyses) would have little effect on flow rate, provided
high-air-conductivity, backfill materials were emplaced in the drifts. If
low-conductivity materials were placed, much of the flow would occur in the
MPZ, but the flow rate would be very low.

Effects of Host Rock, Air Conductivity

The effects of variations in the conductivity of the overlying rock on air
flow into and out of the repository were evaluated for Mechanism B. It should
be noted that the conductivity of the rock was determinied by assuming flow in
series through welded and nonwelded tuff units, as summarized in Table C-1.

The conductivity of the tuff units in series influences the total air flow
through the repository. For the high-conductivity combination, the total flow
begins to level off toward a constant value at a shaft fill, air conductivity
of about 10o3 mmin/. For the intermediate- and low-conductivity combinations,
this stabilization of total flow rate occurs at shaft fill, air conductivity
of approximately 10-5 in/in. At a low, air conductivity, the total flow rate
varies over two orders of magnitude depending c- the air conductivity of the
rock.

In comparing total flow rate for the vertical and horizontal emplacement
configurations, it is apparent that the results are very similar. This is
because the geometry of the shafts and ramps accessing the repository are very
similar. At a high, air conductivity, flow is dominantly through the shafts

; and ramps. At a low, air conductivity, resistance to flow is dominantly
through the MPZ of the inlet shafts and ramps. In these analyses, no attempt
has been made to distinguish temperature fields between the two emplacement
configurations, although this may have some influence on calculated, upper-
bound, convective, air-flow rates. It is reiterated that the assumption of
the inlet shafts/ramps being at geothermal temperature is conservative for
both emplacement configurations.
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Effects of the Modified Permeability Zone

In the Mechanism A analyses, the MPZ affects the total flow only when the
shaft fill conductivity is low (Analysis No. 3 or 6). In these cases, most o
the flow occurs through the damaged zone, but the absolute flow is low (10-
to 10-5 m3/min) for vertical and horizontal emplacement.

In the Mechanism B analyses, the MPZ around the ESs is not a significant
component of outflow. This occurs because the contrast in areas between the
MPZs and undisturbed rock overlying the entire repository is much greater than
the contrast in conductivities. With high, shaft fill, air conductivity, the
outflow is dominantly through the shaft fill; with low, shaft fill, air
conductivity, the outflow is dominantly through the undisturbed rock.

The MPZ has a more significant effect on inflow (with low, shaft fill, air
conductivity) because inflow occurs only through the shaft and ramps and
adjacent MPZs with no contribution from the undisturbed rock.

C-5 DISCUSSION

The results of the parametric analysis provide a basis for estimating flow
rates through the underground network of shafts, ramps, and drifts. Total
flow rates are dependent on the properties of the shaft fill, the MPZs sur-
rounding the shafts and ramps, and the undamaged tuff. Total air flow rates
from all of the analyses range from about 10-4 to about 10 m3/min.

The distribution of flow through the shaft fill, the MPZ, and tuff roof rock
was found to be dependent on the shaft fill, air conductivity. With high,
shaft fill, air conductivity (3 m/mmn), the flow into and out of. the repos-
itory3 is dominantly through the shaft fill with total flow approximately 6 to
13 m /min, depending on the conductivity of the roof rock. With low, shaft
fill, air conductivitles (less than 10- m/min), flow into the repository is
primarily through the MPZ, while flow out of the repository is dominantly
through the tuff, and total flow rates are less than 3x10-1 m3/min.

The analysis indicates that the percentage of flow through ES-1 and ES-2 to
total flow is also dependent on shaft fill, air conductivity. When the shaft
fill conductivity is low, the percentage of flow through the shafts and ramps
is also low, regardless of the existence of either a low- or high-conductivity
MPZ. For example, for vertical emplacement with a shaft fill having an air
conductivity less than 3x10-4 m/min (equivalent to a hydraulic conductivity of
10-2 cm/s), the contribution of ES-1 and ES-2 to total flow is about 2.5%.
The percentage is somewhat higher for horizontal emplacement. This is attri-
butable to a smaller roof area which tends to increase the percentage flow
through ES-1 and ES-2. Nevertheless, for either emplacement configuration the
percentage is smaller than 5.0% when the shaft fill, air conductivity is less
than 3x10- m/mIn.
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It is estimated that a significant percentage of the flow (60% to 100%)
entering the repository would pass into the emplacement drifts. This is not
only indicated by the results of the detailed network analysis, but also from
the nature of thermal convection, in which the driving mechanism is hot air
rising immediately above the heat source.

The analysis indicates that in order to reduce system flow it is most
effective to fill shafts and ramps accessing the repository, and that little
reduction in flow rate is achieved by backfilling drifts. If drifts are left
open, the MPZ surrounding the drifts is not a significant flow regime.

I
II
I
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APPENDIX D
HYDROLOGIC AND PHYSICAL PROPERTIES OF POTENTIAL)BACKFILL MATERIALS

D.1 POROSITY OF CRUSHED TUFF

The porosity of cohesionless sands and gravels is a function of the grain size
distribution and the degree of compaction., Generally, heterogeneous materials
with a mixture of grain sizes will, have lower porosities because the finer
particles fill the pores between the larger particles.'

For a given particle-size distribution, the porosity can be reduced by
compactive effort. For example, for crushed salt, IT ICorporation (1984, p. 7)
found a porosity range of 40.3% to 24.8% corresponding' to loose (poured into a
container without compaction) and dense (standard Proctor) compaction. The
particle size distribution in this case ranged from 20 mm to about 0.03 mm
with an average (D50) of 2 to 3 mm.

A similar relationship of porosity to compaction was: found by Taylor et al.
(1980, p. 143) for a coarsely crushed sample of basalt. The sample in this
case was a fine gravel with the smallest size about 2.5 mm. The range in
porosity between loose and maximum density was 52%; to 43%. The smaller
overall range (compared with the crushed salt) may be indicative of a more
uniform gradation and the greater competency of the material (resulting in
less breakdown during compaction).

Porosities of natural granular materials and artificial materials, as
indicated by standard texts (e.g., Winterkorn and Fang, 1979, p. 257; Davis
and DeWeist, 1966, p. 375), range typically from about .25% to 50%. Assuming
that a backfill in a repository will contain a wide range of grain sizes, and
that it will be moderately to well compacted, a reasonable estimated range of
porosity is 30% to 35%.

D.2 SATUR.TED HYDRAULIC CONDUCTIVITY OF POTENTIAL BACKFILL MATERIALS

The permeability or hydraulic conductivity of a soil or a potential backfill
material is, in general, influenced by the following major factors:

* grain size (magnitude and distribution),
* mineralogy (especially clay type and clay content), and
* density (degree of compaction).

Other factors, such as the degree of saturation, the nature of the permeant,
fabric, temperature, and the hydraulic gradient, also influence permeability,
but generally to a lesser degree. The relative importance of each of the fac-
tors listed above is dependent on the type of backfill;;in particular, whether
or not the material contains appreciable (greater than 5% to 10%) clay or
silt. Two general classes of backfill are discussed below: crushed tuff and
crushed tuff-clay mixtures. For these two classes of materials, the dominant
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factors controlling permeability are discussed,. and generalized relationships
established between those factors and permeability are presented.

D.2.1 Hydraulic Conductivity of Cohesionless Backfill Materials

The hydraulic conductivity of sands and gravels is affected by both the
predominant grain size and by the grain-size distribution. Generally, lower
hydraulic conductivities are associated with finer grain size and lower void
ratios. For example, hydraulic conductivity varies from greater than 10 cm/s
for coarse gravel to 10-2 to 10-4 cm/s Ifor fine sands (Terzaghi and Peck,
1967). Well-graded materials generally have lower permeabilities than well-
sorted (poorly-graded) materials, particularly if the well-graded material
contains a significant proportion of fine material such as silt and clay
filling the voids between the larger grains. In other words, the fines in a
material may have more influence on hydraulic conductivity than the
predominant or average grain size.

The Hazen Equation (Terzaghi and Peck, 1967, p. 50) is sometimes used to
estimate the hydraulic conductivity of sands:

2

K = C1D10

where

K = hydraulic conductivity (cm/s),
C1 = constant set to 100 in units of 1/(cm - s), and
D10 = the maximum grain size of the finest 10% (by weight) of the

soil obtained by particle sieve analysis (cm).

This equation states that hydraulic conductivity increases with the square of
the representative, grain size (D10). The relation was originally developed
for clean, relatively uniform sands and may be limited in its applicability to
other cohesionless materials. It does not directly account for the effects of
gradation and density.

The Hazen Equation is plotted in Figure D-1 together with data points for
natural soils obtained from a literature search. The scatter in the data
points in Figure D-1 represents, at least in part, the range of gradations and
densities of the materials. For values of D10 that fall in the gravel or sand
range, there is fairly good correlation between D10 and hydraulic conducti-
vity. The general trend of Figure D-1 suggests that it is possible to esti-
mate hydraulic conductivity within approximately one to two orders of
magnitude for cohesionless materials with'a known D10 greater than about 0.1
mm.

Density, which can also be represented by porosity or void ratio, also
influences hydraulic conductivity, although the range of, hydraulic
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conductivity between loose- and dense-cohesionless materials may be Gnly one
order of magnitude or less. In cohesive materials, such as clays or materials
containing about 30% or more (by weight) clay minerals, increased density, and
reduced porosity result in decreased hydraulic conductivity of the material.

There is only limited information available regarding the hydraulic conducti-
vity of crushed turf. Particle-size distributions have been obtained for turf
crushed in the laboratory, and these can be used-to estimate hydraulic conduc-
tivity by -comparing the particle-size distribution' against the grain-size
distributions of materials with known hydraulic conductivity. This comparison
may be made on the basis of the D10-size parameter. I

Figure D-2 shows particle-size distributions obtained from crushing turf in a
jaw crusher in four stages with a progressively smaller jaw opening. All or
the materials are relatively coarse and might be classed as sandy gravels.
The range of hydraulic conductivity estimated for these materials from the
Hazen Equation is 1 to 102 cm/s. The costs of crushing to produce finer
particle sizes increase disproportionately, and it would be more economical to
reduce permeability by adding silt or clay to the crushed rock.

D.2.2 Hydraulic Conductivity of Crushed Tuff-Clay Mixtures

For turf/clay mixtures, and in general for all fine-grained materials, the
primary factors controlling hydraulic conductivity are the type and percentage
of clay and the degree of compaction. Adding clay in an appreciable amount
(greater than 5% to 10%) to a cohesionless material results in large reduction
in hydraulic conductivity. The effect of adding clay may be expected to be
proportionately less for clay contents greater than 30% to 40% when the clay
effectively fills the voids between the larger grains.

The effect of clay percentage for a specific type of clay is illustrated in
Figure D-3, which presents hydraulic conductivity -for, various sand-bentonite
mixtures as a function of percentage of bentonite. Hydraulic conductivity
ranges from approximately 10-4 cm/s for 5% bentonite to approximately 10-1
cm/s for 100% bentonite. The scatter in the data may be related to different
densities, although all the materials tested were highly compacted. An impor-
tant point to note from these data is that small amounts of bentonite can
significantly reduce the hydraulic conductivity of cohesionless materials.

Information available in the literature concerning permeability versus clay
content for other clay types was examined to determine whether relationships
similar to that shown in Figure D-3 have been determined for other clay types.
Limited published data exists for mixtures of kaolinite and illite clays.
Figure D-4 presents this information and shows that bentonite (predominantly
smectite) mixtures have a lower hydraulic conductivity than mixtures of other
clays. The effect of clay content on hydraulic conductivity is seen to vary
significantly with the type of clay. For example, mixtures using kaolinite
clay have conductivities as low as 10-8 cm/s, while mixtures with bentonite
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can be as low as 10-12 cm/s. The curves do not indicate the influence of
other factors such as the type and degree of compaction or the moisture con-
tent. The curves were developed from data points representing well-compacted
materials and thus represent approximate lower bounds to hydraulic conducti-
vity for materials compacted at or close to the optimum moisture content.
Materials that are not highly compacted at optimum moisture content will have
hydraulic conductivities possibly several orders of magnitude higher than the
values indicated by Figure D-4 for the type and proportion of clay.

Several points from Figure D-4 are worth noting.

* Significant reductions in hydraulic conductivity are
possible with low percentages of clay content.

* The curves for all clay types tend to converge at
approximately 10%, suggesting that at 10% clay, the
type of clay is not highly significant.

* The effectiveness of using clay! to decrease
conductivity decreases with increasing clay content.

* Hydraulic conductivity values of the order of 10-7 cm/s
can be achieved with all clays with low to moderate
clay contents.

The curves of Figure D-4 do not indicate how characteristics such as gradation
of the cohesionless fraction of the mixture may affect the hydraulic conducti-
vity of the mixture. The apparent implication from the data used to derive
the figure is that approximately the same permeabilities may be achieved if
clay is added to coarse gravel as opposed to sand. Additional data are re-
quired to support this tentative conclusion. It should also be noted that the
values shown in Figure D-4 apply only to homogeneous materials. Cracks could
significantly increase permeability. Also, the permeability at the interface
between a backfill and the rock could be much higher than the internal perme-
ability of the backfill. In this regard, bentonite is advantageous in that it
swells appreciably on contact with water and will tend to heal internal or
interface cracks (Pusch, 1980; Seed et al., 1962; Sherif et al., 1982).

D.3 PROPERTIES OF UNSATURATED CRUSHED TUFF

A recent study by Abeele (1984) included data on the hydraulic conductivity of
crushed Bandelier Tuff (from New Mexico) under unsaturated conditions. Some
results from Abeele (1984) are presented in Table D-1. The hydraulic conduc-
tivity values range from approximately 10-8 W/s to about 5x10-11 m/s for
varying moisture contents.

D-9



l i-

|I!

I.
Il

0

Table D-1. Hydraulic Characteristics of Crushed Bandelier Tuff as a Function of Matrix Potential(a)

Matrix
Potential,

-kPa
Out1low,

8
Water Ratio
by Volume

Specific Wat.lr
Capacity, m-

Water DYffusivity,
m /s

Hydraulic
Conductivity, m/s

0

10

11

30

33
42

46

60

66

80

88

96

120

132

146

161
177

195

0.000

20.082

24.320

108.128

110.261

117.407

120.241

126.241

127.841

131.589

132.749

134.437

136.949

137.949

139.315

140.543

142.643

144.057

.400

.356

.347

.166
.162
.147
.140
.127
.124

.116

.113

.109

.104

.102

.099

.096

.092

.089

8.98 x 10-2

1.58 x 10-2

1.50 x 10-2

5.64 x 10-3

1.02 x 10-7

2.15 x 10-7

1.38 x 10-7

1.33 x 10-7

9.18 x 10-9

3.38 x 1o-9

2.07 x 10-9

7.51 x 10-10

3.07

2.98

1.76

2.06

1.73

2.78

1.66

x

x

x

x

x

x

x

10-3
10-3

1.40

1.21

x

x

10-7
10-7

4.30

3.60

10-3
10- 3

10-3
10-3
10-3

9.30
4.80
4.62
1.88

3.08

x 10-8

x 10-8

x 10-8

x 10-8

x 10-8

1.64

9.91

8.01

5.22

5.13

x

x

x

x

x

x

x

lo-lo

lo-lo

lo-lo

lo-11

10-11

lo-11

lo-11

(a)specipic water capacity, water diffusivity,
steps <10%. From Abeele (19811).

and hydraulic conductivity were measured only at pressure
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APPENDIX E
INTERSECTION OF REPOSITORY DRIFTS AND BOREHOLES WITH THE GHOST DANCE FAULT

For the vertical emplacement configuration, about 24 rooms would be inter-
sected by the Ghost Dance Fault (Figure E-1). If no waste were emplaced in
any of these rooms, the disposal capacity lost would be 9.4% of the total
capacity of the present repository layout. For the horizontal emplacement
configuration, about 97 holes would be intersected, and the lost disposal
capacity would be about 3.6% (Figure E-2).

Recharge to the Ghost Dance Fault is more likely to occur where the fault is
crossed by washes at the ground surface. Figure E-3 shows that nine washes
cross the fault within the repository perimeter.

E-2
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APPENDIX F
DESIGN CHARTS USED TO DEVELOP HYDROLOGIC DESIGN REQUIREMENTS

This appendix contains a series of design charts that support the selection of
design requirements for sealing components placed in shafts, ramps, under-
ground drifts, and horizontal emplacement holes. The'models for flow under a
pressure head are presented in Figure F-1. Each model corresponds to a
specific design chart (Figures F-3 through F-7). The unconfined flow models
are presented in Figure F-2 with each model corresponding to design charts,
Figures F-8 through F-10.

The hydrological design goals as developed from the performance allocation and
other considerations (Section 6.2) are presented on each chart. These goals
are based upon the performance allocation to the shafts/ramps and the under-
ground facility and the estimated number of seal components (see Tables 6-2
and 6-3 for specific calculations). Note that design goals are presented
after repository closure and at the end of the sealing period (500 years for
underground facility seals and 1,000 years for shaft/ramp seals). Note that
in each case, the higher goals correspond to the end of the sealing period.

The parameters used to develop each design chart are given below:

Figure F-3 Plug at base of shaft
Plug length, L = 9.1 m
Shaft diameter, D = 6.9 m
Water-column height above plug = 370 m
Host rock, hydraulic conductivity 10-2 cm/s

Figure F-4 Plug near top of shaft
Plug length, L - 9.1 m
Shaft diameter, D = 6.9 m
Water-column height = 10 m
Host rock, hydraulic conductivity 10-2 cm/s

Figure F-5 Plug near base of ramp
Plug length, L = 9.1 m
Ramp diameter, D = 7.6 m
Water-column height (vertical) above plug : 250 m
Host rock, hydraulic conductivity = 10-2 cm/s

Figure F-6 Emplacement Drift Bulkhead
Plug length, L 12.8 m
Drift height, H 6.3 m
Water-column height 300 m
Host rock, hydraulic conductivity =102 cm/s

F-2
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PLUG AT BASE OF SHAFT
(Figure F-3)

PLUG NEAR TOP OF SHAFT
(Figure F-4t

PLUG NEAR BASE OF RAMP
(Figure F-5)

300 m

IEMPLACEMENT
DRIFT

EMPLACEMENT BULKHEAD
IFIguro F-6)

BOREHOLE PLUG IN A HORIZONTAL EMPLACEMENT HOLE
(Figure F-7)

NOTE: Each model references the figure with the corresponding design chart.
V indicates assumed water elevation

Figure F-1. Confined Flow Models
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EMPLACEMENT DRIFT
OR PERIMETER DRIFT
(Figures F-8 and F-9)

ALLUVIUM

FLOW OCCURS*
UNDER UNIT

it ~GRADIENTl

,''. '';''''.'.; ,'I

SHAFT FILL
(Figure F-10)

NOTE: Each model references the figure with the corresponding design chart.
v Indicates assumed water elevation

Figure F-2. Unconfined Flow Models
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Figure F-3. Design Chart for a Seal/Plug Placed at the Base of a ShaftIn
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Figure F-4. Design Chart for a Seal/Plug Placed Near the Top of a Shaft
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Figure F-7 Emplacement Borehole Plug
Plug length, L = 1.7 m
Plug diameter, D = 1 m
Water-column height = 300 m2
Host rock, hydraulic conductivity 10- cm/s

Figure F-8 Emplacement Drift Dam
Dam length, L = 9.8 m
Dam height, H = 6.1 m
Water depth = 0.18 - 6.1 m
Host rock, hydraulic conductivity : Impermeable

Figure F-9 Perimeter Drift Dam
Plug length, L 14.0 me
Dam height, H 6.1 mi
Water depth = 0.8 - 6.1 mi
Host rock, hydraulic conductivity Impermeable

Figure F-10 Shaft Fill
Backfill length, L Entire length of the shaft
Shaft diameter, D 6.9 mi
Host rock, hydraulic conductivity = 10-2 cm/s

For the confined flow models, flow is assumed to occur through the plug,
through the interface zone between the plug and the host rock, and through an
annulus around the shaft one radius wide. This annulus represents the zone in
which the host rock permeability might be modified by the excavation process
or, alternatively, a zone in which the host rock might be replaced by a seal
material with lower permeability. Such a zone of low-permeability material
would have the effect of forcing flow out into the host rock away from the
seal. In these analyses, the flow does not reenter the penetration downstream
from the seal. This is considered to be a reasonable assumption given the
rock adjacent to the seal is unsaturated.

Five cases are presented for each design chart (Figures F-3 through F-7 and
Figure F-10) representing different modified permeability zones (MPZs) and
interface conductivities:

Case 1. MPZ conductivity 20 times the host rock (expected
condition for welded tuff obtained by Case and
Kelsall, 1987) combined with interface conductivity
from laboratory test on borehole seals conducted by
Terra Tek (Lingle and Bush, 1982).

Case 2. MPZ conductivity 20 times the host rock, combined with
interface conductivity 10 times the value from the
Terra Tek test.

F- 13
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Case 3. MPZ conductivity equal to the host rock conductivity,
with interface conductivity from the Terra Tek test.

Case 4. MPZ conductivity equal to the host rock conductivity,
with interface conductivity 10 times the value from
the Terra Tek test.

Case 5. MPZ replaced by seal material, no interface flow.

From an examination of Figures F-3 through F-7, it can be seen that the inter-
face has essentially no effect on the results relative to the effect of the
MPZ. Moreover, the results from the same cases show that it is necessary to
reduce the hydraulic conductivity of the MPZ to achieve the design goals
superimposed on the charts (obtained from Chapter 6). In Case 5, the effec-
tive hydraulic conductivity of the modeled zone is reduced by replacing the
rock within the MPZ with a low-permeability, seal material. It is acknow-
ledged that construction of a keyway of this type will probably result in
propagation of the MPZ away from the shaft, ramp, and drift as a result of
additional stress relief. Nonetheless, for the case of a shaft, the keyway
would serve to divert water away from the shaft. It is also noted that the
effect of the keyway might also be achieved by grouting.

The unconfined flow models are simple dams that impound water (Figure F-2) or
vertical infiltration under saturated conditions and unit gradient (Figure
F-2). In the case of dams, it is assumed that a phreatic surface develops
through the dam and that flow may be predicted by the Dupuit equation (Todd,
1980, p. 113). No leakage is assumed to occur through the MPZ or underlying
rock. In the case of shaft fill, the same cases (with the exception of Case
5) are evaluated with flow occurring vertically downward under unit gradient.
Instead of Case 5, Case 6 is evaluated, which assumes that an MPZ does not
develop or that the host rock is relatively impermeable compared to the shaft
fill. The design curves in Figure F-10 indicate that the use of shaft fill
would not be effective if flow through a seal system (including an MPZ and
interface zone) exceeds the design goal.

F-14
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APPENDIX C
SATURATED AND UNSATURATED, HYDRAULIC PROPERTIES OF SELECTED

CEKENTITIOUS-BASED MATERIALS (GROUT AND CONCRETE)

This appendix includes the saturated and unsaturated, hydraulic properties of
two grouts (82-022 and 82-030) and one concrete (CL-40-CON). The data con-
tained in this appendix are intended to be used to determine the hydrologic
flow through cementitious-based materials in the unsaturated-tuff environment
at Yucca Mountain. Further, these grouts and concretes represent
cementitious-based materials that potentially could be used as sealing compo-
nents. Both 82-022 and 82-030 were selected for further testing following an
initial screening of other expansive and nonexpansive grouts and mortars
(Licastro et al., in preparation). Both of these samples are expansive to
permit a more adequate seal between the grout/mortar and the host rock. The
concrete selected for testing included tuff as a coarse aggregate.

The constituents of the grouts and concrete are defined in Tables G-1 and G-2.
The primary difference between these two grouts is the addition of sand (ASTM
C 109) in sample 82-022. This addition would classify sample 82-022 as a
mortar and the lack of this sand in sample 82-030 as a neat cement. Another
difference is the manner in which expansion is achieved in both samples. In
sample 82-030, hemihydrate (Gypseal) was added, to the mixture. In sample
82-022, expansion was achieved by the development of ettringite through the
addition of a type K, shrinkage-compensating cement (ChemComp). The mixture
of CL-40-CON contained an expansive cement to achieve expansion of the sample.
Samples 82-022 and 82-030 were cured at 381C for 482 and 502 days,
respectively. CL-40-CON was cured at 21?C for 646 days.

To determine the unsaturated, hydraulic properties of these materials, Sandia
National Laboratories requested Pacific Northwest Laboratories to perform lab-
oratory tests to determine the water-retention characteristics and the satu-
rated hydraulic conductivity of samples 82-022, 82-030, and CL-40-CON. A
number of subsamples were cut from the large core to enable multiple testing
of each sample. Three subsamples were taken from each grout sample, and six
subsamples were taken from the concrete sample. All tested subsamples were
1.5 cm x 1.2 cm (diameter times height). The hydraulic conductivity was
determined using a Ruska Liquid Permeameter. The water-retention characteris-
tics were determined through the use of vapor pressure, equilibrium tech-
niques. The details of these techniques are provided by Peters et al. (1984).

The laboratory data associated with the water-retention characteristics of
each subsample are plotted as saturation versus pressure-head curves on
Figures G-1 to G-16. The identification (ID) number for each data set ana-
lyzed is given in Table G-3. The laboratory-derived data for the saturated
hydraulic conductivity are contained within Table G-4. The permeability of
the subsamples (Table G-4) was computed using the equation (Freeze and Cherry,
1979, p. 27):
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Table G-1. Composition of 82-022 and 82-030 (From Licastro et al., in
preparation)

Expansive Mixtures

Component(a) 82-022 82-030

Type K cement (ChemComp) 33.83 --

Class H cement -- 47.29
Simulated, tuff ground water -- 20.32

Deionized water 15.87 --

Slag -- --

Basic Silica fume 7.29 4.75
Mixture Fly ash (low lime) 8.18 --

Fly ash (high lime) -- 15.20
Silica flour (5 micrometers) -- 4.82

Sand (ASTM C 109) 33.83 --

Granite sand __ __

Hemihydrate (Gypseal) -- 6.48
Admixtures Dispersant - Mighty 150 1.00 --

Dispersant - Dowell D65 -- 1.12

Defoamer - Dowell D47 0.005 0.02

Design f Water to cement ratio 0.47 0.43
Information Water to cementitious materials ratio 0.32 0.28

(a)Values for each component are reported as weight percentage of the total
mixture. -
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Table C-2. Composition of CL-40-CON (From Fernandez and Wong, in preparation)

Materials Concrete Trial Mixture No. 5(a)

Cement, kg (lb) 222 (490)

Fly ash, kg (lb) 83.9 (185)

Basic Fine aggregate from the Nevada
Mixture Test Site concrete sand, kg (lb) 684.5 (1,509)

Coarse aggregate - tuf:,
kg (lb) 569.7 (1,256)

Water, kg (lb) 122.5 (270.1)

High-range, water reducer,
kg (lb) 3.2 (7.0)

Admixture
Retarding densifier -

plastifier, I (fl. oz.) 0.8818 (29.79)

Water to cementitious

Design materials ratio 0.4
Information Sand to total aggregateSandto ttal ggreate50

ratio, % by volume

(a)Proportions are for 0.76 m3 (1 yd3). The original volume of the concrete,
trial mixtures was about 0.014 m3 (0.5 ft3).
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Table G-3. ID Number for Each Data Set Analyzed

Curve ID No.(a) Data Set Analyzed

1 Sample CL-40-CON A

2 Sample CL-40-CON B

3 Sample CL-40-CON C

4 Sample CL-40-CON D

5 Sample CL-40-CON E

6 Sample CL-40-CON F'

7 Samples CL-40-CON A to CL-40-CON F

8 Sample 82-022A

9 Sample 82-022B

10 Sample 82-022C

11 Sample 82-030A

12 Sample 82-030B

13 Sample 82-030C

14 Samples 82-022A, 82-022B, 82-022C

15 Samples 82-030A, 82-030B, 82-030C

16 Samples 82-022A, 82-022B, 82-022C, and
Samples 82-030A, 82-030B, 82-030C

(a)Curve ID No. is used to identify data sets.
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Table G-4. Correlation Between Saturated Hydraulic Conductivity and
Saturated Permeability

Sample Hydraulic Conductivity, cm/s Permeability, m 2

82-022A 2.89 x 10-10(a) 2.89 x 10-19

82-022B 4.21 x 10-10 4.21 x 10-19

82-022C 1.58 x 10-10 1.58 x 10-19

82-030A 5.61 x 10-10 5.61 x 10-19

82-030B 9.51 x 10-10 9.51 x 10-19

82-030C 2.80 x 10-10 2.80 x 10-19

82-022 (average) 2.89 x 10-10 2.89 x 10-19

82-030 (average) 5.13 x 10-10 5.13 x 10-19

Grouts (average) 4.74 x 10o10 4.74 x lo019

CL-40-CON A 3.55 x 10-10 3.55 x 10-19

CL-40-CON B 2.19 x 10-10 2.19 x 10-19

CL-40-CON C 4.69 x 10-10 4.69 x 10-19

CL-40-CON D 4.97 x 10-10 4.97 x 10-19

CL-40-CON E 4.43 x 10-10 4.43 x 10-19

CL-40-CON F 3.46 x 1o-10 3.46 x 10-19

Concrete (average) 3.88 x 10-10 3.88 x 10-19

(a)Average of 82-022 samples used.
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Ks = k sg/V

where

Ks = saturated hydraulic conductivity,
ks = saturated permeability,

p = density of water,
g = acceleration due to gravity, and
V = viscosity of water.

The samples were run at 211C. Therefore, the values for density and viscosity
of water were 998 kg/m 3 and 84.49 kg/(day-m), respectively. The value for the
gravitational constant was 7.3148x101  m/day2* Based on the conversion for-
mula and the above values, the intrinsic permeability and hydraulic
conductivity values are given in Table G-4.

The first step in the determination of unsaturated properties is the data
reduction for the curve-fit of the saturation versus pressure-head data. When
the shape of the saturation versus pressure-head curve is well defined by the
data points, the VanGenuchten and Haverkamp curve fits are nearly identical
(Peters et al., 1984). Further, the VanGenuchten curve fit was chosen as the
standard method to fit saturation data (Peters et al., 1984, p. D-1) for the
reduction of data associated with tuff samples. This same curve-fitting
procedure was used to reduce the data obtained for the concrete and grout
samples.

The equation defining the VanGenuchten, curve fit is:

S =(S( - j1 + Sr

where

S = saturation as a function of pressure head,
Ss = maximum saturation,
Sr = residual saturation,

X=1 - 1/B,
h pressure head, and

a and A are VanGenuchten, curve-fit parameters.

Some difficulty was experienced in curve-fitting the laboratory data because
the residual saturation was not well defined for the concrete and grout
samples. To obtain better definition of the residual saturation, samples were
placed in controlled atmospheres of 53%, 35% and 11% relative humidity and
allowed to reach equilibrium. Water contents were then calculated. These
relative-humidity values correspond to high, negative pressure heads, and once
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the data were obtained from this extended testing, the residual saturation
could be better defined.

The primary parameters obtained as part of the VanGenuchten, curve fit are:

or = residual saturation
a = curve-fit parameter, and
B = curve-fit parameter.

The results of these statistical analysis are contained on Figures G-1 through
G-16. Sixteen data sets were fitted. The legend for these curve fits is
given in Table G-3. Using the curve-fit parameters and the equation for the
VanGenuchten fit, a continuous curve for saturation versus pressure head can
be developed (Figures G-1 through G-16).

Using these same, curve-fit parameters, the equation for the unsaturated
hydraulic conductivity, and the method of Mualem (Peters et al., 1984, p. 31),
the hydraulic conductivity as a function of pressure head can be computed:

K(~h) = K [1 - ahIl1 - (1 + JahjX ) ]

s ~ (1 +jahlJ 11

where

K(h) = hydraulic conductivity as a function of pressure head (h),
Ks = saturated hydraulic conductivity, and the other parameters are

as defined earlier.

If K's is input as the value of 1.0, a relative hydraulic conductivity versus
pressure-head curve can be developed (Figures G-1 through G-16). If the
saturated, hydraulic conductivity value is input, a plot of actual hydraulic
conductivity (or permeability) versus pressure head can be developed (Figures
G-17 through G-37).
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APPENDIX H

COMPARISON OF DATA USED IN THIS REPORT WITH THE

REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE VALUES USED WERE

SELECTED PRIOR TO ISSUANCE OF THE RIB.

(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.

(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.

(D)RECOMMEND VALUES BE INCORPORATED INTO THE RIB.
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APPENDIX 11

COMPARISON OF DATA USED IN THIS REPORT WITH THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT YALUES NOT FOUND.
(D)RECOIHEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETER CHAPTER SECTION PAGE# REPORT VAL UE IlJt T RIB VALUE RIB SECTION EXPLAIATION

GENERAL STRATIGRAPHY
NORTHWEST FAULT LOCATIONS
GHOST DANCE FAULT - DIP
GHOST DANCE FAULT - OFFSET
ANNUAL EVAPOTRANSPIRATION
AVERAGE ANNUAL PRECIPITATION
EVAPOTRANSPIRATION
MAXIMUM THICKNESS OF ALLUVIUM
TUFF BEDS ORIENTATION
FLOOD LOCATIONS -

GROUNDWATER TABLE DEPTH
AVERAGE INFILTRATION
CONTOURS OF THICKNESS OF UNSATURATED

ROCK BENEATH REPOSITORY
BULK POROSITY - CALICO HILLS
(ZEOLITIZED)

BULK POROSITY - CALICO HILLS
(VITRIFIED)

BULK POROSITY - OLDER TUFFS
BULK POROSITY - PAINTBRUSH TUFF
BULK POROSITY - TIVA CANYON
BULK POROSITY - TOPOPAH SPRING
FRACTURE DENSITY OF ALL UNITS
SATURATED, HYDRAULIC CONDUCTIVITY

- CALICO HILLS (VITRIFIED)
SATURATED, HYDRAULIC CONDUCTIVITY

- CALICO HILLS (ZEOLITIZED)

-

--. - --. .. .... __ .. . _.........._V ... V .. ...... ._ .. ...- __... -- .- -- -- ---

TABLE 2-1
2.1
2.1
2. 1
2.2.1
2.2.1
2.2.1
2.1
2.1
2.2.1
2.2.2
2.2.2

2.2.2

TABLE 2-2

TABLE 2-2
TABLE 2-2
TABLE 2-2
TABLE 2-2
TABLE 2-2
TABLE 2-2

TABLE 2-2

TABLE 2-2

3
5
5
5
5

'. 5
5
5
5
6
6
10

8

9

9
9
9
9
9
9

9

9

REQUIRED MAPS
84 - 89- WEST
25
630
150
0.76 - 10.7
45 (153)
DIP 5s - 8 EAST
REQUIRES MAPS
200-400
0.1

30!8.6

39±7.7
23
45±11.8
10!5.3
15!5.1
5-40

1.3x10-6

4.2x10 9

H
Mm
mm
IN

M (FT)

H
MM/YR

M

1/H 3

CM/S

CM/S

NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE
NONE

1.3.2.1
1.3.2.4.1
1.3.2.4.1
1.7.2.2
(B)
1.11.1.2.1
1.11.1.2.2
1.3.2.1
1.3.2.4
1.17.1
(B)
1.1.5

1.3.1.1.2

1.3.1.2.1

1.3.1.2.1
1.3.1.2.1
1.3.1.2.1
1.3.1.2.1
1.3.1.2.1
1.3.2.4.2.1

1.1.4.2

1.1.4.2

(C}
(r)

(C:)

(C)
(c)

(C)
(C)
(c)

IN CALMA SYSTEM

(A)

(1)
(c)
(A)
(A)
(C)
(C)

(A)

(A)

19.7-36.8

33.5t9.7
16.4-39.4

44.8
11.4

0.8-18.3
NONE

3.4x10-7

1.710-9
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APPENDIX 11

COMPARISON OF DATA USED IN TIllS REPORT WITH! THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECO1MEND VALUES BE INCORPORATED INTO THE RIB.

PARAMETER

SATURATED HYDRAULIC CONDUCTIVITY
- PAINTBRUSH TUFF

SATURATED HYDRAULIC CONDUCTIVITY
- TIVA CANYON

SATURATED HYDRAULIC CONDUCTIVITY
- TOPOPAH SPRING

SATURATED HYDRAULIC CONDUCTIVITY
OF THE OLDER TUFFS

SATURATED ROCK MASS HYDRAULIC
CONDUCTIVITY - ALL UNITS

MAXIMUM INFILTRATIONf RATE
AMOUNT OF SPENT FUEL
DEFENSE HIGH-LEVEL WASTE
ESTIMATED NUMBER OF CANISTERS IN

REPOSITORY
MONITORED RETRIEVABLE STORAGE

ASSUMED SPENT FUEL
MONITORED RETRIEVABLE STORAGE

DEFENSE HIGH-LEVEL WASTE
MTU'S CONTAINED IN BWR ASSEMBLIES
MTU'S CONTAINED IN PWR ASSEMBLIES
PERCENT OF SPENT FUEL IN
BWR ASSEMBLIES

PERCENT OF SPENT FUEL IN
PWR ASSFMBLIES

REFERENCE WASTE AMOUNT OF
DEFENSE HIGH-LEVEL WASTE

CHAPTER SECTION PACFI RFPORT VALUIF UNITS RIB VALUE RIB SECTION EXPLANATION_ .... . _.._------.... 
_ sgz zw A __ _ * **__ *_ _ ____

TABLE

TABLE

TABLE

TABLE

TABLE
2.2.2
2.3
2.3

2.3

2.3

2.3
2.3
2.3

2.3

2.3

2.3

2-2

2-2

2-2

2-2

2-2

9

9

9

9

9
10
I1I
1 1

1 1

1 1

1 1
1 1
1 1

1 1

1 1

1 1

2.14x 10-6

2.5x 10-9

3.5x10-9

1. jx10-7

10-2 TO 10-6
0.5
59,350
10,000

42,200

62,000

8,000
0. 1833
0.4614

40

60

7,350

CM/S

CM/S

CM/S

CM/S

CH/S
MM/YR

NYU

HTU
NYU

MTHH

NONE

NONE

2.3x 10-9
6.8 TO
37x10-8

NONE
0.722
NONE
NONE

45651

NONE

NONE
NONE
NONE

NONE

NONE

NONE

1.1.4.2

1.1.4.2

1.1.4 .2

1.1.4 .2

1.1.4.3
1.1.4.2
(B)
(B)
2.2.2. 1 &
2.2.4.9 & 10

(B)

(B)
(B)
(B)

(B)

(B)

(B)

(C)

(C)

(A)

(A)

(C)
(A)

(A)

tA)

'l

I1, .

_ _ _
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APPENDIX 11

COMPARISON OF DATA USED IN THIS REPORT WITH THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM RECERENCE INDICATED IN THE TEXT. THE
(O)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECONMEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PkIOR TO ISSUANCE OF THE RIB.

PARAMETER CHAPTER SECTION PAGEI REPORT VALUE UNITS RIB VALUE RIB SECTION EXPLANATION

REFERENCE WASTE AMOUNT OF
WEST VALLEY HICH-LEVEL WASTE

WEST VALLEY HIGH-LEVEL WASTE
GENERAL LAYOUT OF THE REPOSITORY
NUMBER OF CONSOLIDATED BWR

ASSEMBLIES EACH CANISTER HOLDS
NUMBER OF CONSOLIDATED PWR

ASSEMBLIES EACH CANISTER HOLDS
NUMBER OF INTACT BWR ASSEMBLIES

EACH CANISTER HOLDS
NUMBER OF INTACT PWR ASSEMBLIES

EACH CANISTER HOLDS
PERCENT OF CONSOLIDATED

FUEL ASSEMBLIES
DEFENSE HIGH-LEVEL WASTE IN
EACH WASTE CANISTER

NUMBER OF CANISTERS CONTAINING
WVHLW
PERCENT OF UNCONSOLIDATED FUEL

ASSEMBLIES
REPOSITORY DEPTH
EMPLACEMENT AND EXHAUST SHAFT

DEPTH BELOW REPOSITORY
EXPLORATORY SHAFT DEPTH

BELOW REPOSITORY
MEN AND MATERIALS SHAFT DEPTH
BELOW REPOSITORY
KAXIHUM GRADE FOR DRIFTS

2.3
2.3
2.4

2.3

2.3

2.3

2.3

2.3

2.3

2.3

2.3
2.4

2.4

2.4

2.4
2.4

I1I
I11
12

1 1

1 1

1 1

1 1

1 1

1 1

1 1

1 1
12

15

15

15
12

650
650
18

12

6

6

3

90

0.5

310

10
305 (1000)

10

470.

80
8

HTU NONE
HTU NONE
PANEL NONE

__ NONE

-- NONE

-- NONE

-- NONE

S NONE

MTU NONE

--- NONE

S NONE
H (FT) NONE

FT NONE

FT NONE

FT NONE
% NONE

(B)
(B)
2.2.1.1.6

(B)

(B)

(B)

(B)

(B)

(B)

(B)

(B)
2.2.7.3

(B)

(B)

(B)
(B)

(C)

(C)
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APPENDIX H

COMPARISON OF DATA USED IN THIS REPORT WITH THE REFERENCE INFORMATION BASE (RIB)

THE FOLLONING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(c)No SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.

)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECOHMEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETER CHAPTER SECTION PACE/ REPORT VALUE UNITS RIB VALUE RIB SECTION EXPLANATION

EMPLACEMENT AND EXHAUST
SHAFT DEPTH

EMPLACEMENT AND EXHAUST SHAFT
EXCAVATED DIAMETER

EMPLACEMENT AND EXHAUST SHAFT
FINISHED DIAMETER

ES-2 DEPTH
ES-2 EXCAVATED DIAMETER
ES-2 FINISHED DIAMETER
EXPLORATORY SHAFT DEPTH
EXPLORATORY SHAFT EXCAVATED DIAMETER
EXPLORATORY SHAFT FINISHED DIAMETER
MEN AND MATERIALS SHAFT DEPTH
MEN AND MATERIALS SHAFT

EXCAVATED DIAMETER
MEN AND MATERIALS SHAFT

FINISHED DIAMETER
TUFF RAMP EXCAVATED WIDTH

(HORIZONTAL)
TUFF RAMP EXCAVATED WIDTH

(VERTICAL)
TUFF RAMP FINISHED WIDTH
(HORIZONTAL)

TUFF RAMP FINISHED WIDTH
(VERTICAL)

TUFF RAMP LENGTH
WASTE RAMP EXCAVATED WIDTH
(HORIZONTAL)

TABLE 2-3

TABLE 2-3

TABLE 2-3
TABLE 2-3
TABLE 2-3
TABLE 2-3
TABLE 2-3
TABLE 2-3
TABLE 2-3
TABLE 2-3

TABLE 2-3

TABLE 2-3

TABLE 2-3

TABLE 2-3

TABLE 2-3

TABLE 2-3
TABLE 2-3

TABLE 2-3

17

17

17
17
17
17
17
17
17
17

17

17

17

17

17

17
17

17

1040

22.5

20
1020
B
6
1490
14.5
12
1110

22.5

20

21

25

20

24
4627

21

FT

FT

FT
FT
FT
FT
FT
FT
FT
FT

FT

FT

FT

FT

FT

FT
FT

FT

NONE

22

20
NONE

8
6

NONE
14
12

NONE

22

20

21

25

20

24
NONE

21

(B)

2.2.5.4

2.2.5.4
(B)
2.2.5.3
2.2.5.3
(B)
2.2.5.2
2.2.5.2
(B)

2.2.5.1

2.2.5.1

2.2.5.6

2.2.6.6

2.2.5.6

2.2.6.6
(B)

2.2.5.5

SEE SNL DRUG. NO.
R07001

(A)

SEE SNL DRWG NO.
R07001

l~

I1
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APPENDIX 1i

COMPARISON OF DATA USED IN THIS REPORT WITH THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECOMMEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETER

WASTE RAMP EXCAVATED WIDTH
(VERTICAL)

WASTE RAMP FINISHED WIDTH
(HORIZONTAL)

WASTE RAMP FINISHED WIDTH
(VERTICAL)

WASTE RAMP LENGTH
DIMENSIONS, AREAS, VOLUMES FOR THE

UNDERGROUND EXCAVATED VERTICAL
MODE

DIMENSIONS, AREAS, VOLUMES FOR THE
UNDERGROUND EXCAVATED HORIZONTAL
MODE

EXTRACTION RATIO
HORIZONTAL EMPLACEMENT

EXTRACTION RATIO
VERTICAL EMPLACEMENT

NONEMPLACEMENT DRIFTS (HORIZONTAL)
NONEMPLACEMENT DRIFTS (VERTICAL)
SUMMARY OF AREAS AND VOLUMES FOR

UNDERGROUND EXCAVATIONS
PERCENT RADIONUCLIDES WITH THE

UO MATRIX
PERCENT CS-135, CS-137, 1-129 AND

SR90 WITHIN THE GAP
GRAIN BOUNDARY

PREFERENTIAL DISSOLUTION FACTORS

CiHAPTR SFrCTION PArCE RFPORT VAUIE UNITS RIB VALUE RIB SECTION EXPLANATION
_ . __ ... . _.... ..- .- .- _ _ . ... ____.

2

2

2
2

TABLE 2-3

TABLE 2-3

TABLE 2-3
TABLE 2-3

17

17

17
17

23

19

21
6603

FT

FT

FT
FT

23

19

21
NONE

2.2.6.5

2.2.5.5

2.2.6.5
(B)

2 TABLE 2-4 19-20 -- __ NONE (B) W)I

2

2

2
2
2

2

3

3

3

TABLE 2-5

2.4

2.4
2.4
2.4

TABLE 2-6

3.1

3.1.1.1

3.1.1.1

21-22

15

15
15
16

23

3

3

8.73

17.7
67
39

90

0.5

3.8-8.7

-- NONE

S NONE

I NONE
% NONE
S NONE

__ NONE

S NONE

S NONE

-- NONE

(B)

(B)

(B)
(B)
(B)

(B)

(B)

(B)

(B)

({)

(D)

I



APPENDIX H

COHPARISON OF DATA USED IN THlIS REPORT WITH THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(8)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECONMEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETER CHAPTFR SECTION PAGFI REPORT VALUE UNITS RIB VALUE RIB SECTION EXPLANATION

PERCENT C-14 INVENTORY IN THE
STRUCTURAL PARTS - BWR

PERCENT C-14 INVENTORY IN THE
STRUCTURAL PARTS
PERCENT C-14 WITHIN THE FULL
CLADDING
PERCENT Ni-59 WITHIN THE
FULL CLADDING

PERCENT ZR-93 WITHIN THE
FULL CLADDING

DEPTH OF OXIDIZED ZIRCOLOY
DEPTH OF OXIDIZED ZIRCOLOY
PERCENT GASEOUS C-14
PERCENT OF FAILED FULL RODS
SOLUBILITY LIMIT OF THE URANIUM
MATRIX IN SPARTAN
PERCENT OF CESIUM AND IODINE FOR
FISSION GAS RELEASE

PERCENT GASEOUS SPECIES OF
THE TOTAL INVENTORY

VALLEY WIDTH AT EMPLACEMENT EXHAUST
VALLEY WIDTH AT ESCAPE SHAFT

LOCATION
VALLEY WIDTH AT MEN AND MATERIALS
SHAFT LOCATION
TOTAL FLOW - PMF 14 HOUR

EMPLACEMENT EXHAUST SHAFT

3.1.1.1

3.1.1.2

3.1.1.2

3.1.1.2

3.1.1.2
3.1.1.2
3.1.1.2
3.1.1.2
3.1.X.2

3.1.2

3.1.4

3.2
4.1.1

4.1.1

4. 1.1

TABLE 4-1

44

4

5
5

10

12

20
2

2

2

3

67

61

67

100

5
17
0.0469
0.3
.02

5x10-3

50

0.5
107 (350)

107 (350)

244 (800)

24

S

HM
MH

KG/M 3

M (FT)

M (FT)

H (FT)

ACRE-FT

NONE

NONE

NONE

NONE

NONE
NONE
NONE
NONE
NONE

NONE

NONE

NONE
NONE

NONE

NONE

NONE

(B)

(B)

(B)

(B)

(9)
(B)
(B)
(8)
(B)

1.2.4.5

(B)

(8)
(B)

(B)

(B)

1.17. 1.3

(C)

(C. D)

3:
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APPENDIX i1

COMPARISON OF DATA USED IN THIS REPORT WITH TUE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB. BUT VALUES NOT FOUND.
(D)RECOHMEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETFR CHAPTER SECTION PACES RFPORT VALUF UNITSl RIB VALUE RIB SECTION EXPLANATION_ I... . _. _ .... _ .. - ., - _ _ _,..,_ _ ..._ . _,-... __ .. _ _ ._ _

TOTAL FLOW - PMF 14 HOUR
EXPLORATORY SHAFT

TOTAL FLOW - PMF 11 HOUR
MEN AND MATERIALS SHAFT

TOTAL FLOW - PMF 6 HOUR
EMPLACEMENT EXHAUST SHAFT

TOTAL FLOW - PMF 6 HOUR
EXPLORATORY SHAFT

TOTAL FLOW - PMF 6 HOUR
MEN AND MATERIALS SHAFT

SHAFT FILL HYDRAULIC CONDUCTIVITY
MINIMUM PRECIPITATION FOR RUNOFF
EXTENSION OF MPZ FROM SHAFT WALL
RANGE MPZ VERSUS BULK ROCK HYDRAULIC

CONDUCTIVITY TIVA CANYON
SUCTION HEAD OF COHESIONLESS MATERIAL
SATURATED HYDRAULIC CONDUCTIVITY

OF FILL
ALLUVIAL GRADE
ALLUVIAL THICKNESS IN DRAINAGE MODEL
DRIFT INFLOW - CLAY FILL
DRIFT INFLOW - SAND FILL
SATURATED ROCK MATRIX PERMEABILITY
FAULT ZONE HYDRAULIC CONDUCTIVITY
GREEN & AMPT PARAMETER
- HYDRAULIC CONDUCTIVITY OF FAULT

GREEN & AMPT PARAMETER
- POROSITY OF FAULT

TABLE 4-1

TABLE 4-1

TABLE 4-1

TABLE 4-1

TABLE 4-1
TABLE 4-2
41.1.4 .
4.1.5

4.1.5
4.1.5

41.1.5
41.1.5
41.1.5
4.2.1
4.2.1
4.2.1
4.2.2.2

4.2.2.2

4.2.2.2

3

3

3

3

3
7
8
10

10
13

16
16
16
22
22
22
25

26

26

75

107

41

129

183
10-2
0.5
ONE

20 TO 60X GREATER
-1.0

lo-2

16
9.1 (30 2
1.3xlO- 1
9.7x10o- 5

I 9 f10-9
10- TO 10-2

10-2 TO 10-5

0.004 TO 0..4

ACRE-FT

ACRE-FT

ACRE-FT

ACRE-FT

ACRE-FT
CM/S

IN
RADIUS

M

CM/S

M %FT)
H /S
M3 /S
Cm/S
Cm/S

CM/S

NONE

NONE

NONE

NONE

NONE
NONE
NONE
NONE

NONE
NONE

NONE
NONE
NONE
NONE
NONE
NONE
NONE

NONE

NONE

1.17.1.3

1.17.1.3

1.17.1.3

1.17.1.3

1.17.1.3
(B)
(B)
(B)

(D)
(B)

(B)
(B)
(B)
(B)
(B)
(B)
1.1.4

(B)

(B)

(C, D)

(c. D)

(l- D)

(C, )

(C. D)

( t)
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APPENDIX If

COMPARISON OF DATA USED IN THIS REPORT WIT}! THE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE
(B)NO SECTION FOUND IN RIB APPLICABLE .0 THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT JALUES NOT FOUND.
(D)RECOMHEND VALUES BE INCORPORATED INTO THE RIB.

VALUES USED WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

P^R^U"FR CeHAPTER SECTION PfiGErf REPORT VALUE1 UNITS RIB VALUE RIB SECTION EXPLANATIONrftn~rnci n .wn -Ad...---

TOTAL DISCHARGE TUNNEL U12e
FAULT APERTURE
PERCENT SATURATION IN FAULT
CALICO HILLS HYDRAULIC CONDUCTIVITY
RANGE OF SLOPE GRADES IN MAINS
BOREHOLES TO WATER TABLE WITHIN
5 KM OF REPOSITORY

CONTOUR MAPS OF STRATIGRAPHIC
CONTACTS

SCHEMATIC CASES ANALYZED FOR BOREHOLE
DESIGN REQUIREMENT DEVELOPMENT

HYDRAULIC CONDUCTIVITY OF GROUT
AND CONCRETE

RANGE OF TYPICAL CONCRETE HYDRAULIC
CONDUCTIVITIES

ALLUVIAL THICKNESS NEAR EXPLORATORY
AND ESCAPE SHAFT

100-YEAR FLOOD PEAK DISCHARGE
500-YEAR FLOOD PEAK DISCHARGE
ALLUVIUM/COLLUVIUM THICKNESS NEAR
WASTE HANDLING RAMP
MAXIMUM EXPECTED RAINFALL IN

SOUTHERN NEVADA IN 1 HOUR
WATERSHED AREA OF COYOTE WASH
HYDRAULIC CONDUCTIVITY OF BOTH

CALICO HILLS AND TOPOPAH SPRING

4
4
4
6
6

6

6

6

7

A-1
A-1
A-1

A-1

A-1
A-1

A -5

4.2.2.4
4.2.4
4.2.4
6.7.3
6.5.3.3

6.7.1

6.7.3

6.7.4

7.4.1

7.4.1

A-1. 1
A-1.2
A-1.2

A-!. 1.5

A-1.2
A-1.2

A-5. 1.1

26
33
33
47
27

42

42

49

13

13

14
14

14

36

30 TO 50
0.3-
0-85
10- TO 10-4
2.5 TO 75

ml

25

1.0 TO 9.5xIO10-

; 10-5 TO 10-3

6.5 TO.12
482 AO 5 5

2,200 A0 5 7 1

15 (50)

18 (7)
(0.19) 0.48

5x1O-6

LLION GALS
M

CM/S

M

H

CM/S

DARCY

M (FT)
CFS

M (FT)

Cm ( IN)
K2 (mIs)

CM/S

NONE (B)
NONE 1.3.2.4.2.3
NONE (B)
NONE 1.1.4.2
NONE (B)

-- 1.3.1.1.2

-- 1.3.1.1.2

-- 1.3.1.1.2

NONE (B)

NONE (B)

NONE 1.3.1.1.3
NONE (B)
NONE (B)

NONE 1.3.1.1.3

NONE 1.11.2.2
NONE (B)

NONE 1.1.4.3

IN

IN

IN

CAI.MA SYSTEM

CAILMA SYSTEM

CALMA SYSTEM

(C)

{C)

(C)
(D)
(D)

(C)

(C)

(C)

10

A@
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APPENDIX If

COMPARISON OF DATA USED IN THIS REPORT WITH 11lE REFERENCE INFORMATION BASE (RIB)

THE FOLLOWING NOTES ARE USED THROUGHOUT THIS APPENDIX:

(A)DATA OBTAINED FROM REFERENCE INDICATED IN THE TEXT. THE VALUES USED
(B)NO SECTION FOUND IN RIB APPLICABLE TO THESE PARAMETERS.
(C)SECTION IDENTIFIED IN THE RIB, BUT VALUES NOT FOUND.
(D)RECONMEND VALUES BE INCORPORATED INTO THE RIB.

WERE SELECTED PRIOR TO ISSUANCE OF THE RIB.

PARAMETER CHAPTER SECTION PAGE# REPORT VALUE UNITS RIB VALUE RIB SECTION EXPLANATION
-- - - --- ---

AIR CCNDUCTIVITIES IN REPOSITORY
BACKFILL
AIR CONDUCTIVITY IN DAMAGED ZONE
TOTAL ROOF AREA OF REPOSITORY
(VERTICAL)

TOTAL ROOF AREA OF REPOSITORY
(HORIZONTAL)

ASSUMED AIR CONDUCTIVITY FOR
TIVA CANYON AND TOPOPAH SPRING
ASSUMED AIR CONDUCTIVITY OF

NONWELDED PAINTBRUSH
THICKNESS OF NONWELDED UNITS AT
PAINTBRUSH

TOTAL THICKNESS OF WELDED UNITS AT
TIVA CANYON AND TOPOPAH SPRING

ESTIMATED RANGE OF POROSITY
OF BACKFILL

C
C

C

C

C

C

C

C

D

C.3.2
C.3.2

C.3.2

C. 3.2

C.3.2

IC. 3.2

C.3.2

C.3.2

D. I

7
7

8

8

8

8

8

8

2

3.0x1O 6 - 3.0
20 TO 6OX GREATER

983,700

486,000

3x10-7 TO 3x1O-4

3x10-7 TO 3xlO-5

M/MIN NONE
NONE

H2  NONE

H2  NONE

HM/HIN NONE

M/HIN NONE

H 1.3.1.1.1

H 1.3.1.1.1

% NONE

(R)
(B)

(B)

(B)

(B)

(B)

(C)

(C)

(B)

40

260

30 TO 35

I
I w i I



APPENDIX I

DATA RECOMMENDED FOR INCLUSION INTO THE SITE AND
ENGINEERING PROPERTIES DATA BASE (SEPDB)

AND INFORMATION PROPOSED FOR THE INCLUSION INTO THE

REFERENCE INFORMATION BASE (RIB)

The data in Appendix G is recommended for inclusion into the SEPDB.

The information proposed for inclusion into the RIB is the modified permea-

bility zone (MPZ) model that has been used in this report. The following

table summarizes the MPZ model. Details of how the model was developed are

contained within Case and Kelsall (1987).

Table 1.1. Equivalent Permeability of the Modified Permeability Zone(a)

Stress Redistribution
Without Blast Damage Expected(b) Upper Bound(c)

Depth Elastic Elastoplastic Casc Case

100 15 20 20 40

310 15 40 20 80

(a)Equivalent permeability is averaged over an annulus one-radius wide around

the 4.4-m-diameter, exploratory shaft.
(b)This is based on an elastic analysis with expected strength, in situ

stress, least sensitivity of permeability to stress, and a 0.5-m-wide,
blast-damage zone.

(c)This is based on an elastoplastic analysis with lower-bound strength;
upper-bound, in situ stress; greatest sensitivity of permeability to
stress; and a 1.0-m-wide, blast-damage zone.

1-1/I-2

.

1f 1!1
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