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1. PURPOSE

The purpose of this analysis is to assess the design sensitivity and uncertainty of the
emplacement drift stability with consideration of in situ, thermal, and seismic loadings during the
preclosure period. The analysis identifies the physical mechanisms and governing parameters
related to drift stability, develops analytical model and performs the sensitivity analysis. The
results of this analysis will provide the bounding scenario and level of conservatism to support
structural analyses of the ground support system for License Application (LA).

1.1 BACKGROUND

In November of 2000, the U.S. Nuclear Regulatory Commission (NRC) issued an Issue
Resolution Status Report (NRC 2002). The Key Technical Issue (KTI) agreements on Repository
Design and Thermal-Mechanical Effects (RDTME) were jointly developed at the Technical
Exchange and Management Meeting held on February 6-8, 2001 in Las Vegas, Nevada.
Subsequently, a report titled “Resolution Strategy for Geomechanically-Related Repository
Design and Thermal-Mechanical Effects” (Board 2003) was issued to address how the DOE
proposes to resolve those agreements related specifically to geomechanical concerns. This
analysis implements the modeling approaches outlined in the resolution strategy report and
fulfills the NRC/DOE agreement items RDTME 3.06 and RDTME 3.08 as described in Section
6.8.

1.2 SCOPE
The specific activity scope of this analysis includes:
e Conduct analysis to address the sensitivity of numerical modeling related parameters.

e Conduct analysis to address the sensitivity and uncertainty of rock mass mechanical
properties related parameters to drift stability.

e Conduct analysis to address the sensitivity and uncertainty of thermal modeling related
parameters to drift stability.

e Conduct analysis to address the sensitivity and uncertainty of seismic modeling related
parameters to drift stability.

e Conduct analysis to identify the critical combination of in situ, thermal, and seismic
loads.

e Conduct analysis to assess the performance of ground control system.
1.3 ANALYSIS APPLICABILITY AND LIMITATIONS
The scoping analysis results with seismic and thermal consideration are applicable for 5.5-m-

diameter emplacement drifts oriented at an azimuth of 72° in accordance with the LA repository
underground layout configuration (BSC 2003d). The results presented in this report are
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applicable for the lithophysal and nonlithophysal rock units of the repository host horizon. The
sensitivity analyses presented in this report are valid for conditions anticipated within the
repository for preclosure performance. The analyses are limited to the thermal and mechanical
effects of waste emplacement. Other effects such as hydrological and chemical effects are not
considered.
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2. QUALITY ASSURANCE

The Q-List designates the ground control system for emplacement drifts as ‘not important to
waste isolation’, and ‘not important to safety’, and the Safety Category (SC) is ‘Non-SC’ (BSC
2003j, p. A-4). However, this document is prepared with a QA:QA status and all activities
addressed in this calculation are subject to the requirements of the Quality Assurance
Requirements and Description (QARD) (DOE 2003) since the ground control system for
emplacement drifts will support the activities associated with the Waste Emplacement System
and Waste Retrieval System which are classified as ‘SC’ (BSC 2003j, p. A-4) and subject to the
QARD requirements.

The analysis has been developed in accordance with AP-3.12Q, Design Calculations and
Analysis, and its requirements. All input data are identified and tracked in accordance with AP-
3.15Q, Managing Technical Product Inputs.

All electronic data used in the preparation of this activity were obtained from the Technical Data
Management System, as appropriate. To ensure accuracy and completeness of the information
generated by this report access to the information on the personal computer used to develop this
report is controlled with password protection. The personal computer files are stored on a
network drive that is backed up daily per YMP standards. Upon completion of this work, all
files are transferred to CD-ROMs, appropriately labeled, and verified by examining the file
listing. Visual checks are conducted on printouts. The CD-ROMs are transmitted to Document
Control for transfer to the Records Processing Center. During the process of checking the
document, accuracy and completeness of the data retrieved and reported in this document is
verified against the information placed in the Records Processing Center and YMP information
databases, as applicable.

Output data/results developed in this report have been submitted to the Technical Data
Management System in accordance with AP-SIII.3Q. In addition to the procedures cited above,
AP-SI.1Q, Software Management, is used for process related to software usage.
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3. USE OF COMPUTER SOFTWARE
3.1 QUALIFIED COMPUTER SOFTWARE

All controlled and baselined software used in the development of the sensitivity and uncertainty
analysis is identified in Table 3-1. All software documented in this section is appropriate for the
applications used in this analysis. Each software item was obtained from Software Configuration
Management in accordance with AP-SI.1Q. The UDEC and FLAC analyses were performed on
personal computers with a Pentium microprocessor and Microsoft Windows 2000 operating
system. NUFT was run on a Sun Ultra 2 workstation with a Sun OS 5.7 operating system.
ANSYS was run on a Sun Ultra 2 workstation with a Sun Solaris 2.7 operating system. The
VULCAN V4.0NT is installed on a Dell 340 workstation running on a Microsoft Windows 2000
operating system. All software was used only within the range of its validation as specified in the
software qualification documentation, in accordance with AP-SI.1Q. All input and output files
for each software item used in this analysis have been archived on CD-ROMs and submitted to
the Record Processing Center (RPC) as part of the records package for this calculation.

Table 3-1. List of Qualified Software
Software Tracking
Software Title / Version Number Brief Description of Software Use
Universal Distinct Element Code 10173-3.1-00 UDEC was used to analyze the time-dependent
(UDEC) Version 3.1 ) degradation in the lithophysal rock units.
. . FLAC was used to analyze the seismic and thermal
Fast LLagrangian Analysis of y - ;
Continua (FLAC) Version 4.0 10167-4.0-00 3{{;}?3 on block movement in the lithophysal rock
Nonisothermal Unsaturated- .
Saturated Flow and Transport 10088-3.0s-01 2;1”:; (\:/::?el::%?i;tofgln:#éaéz:;z\tﬂttragzgzrsaround the
(NUFT) V3.0s p y :
. ANSYS was used to simulate heat transfer around the
ANSYS Version 5.6.2 10145-5.6.2-01 emplacement drift for the base case.
VALCAN was used for measuring the approximate
VULCAN V4.0NT 10044-4.ONT-00 depth of emplacement drift area from a three-
dimensional geologic model of Yucca Mountain

3.2 OTHER SOFTWARE

In addition to the above listed items, the standard functions of commercial-off-the-shelf software,
including Microsoft Excel 97 SR-2, Surfer Version 8.02, and CoreDRAW Version 8.396 were
also used. These software items were used to perform support calculation activities and visual
representation as described in Section 6 and associated attachments. All software in this
category was performed on personal computers with a Pentium microprocessor and Microsoft
Windows 2000 operating system. Microsoft Excel 97 SR-2, Surfer Version 8.02, and
CorelDRAW Version 8.396 are exempted software applications in accordance with AP-SL1Q,
Section 2.1.1. All Excel files are archived on CD-ROMs and submitted to the RPC as part of the
records package for this calculation.
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4. ASSUMPTIONS
Assumptions used in this calculation are described in this section.
41 THERMAL CALCULATION
4.1.1 Simultaneous Emplacement

Assumption: The base case thermal calculation in this report assumes that generation of heat
from the waste packages occurs simultaneously throughout the repository. The entire repository
begins heating at the same time since sequential emplacement of waste packages has not been
considered.

Basis: This assumption is necessary since design information is available only for the
emplacement drift layout (BSC 2003d), but not for the emplacement schedule.

Confirmation Status: This assumption does not require further confirmation, since results from
the thermal-mechanical calculation should be the most conservative based on this assumption
(i.e., the assumption produces increased heat and greater stresses in the rock mass). The
sequential emplacement has been considered in the analyses (Section 6.4.4), and the results are
relatively insensitive to the temperature changes evaluated.

Use in the Analysis: This assumption is used in the base case thermal calculation (Sections 6.4.1,
6.4.2, and 6.4.3).

4.1.2 Representative Drift Location for the Repository

Assumption: Drift location of Northing 234913 and Easting 170730 (Column R5C10 of Line-
average-heat-source  Drift-scale Thermohydrologic [LDTH] sub-model from DTN:
LL030808623122.036) was chosen as a representative location for the entire repository footprint.
The location located in the Tptpll repository unit, approximately at the center of the repository
footprint. Details of the LDTH sub-models are presented in Multiscale Thermohydrologic Model
(Section 6.2.6, BSC 2003i).

Basis: The basis of this assumption is provided from the Ventilation Model and Analysis Report
(BSC 2003h, Section 5.1) supporting a license application.

Confirmation Status: No further confirmation is needed for this assumption.
Use in the Analysis: This assumption is used in the base case thermal calculation (Section 6.4).

4.1.3 Duration of Preclosure Period

Assumption: A preclosure period of 50 years is assumed in this analysis. The preclosure period
is defined as the time required for the forced ventilation in between the completion of waste
emplacement and the repository closure.
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Basis: This assumption is based on 10 CFR 63.111(e) (10 CFR 63 2002, Section 63.111(e)).

Confirmation Status: As part of the sensitivity study, a duration of 100 years for the preclosure
period is also used in this analysis (Section 6.4.5). Use of the assumption is considered
appropriate for the purpose of this analysis.

Use in the Analysis: This assumption is used to determine the duration of thermal load that
emplacement drifts and ground support is subjected to (Sections 6.1, 6.2, 6.3, 6.4, 6.5, 6.6, and
6.7).

4.2 MECHANICAL CALCULATION
4.2.1 Average Depth of Repository Host Horizon below Surface Topography

Assumption: The average depth of repository host horizon below surface topography is assumed
to be 300 m measured from the center of an emplacement drift for the base case.

Basis: Depth of emplacement drifts varies from drift to drift, ranging approximately from 215 m
to 450 m, and the majority is between 300 to 400 m. These measurements were obtained using
the VULCAN V4.0NT software, the topographic grid data (DTN: MOO0002SPATOP(00.001),
GFM2000 (DTN: MO0012MWDGFMO02.002), and the electronic file of the underground layout
(Subsurfaceladesign m.dxf) (BSC 2003d, Attachment V). The depths near the centers of Panels
1, 3 East and 3 West are 296 m, 259 m, and 372 m, respectively (BSC 2003a, Tables 5-2a to 5-
2¢).

Confirmation Status: No further confirmation is needed for this assumption. Use of a depth of
300 m for calculating in situ stress at the emplacement drift horizon provides median value for
the base case. A bounding value of 400 m is used for sensitivity calculation. The results for the
maximum value of 450 m will be similar to those for the bounding case of 400 m.

Use in the Analysis: This assumption is used in the mechanical calculations (Sections 6.1, 6.2,
6.3, 6.5, 6.6, and 6.7).

4.2.2 Horizontal-To-Vertical In Situ Stress Ratios

Assumption: The Horizontal-to-Vertical In Situ Stress Ratios (Kg) is assumed to be 0.5 for the
base case.

Basis: According to the in situ stress measurement by hydraulic fracturing in a test hole located
in the TSw2 unit (SNF37100195002.001), the minimum and maximum K, values are 0.36 and
0.62. The base case is approximately the average of the minimum and maximum Ky values.

Confirmation Status: No further confirmation is needed for this assumption. Use of K, values in
the range of 0.3 to 1.0 as bounding cases is provided in Section 6.2.2, and the results are
relatively insensitive to the K, values used (Section 6.2.2).

Use in the Analysis: This assumption is used in the mechanical calculations (Sections 6.1, 6.2,
6.3, 6.5, 6.6, and 6.7).
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4.2.3 Initial Ground Relaxation
Assumption: An initial ground relaxation value of 60 percent is assumed.

Basis: The basis for use of this value is provided in the Ground Control Methodology for
Emplacement Drift (Sun 2002, Table 6-1).

Confirmation Status: No further confirmation is needed for this assumption. This results in 40
percent of the pre-excavation in situ stress being imposed on the final ground support. This is
conservative since the final ground support in the current configuration will not be installed until
the tunnel boring machine (TBM) is switched to next drift. The initial relaxation will likely to be
completed before the final support installed.

Use in the Analysis/Model: This assumption is used in the ground support calculations (Section
6.7).

4.2.4 Rock Mass Tensile Strength of Lithophysal Rock

Assumption: Rock mass tensile strength is assumed to be equal to a half of rock mass cohesion
for various categories of the lithophysal rock.

Basis: The tensile strength value is generally considered to be about 10% of the unconfined
compressive strength (UCS) value, and is considered reasonable for the lithophysal rock mass.

Confirmation Status: No further confirmation is needed for this assumption. Sensitivity of the
rock mass tensile values to the drift stability is assessed in Section 6.3.3. The lower bound
tensile strength value results in only slightly increased yield zone.

Use in the Analysis/Model: This assumption is used in the ground support calculations (Sections
6.1,6.2,6.3, 6.5, 6.6, and 6.7).
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5. INPUTS

This section presents various input parameter values used in this calculation. Most of these
values are selected from the Input Parameters for Ground Support Design document (BSC
2003a). Since the sources of these parameter values and the rationale for their selection have
been documented in the Input Parameters for Ground Support Design (Section 5, BSC 2003a),
no further justifications on the use of these parameter values are provided in this section. For
inputs selected from other than the Input Parameters for Ground Support Design, their sources
will be identified along with the rational for selection.

5.1 DATA AND PARAMETERS
5.1.1 Time Histories of Rock Temperatures and Ventilation Efficiency

Time histories of rock temperatures and ventilation efficiency are listed in Tables 5-1 and 5-2.
These values reflect the effect of forced continuous ventilation at 15 m’/s for 50 years after waste
emplacement, and are obtained from DTN: MO0O306MWDALAFV.000. The rock temperatures-
up to 100 m above and below the drift center and the ventilation efficiency (details see Section
6.4.1) at 600 m from the ventilation air inlet are extracted from the ANSYS output files (BSC
2003h, DTN: MO0306MWDAILAFV.000). Since the ANSYS nodes were not exactly located at
the 25 m, 50 m, and 100 m above and below the drift center, the temperatures were linearly
interpolated using the temperatures from the adjacent nodes.

Table 5-1. Time Histories of Rock Temperatures

Temperatures (°C)
Time 25-m 25-m 50-m 50-m 100-m 100-m
(years) Drift Above Below Above Below Above Below
Wall Drift Drift Drift Drift Drift Drift
Center’ | Center” | Center® | Center | Center® | Center®
2228 22.03 22.73 21.68 23.08 20.99 23.76
0.01 36.64 22.03 22.73 21.68 23.08 20.99 23.76
1 71.80 22.05 22.74 21.68 23.08 20.99 23.76
2 72.22 22.40 23.00 21.68 23.08 20.99 23.76
70.42 24.80 2511 21.71 23.10 20.99 23.76
7 68.63 26.25 26.48 21.81 23.19 20.99 23.76
10 66.32 27.89 28.08 22.09 23.45 20.99 23.76
20 50.88 30.70 30.94 23.42 24.72 21.01 23.78
30 54.32 31.86 32.20 24.68 25.96 21.12 23.90
50 46.78 32.59 33.07 26.53 27.81 21.63 24.50
Source: DTN: MO0306MWDALAFV.000.
® Temperature data at the exact locations were obtained from the source DTN by linear interpolation.
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Table 5-2. Time Histories of Ventilation Efficiency at 600m from the Air Inlet
Time (year) Ventilation efficiency®

0 0.00%

0.01 38.40%
0.02 39.10%
0.05 36.40%

0.1 35.80%
0.167 59.70%
0.5 67.70%

1 70.10%

2 74.00%

5 78.20%

7 79.30%

10 80.70%

20 84.30%

30 86.00%

50 90.20%

2 At 600 m from the ventilation air inlet
Source: DTN: MO0306MWDALAFV.000.

5.1.2

Rock Thermal Properties

Thermal conductivity, specific heat, and dry bulk density for both lithophysal and nonlithophysal
units are listed in Table 5-3 (Table 5-3, BSC 2003a), except for specific heat values, which are
obtained from DTN: SN0307T0510902.003.

Table 5-3. Thermal Properties of Lithophysal and Nonlithophysal Units
Litho- Dry Bulk Bulk Thermal Specific Heat® (J/kg-K)
Stratigraphic Density Conductivity (W/m-K) Grain Bulk
Unit (kglm’) Wet Dry 25-325°C | 25-94°C | 95-114°C | 115-325°C
Tptpmn 2148 2.07 1.42 930 910 3000 990
Tptpll 1979 1.89 1.28 930 930 3300 990

Source: BSC 2003a, Table 5-3;  DTN: SN0307T0510902.003.

5.1.3

Rock Mass Coefficient of Thermal Expansion

The mean rock mass coefficient of thermal expansion during heating for lithophysal and
nonlithophysal rocks is tabulated in Table 5-4 (BSC 2003a, Table 5-4). The standard deviations
of the rock mass coefficient of thermal expansion during heating for lithophysal and
nonlithophysal rocks are provided in the Geotechnical Parameter Report (Table 8-23, Duan
2003b). Weighted average standard deviation values, calculated based on the number of samples
and the individual group standard deviation, are presented in Table 5-4.
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Table 5-4.

Coefficient of Thermal Expansion for Nonlithophysal and Lithophysal Rocks

Temperature Range (°C) Mean Value (10°/°C) ? Standard Deviation (10°/°C)"

25-50 7.50 0.97

50-75 8.80 0.76

75-100 9.06 0.64
100 - 125 9.80 1.11
125 -150 10.61 0.60
150 - 175 11.83 0.88
175 -200 13.77 1.33
200 - 225 17.27 2.26

#Source: BSC 2003a, Table 5-4, values from heating cycle.
®Source: Duan 2003b, Table 8-23, values from heating cycle.

5.1.4 Rock Mass Mechanical Properties

5.1.4.1

Lithophysal Rock

Rock mass properties for lithophysal rock are listed in Table 5-5 (BSC 2003a, Table 5-8).

Table 5-5. Rock Mass Mechanical Properties for Lithophysal Rock

Parameter Lithophysal Rock (Tptpul and Tptpll)
Rock Mass Lithophysal Porosity Category 1 2 3 4 5
Lithophysal Porosity (%) 25-30 20-25 15-20 10-15 <10
Poisson’s Ratio 0.22 0.22 0.22 0.22 0.22
Modulus of Elasticity (GPa) 1.9 6.4 10.8 15.3 19.7
Unconfined Compressive Strength (MPa) 10 15 20 25 30
Cohesion (MPa) 2.07 3.1 4.14 5.18 6.21
Friction Angle (degrees) 45 45 45 45 45

Source: BSC 2003a, Table 5-8.

5.1.4.2 Nonlithophysal Rock

Rock mass properties for nonlithophysal (Tptpmn) rock considered as base case in the scoping.
analysis are listed in Table 5-6. These values are determined based on the rock mass
classification. Mohr-Coulomb strength parameters ¢ (cohesion), and ¢ (friction angle), are
dependant on the stress range over which the criterion is applied. The stress range selected will
vary depending on the intended use of the data. An alternate method developed by Hoek for
deep tunnels sets the range for Mohr-Coulomb parameter development between rock mass
tensile strength and the maximum minor principal stress anticipated at tunnel depth (Hoek et al.
2002). The values considered for the base case were developed with the Hoek-Brown “deep
tunnels” case where the stress range was selected between rock mass tensile strength and the
maximum minor principal stress anticipated at tunnel depth (Duan 2003b, Attachment III).
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Table 5-6. Rock Mass Mechanical Properties for Nonlithophysal Rock

Parameter Nonlithophysal Rock (Tptpmn)
Rock Mass Quality Category 1 2 3 4 5
Cumulative Frequency Distribution (%) 10 30 50 70 90
Rock Mass Quality (Qp) 2.05 3.59 5.31 7.67 12.58
Elastic Modulus (GPa) 10.25 13.66 16.74 20.23 26.18
Poisson’s Ratio® 0.21 0.21 0.21 0.21 0.21
Global Compressive Strength (MPa) 33.50 39.67 44 42 49.50 57.71
Cohesion (MPa) 253 293 327 3.63 4.21
Friction Angle (degrees) 52 55 56 58 60
Tensile Strength (MPa) 0.08 0.12 0.16 0.21 0.31

Source: Duan 2003b, Attachment lll, Table lli-1.
2Source: Kicker 2003, Table V-5

5.1.5 Rock Mass Density

A rock mass saturated bulk density of 2,410 kg/m’ is used to estimate overburden and in situ
stress state. This value is for the rock unit of Tptpln, and is the highest value of lithostratigraphic
units (BSC 2001, Table 4-2). Therefore, use of this value is conservative for the purpose of this
calculation.

5.1.6 Intact Rock Hoek-Brown Parameters

The Hoek-Brown parameter determination uses the Geologic Strength Index (GSI) to
characterize rock mass strength (Hoek et al. 2002, Eq.8.4). The Hoek-Brown failure criterion fits
a line through the tensile, uniaxial compressive, and triaxial compressive data that fits the form

0.5
o, =0, +0'c,.[m&+sJ (Eq. 5-1)
o

Where o7 and o3 are the major and minor effective principal stresses at failure

o, 1s the uniaxial compressive strength of the intact rock material
m and s are material constants where s = 1 for intact rock (Hoek et al. 2002)

and
GSI ~100
= m, exp| 2o -0 Eq. 5-2
" p(zs-waj (Eq->2)

m; is the value of m for intact rock and is determined based on laboratory triaxial test data, and D
is a factor that depends on the degree of disturbance to which the rock mass has been subjected
by blast damage and stress relaxation. D is O for the mechanically excavated tunnels.

The intact rock Hoek-Brown parameters are therefore consists of the parameter m; and o; The m;

value of 33.87 and o; value of 119.56 MPa are selected based on the mean value for Tptpmn
reported in the Geotechnical Design Parameters Report (Table 8-39, Duan 2003b).
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5.1.7 Properties of Swellex Rock Bolts

Swellex steel rock bolts are proposed for use in emplacement drifts. Their thermal and
mechanical properties are listed in Table 5-7. These property values are selected from various
sources. The source information is also provided in Table 5-7.

Table 5-7. Dimensions and Properties for Stainless Steel Super Swellex Rock Bolts
Parameter Value Source
Diameter of Rock Bolt (m) 0.054 Atlas Copco 2003a, p. 10.
Thickness of Bolt Tube (m) 0.003 Atlas Copco 2003a, p. 10.
Density (kg/ma) 8,000 ASM International 1990, Table 21, p. 871, for 316

type stainless steel.
ASM International 1990, Table 21, p. 871, for 316

Young’s Modulus of Stainless

Steel (GPa) 193 type stainless steel.
Tensile Strength (MPa) 620 ASTM A 276-02, Table 2, p. 4, for 316L type steel.

- ASM International 1990, Table 21, p. 871, for 316
Coeﬁ'c'f:’nt of Thermal 15.9x10° type stainless steel at a temperature range of 0 to
Expansion (m/m-°C) S

100°C.

Bond Stiffness (N/m/m) 3x10° Calibrated from pull test data. See Section 6.7.
Bond Strength (N/m) 2.75x10° Calibrated from pull test data. See Section 6.7.

5.1.8 Seismic Ground Motion Data

Site-specific seismic ground motions with time histories are used in the dynamic simulation.
Seismic velocity time histories for the mean annual exceedance probability of 5x10™ (2,000
year) and 1x10™* (10,000 year) are shown in Figures 5-1 and 5-2 respectively (DTN:
MO0211TMHIS104.002 and MO0306SDSAVDTH.000). For each set of ground motions, two
horizontal components (H1 and H2) and one vertical component (V) of acceleration, velocity,
and displacement are supplied. Details on how these seismic velocity histories are applied in
numerical calculations are described in Section 6.1.

5.1.9 Lithophysal Cavity Porosity Data

Distribution of the lithophysal cavity porosity along the ECRB is obtained from DTN:
MOO0306MWDDDMIO.001. The description of lithophysal abundance and lithophysal
characteristics in the ECRB Cross-Drift is provided in the Drift Degradation Analysis
(Attachment XV, Kicker 2003).
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Figure 5-1. Time Histories of Velocity Components of Seismic Motion at Repository Horizon, Mean
Annual Exceedance Probability of 5x10™
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Source: MO0306SDSAVDTH.000.

Figure 5-2. Time Histories of Velocity Components of Seismic Motion at Repository Horizon, Mean
Annual Exceedance Probability of 1x10™
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5.1.10 Strike And Dip of the Inclined Plane for the Top Contact of the Tptpll Unit

The contact plane of the lower lithophysal zone (Tptpll) and the middle nonlithophysal zone
(Tptpmn) of the Topopah Spring Tuff in the ECRB cross drift and has a strike of 270° (Table 1,
Mongano et al. 1999). The true dip, measured in a plane perpendicular to the strike of the
inclined plane, is 7°. More detailed discussion of the use of this data is provided in Attachment
L.

5.1.11 Matrix and Fracture Hydrologic Properties and Boundary Conditions for
Preclosure Thermal Calculation

A preclosure thermal calculation has been developed as part of this analysis (Section 6.4) based
on a NUFT 2-dimensional line-averaged heat source, drift-scale, thermohydrologic (LDTH) sub-
model (DTN: LL030808623122.036) that was extracted from Multiscale Thermohydrologic
Model (BSC 20031). Details of the thermal-hydrologic properties and boundary conditions of the
LDTH sub-models are presented in Multiscale Thermohydrologic Model (Table 4-1 and Section
6.2.6, BSC 20031).

5.1.12 Long Term Strength (Static-Fatigue) Data

Static-fatigue data for Lac du Bonnet granite (Schmidtke and Lajtai 1985 and Lau et al. 2000)
and the welded (lithophysae poor) tuff from borehole NRG-7/7A at Yucca Mountain (Martin et
al. 1997) form the basis for the rock mass degradation study documented in Section 6.3.5.
General description of the test samples and results are provided in this section, more detailed
discussion on the application of the static-fatigue data to modeling is presented in the Attachment
II and the Drift Degradation Analysis (Attachment XIX, Kicker 2003).

Static-fatigue data for Lac du Bonnet granite (LdB) is shown in Figure 5-3. During the static-
fatigue tests, environmental conditions of moisture and temperature were held constant and
direct measurements were made of applied confinement (P,), applied creep stress (o;) and time-
to-failure (#). The axial load at failure during a short-term test is denoted by oy The stress
difference maintained during a static-fatigue test conducted at a confining pressure of P, is o=
o1 — P.. The stress difference at failure during a short-term test is o, = oy — P.. To facilitate
comparison between different data sets, static-fatigue curves were generated by plotting the
logarithm of time-to-failure, ¢, versus the driving-stress ratio given by /o, = (o7 — P.) / (07—
P.). Figure 5-3 shows four data sets produced by two different investigators; the data set of
Schmidtke and Lajtai (1985) is labeled LdB1, and the data sets of Lau et al. (2000) are labeled
LdB2. The Schmidtke and Lajtai (1985) specimens (2:1 aspect-ratio right circular cylinders of
31.7-mm diameter) were saturated before testing and kept submerged during testing at 25°C.
Load application was rapid, with full static-fatigue load being reached in about two seconds.
The Lau et al. (2000) specimens (2.5:1 aspect-ratio right circular cylinders of 61-mm diameter)
were saturated before testing and tested in a triaxial cell under drained conditions at 25°C.

Martin et al. (1997) present static-fatigue results for a total of 16 specimens of welded
(lithophysae poor) tuff from borehole NRG-7/7A at Yucca Mountain and from Busted Butte
boulders taken from the same block of rock. Load application was rapid, with full load being
reached in less than 10 seconds. The specimens were 2:1 aspect-ratio right circular cylinders of
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50.8-mm diameter. The 7 borehole specimens were tested drained and vented to the atmosphere
at a temperature of 225°C and a confining pressure of 10 MPa at differential stresses ranging
from 40 to 130 MPa. None of these specimens had failed after loading for times ranging from
2.5x10° to 5.9 x 10° seconds. The 9 Busted Butte specimens were tested at a pore water
pressure of 1 MPa, a temperature of 150°C and a confining pressure of 5 MPa at differential
stresses ranging from 115 to 150 MPa, and the test results are summarized in Table 5-8. Six of
these specimens failed at times less than 2 x 10° seconds, while the remaining three specimens
(BB-9392-H, -G, and -J) did not fail during the testing period.

LdB tests at T=25C
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Source: Schmidtke and Laijtai (1985); Lau et al. (2000)
Figure 5-3. Static-Fatigue Data for Lac du Bonnet Granite (Confinements of 0, 5 and 10 MPa)

Table 5-8. Static-Fatigue Data for Busted Butte Specimens (Martin et al. 1997)

Pe o t log(ty) of
i (MPa) (MPa) (sec) (sec) (MPa) i
BB-9392-K 5 149.0 12 0.08 151 1,02
BB-9392-N 5 141.0 4 0.60 151 0.97
BB-9392-E 5 134.6 250 2.40 151 0.92
BB-9392-C 5 134.2 636 2.80 151 0.92
BB-9392-F 5 132.8 5848 3.77 151 0.91
BB-9392-B 5 127.8 1960000 6.29 151 0.88
BB-9392-H 5 131.4 1180000 6.07 151 0.90
BB-9392-G 5 131.3 732000 5.86 151 0.90
BB-9392-J 5 115.0 2000000 6.30 151 0.79

NOTES: Specimens were saturated and tested at a pore water pressure of 1 MPa and temperature of 150° C.
Specimens were loaded directly to creep stress (o4) in less than 10 seconds. Specimen diameter is
50.8 mm.
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5.2 DESIGN CRITERIA AND CONSTRAINTS
5.2.1 Criteria

The following criteria are applicable to the design of ground support system in emplacement
drifts:

5.2.1.1 The repository must be designed so that any or all of the emplaced waste could be
retrieved on a reasonable schedule after waste emplacement operations are initiated. (10
CFR 63 2002, Section 63.111(e)(1)).

5.2.1.2 The ground control system shall be designed to maintain adequate operating envelopes
through permanent closure for emplacement drifts (Minwalla 2003, Section 4.5.2.1).

5.2.1.3 The ground control system shall accommodate geologic mapping of emplacement drifts
(Minwalla 2003, Section 4.5.2.1).

5.2.1.4 The system shall be designed for the appropriate worst case combination of in situ,
thermal, seismic, construction, and operational loads (Minwalla 2003, Section 4.5.2.1).

5.2.1.5 The ground control system for emplacement drifts shall consider the following factors
of safety margin in design (Minwalla 2003, Section 4.5.2.1):

Load Type Concrete Steel
Static Loads (in situ+thermal) 20-25 1.4-1.8

Static plus Dynamic Loads (in
situ+thermal+seismic)

NA 1.2-15

5.2.1.6 The ground control system shall use materials having acceptable long-term effects on
waste isolation (Minwalla 2003, Section 4.5.2.2).

5.2.1.7 The ground control system shall be designed to withstand a design basis earthquake
(Minwalla 2003, Section 4.5.2.2).

5.2.1.8 The ground control system shall be designed to prevent rock falls that could potentially
result in personnel injury (Minwalla 2003, Section 4.5.2.3).

5.2.1.9 The ground control system for emplacement drifts shall be designed to function without
planned maintenance during the operational life, while providing for the ability to
perform unplanned maintenance in the emplacement drifts on an as-needed basis
(Minwalla 2003, Section 4.5.2.6).

5.2.2 Constraints

The following design constraints are applicable to the design of ground support system in
emplacement drifts (Sun 2002, Section 2.2):
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5.2.2.1 Drift Spacing: The nominal emplacement drift spacing shall be 81 meters (265.8 ft),
drift center line to drift center line.

5.2.2.2 Excavated Diameter: The nominal excavated diameter of emplacement drifts shall be
5.5 meters (18.0 ft).

5.2.2.3 Design Thermal Load: The ground control system shall be designed for a design
thermal load of 1.45 kW/m (1508.4 Btu/hr-ft), averaged over a fully loaded
emplacement drift at the time of completion of loading an entire emplacement drift.

5.3 CODES AND STANDARDS
The following standard is applicable to this calculation:

ASTM A 276-03 Standard Specification for Stainless Steel Bars and Shapes
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6. ANALYSIS

Geological and geotechnical characterization of the repository host rock is provided in Section 3
of the Resolution Strategy Report (Board 2003). The repository host rock is generally divided
into two groups, the lithophysal rock units and the nonlithophysal rock units, for rock mechanics
consideration. The nonlithophysal units are generally hard, strong, fractured rocks with matrix
porosities of 10 percent or less (p. 5-1, Board 2003). The primary structures in these units are
fractures that formed during the cooling process and have undergone little to no post-formation
shearing. The lithophysal units, on the other hand, have significantly fewer fractures of
significant continuous length, but have relatively uniformly distributed porosity in the form of
lithophysal cavities. In the primary block approximately 85 percent of the drifts are located
within the lithphysal rock units, and the remaining 15 percent within the nonlithophysal units (p.
I1-2, BSC 2003d).

This section documents the analyses conducted to assess the sensitivity and uncertainty of the
modeling parameters associated with emplacement drift stability. The analyses for the
lithophysal rock and nonlithophysal rock are conducted and discussed separately due to the
difference in physical character of these sub-units. Due to the large quantities of graphic
presentation, all figures in this section are placed at the end of the section (pp. 72-205).

6.1 EMPLACEMENT DRIFT STABILITY ANALYSIS - BASE CASE

Base case is established as the mostly likely scenario for material property variation, modeling
parameter setting, and load considerations. Sensitivity analyses results are compared to the base
case to assess the range of variation and their impact to ground stability.

Table 6-1 lists the base case configuration for the lithophysal rock units. A two-dimensional
plane-strain cross section analysis based on Mohr-Coulomb failure criterion is used to assess the
stability of the unsupported drift. The two-dimensional finite-difference code FLAC (Section 3)
was selected for the analysis. Combination of in situ, thermal, and seismic loadings were
included in the base case analysis.

Site-specific ground motions with mean annual exceedance probability of 5x10™ was selected
for seismic base case analysis. For higher-frequency spectral accelerations (5 to 10 Hz) and an
annual exceedance probability of 5x10™, results of the probabilistic seismic hazard analysis for
Yucca Mountain indicate the ground motion hazard derives primarily from earthquakes in the
Richter magnitude range of 5.0 to 6.5 occurring at distances less than 15 km from the site. For
lower-frequency spectral accelerations (1 to 2 Hz) at the same annual exceedance probability, the
hazard shows, in addition to nearby sources, a significant contribution from earthquakes in the
Richter magnitude range of 7.0 to 8.0 occurring at an epicentral distance of about 50 km. Notice
that the 5x10™ ground motions are not representative of all preclosure ground motions. Site-
specific ground motions with mean annual exceedance probability of 1x10 are also considered
in the seismic modeling related parameter sensitivity study (Sections 5.1.8 and 6.5.4).

Base case thermal loading scenario is described in Section 6.4.1. The temperature field was
extracted from the results of the thermal analysis reported in the Ventilation Model and Analysis
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Report (BSC 2003h). The thermal-mechanical calculation investigates the temperature history
throughout the preclosure period of the repository, and stress changes, Aoy, due to temperature
change, according to the following relation (Itasca2002, Manuals/3DEC/Optional
Features/Section 1: Thermal Option, Section 1.2.3):

Aoy =6,;3KaAT (Eq. 6-1)

where J; is the Kronecker & (unit matrix), « is the coefficient of thermal expansion (°Ch, K is
the bulk modulus (Pa), and AT is the change in temperature (°C).

The material properties used for the base case calculations for the lithophysal rock units are
provided in Table 6-2. A total of 5 rock mass categories (RMC) were included to account for the
material property variations. Material Properties for an additional category based on the in situ
testing are considered in the rock mass mechanical property related parameter sensitivity study
(Section 6.3.3).

Table 6-3 lists the base case configuration for the nonlithophysal rock units. Similar to the
lithophysal rock, a two-dimensional plane-strain cross section FLAC analysis based on Mohr-
Coulomb failure criterion is also used for the nonlithophysal units. The decision of using the
equivalent continuum model to represent the jointed rock mass for the nonlithophysal units is
justified in Section 6.3.2. Same as for the lithophysal units, the in situ, thermal, and seismic
loadings were included in the base case analysis. Ground motions with mean annual exceedance
probability of 5x10™ was also selected for the base case. The material properties used for the
base case calculation are provided in Table 6-4. Same as for the lithophysal rock, a total of 5
rock mass categories were included to account for the material property variations.

The boundary conditions for various stages of the analysis are presented in Table 6-5. At the
initial consolidation stage and the later thermal loading period, fixed velocity boundaries were
used to ensure boundary effect does not affect the stress distribution around the opening. Before
performing a thermomechanical analysis, the model is first subject to a thermal analysis to
determine the time history of the temperature at all points in the model. The prescribed
temperatures for the drift wall, the top, and the bottom boundaries were obtained from the
Ventilation Model and Analysis Report (BSC 2003h). Extraction of the thermal results from the
ventilation model for the base case analysis is described in Section 6.4.

Table 6-1. Base Case Configuration for the Lithophysal Rock Analysis

Item Assigned Value Basis
Model Dimension 81m x 50m Section 5.2.2.1
Overburden Depth 300m Section 4.2.1
Density of Overburden 2410 (kg/m3) Section 5.1.5
In situ Ko factor 0.5 Section 4.2.2
Seismic Duration 3.24 to 28.67 sec (5% to 95% energy) MO0211TMHIS104.002
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Table 6-2. Material Properties for the Base Case Lithophysal Rock Analysis

. Rock Mass Category (RMC)

Material Property y 2 3 2 5
Density (kg/m*3) ® 2410 2410 2410 2410 2410
E (GPa) 1.9 6.4 10.8 15.3 19.7
Poisson's ratio 0.22 0.22 0.22 0.22 0.22
UCS (MPa) 10 15 20 25 30
Cohesion (MPa) 2.07 3.11 414 5.18 6.21
Friction angle 45 45 45 45 45
Tensile strength (MPa) 1.04 1.56 2.07 2.59 3.1

Source: BSC 2003a, Table 5-8, *Source: BSC 2001, Table 4-2

Table 6-3. Base Case Configuration for the Nonlithophysal Rock Analysis

Item Assigned Value Basis
Model Dimension 81m x 50m Section 5.2.2.1
Overburden Depth 300m Section 4.2.1
Density of Overburden 2410 (kg/m3) Section 5.1.5
In situ Ko factor 0.5 Section 4.2.2
Seismic Duration 3.24 to 28.67 sec (5% to 95% energy) MO0211TMHIS104.002

Table 6-4. Material Properties for the Base Case Nonlithophysal Rock Analysis

. Rock Mass Category (RMC)

Material Property 1 2 3 2 5
Density (kg/m*3) ® 2410 2410 2410 2410 2410 -
E (GPa) 10.3 13.7 16.7 20.2 26.2
Poisson's ratio ° 0.21 0.21 0.21 0.21 0.21
UCS (MPa) 15 19 21 25 31
Cohesion (MPa) 2.53 2.93 3.27 3.63 4.21
Friction angle 52 55 56 58 60
Tensile strength (MPa) 0.08 0.12 0.16 0.21 0.31

Source: Duan 2003b, Attachment |lI, Table 11l-1, *Source: BSC 2001, Table 4-2, *Source: Kicker 2003, Table V-5

For the seismic analysis, non-reflecting boundary is used for both the top and bottom of the
model, whereas free-field boundary is imposed at the perimeter of the model. The free-field
boundaries ensure that plane waves propagating upward suffer no distortion at the boundary. The
boundary conditions as used in the dynamic analysis are illustrated in Figure 6-1. Dynamic
loading was applied at the bottom of the model to propagate vertically. Although the dynamic
loading was specified as velocity histories, it was applied at the bottom model boundary as stress
boundary condition. However, using formulas developed for plane waves in elasto-dynamics,
direct relation between velocity and stress can be established (Itasca 2002,
Manuals/3DEC/Optional Features/Section 2: Dynamic Analysis, Section 2.6):

o,=2pC,,

o, =2pCy, (Eq. 6-2)
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where p is material density; C, and C; are P and S wave velocity; and v, and v, are vertical and
horizontal velocity component. The factor 2 in Equation 6.2 is due to quiet boundaries.

Table 6-5. Boundary Conditions for FLAC Analysis

Initial Consolidation,
Boundary Tt?é(:r:;:t!:)c';l’:n?gal Thermal Analysis Stage Dynamic Analysis Stage
Analysis Stage

: Fixed at the direction normal . . .

Lateral to the face Adiabatic boundary Free-Field boundary
Bottom Fixed at the vertical direction Prescribed temperature Non-reflecting boundary

boundary
Applied pressure at the Prescribed temperature .
Top vgrrt)ical cFl)irection boundary i Non-reflecting boundary
. Prescribed temperature
Drift Wall Free boundary Stress-free boundary

6.1.1 Lithophysal Rock Analysis Results

For the base case analysis, the unsupported emplacement drift is first subjected to an in situ
stress load, including effects of excavation, and then to a thermal loading period of 50 years.
During the thermal loading period, the analysis involves both the thermal and mechanical
calculations. Seismic analyses were conducted at selected time with imposed stress wave
equivalent to the input seismic ground motions.

The comparison of the results of excavation for in situ condition is shown in Figure 6-2. All 5
rock mass categories are included to show the extend of the yield zone and safety factor
contours. Minor yielding of the sidewall for the RMC1 and 2 (Table 6-2) is predicted due to the
relative low strength (UCS = 10 and 15 MPa) for these two categories of rock mass. For other
rock categories, drift remains intact and shows no trace of yielding.

Thermomechanical

The temperature evolution of the thermal analysis at six selected times for rock mass category 3
is shown in Figure 6-3. The drift crown and drift wall temperature histories are shown in Figure
6-4. Temperature around the drift peaks at 2 years after waste emplacement with drift crown
temperature reach 71°C. The combined in situ and thermal stress contours calculated from the
thermomechanical analysis for rock mass category 3, presented in the format of contours of
vertical normal stress, are shown in Figure 6-7. Stress path for the selected locations during
thermal loading for RMC 3 rock is presented in Figure 6-5 (The location for the selected points
are shown in Figure 6-6). It is clearly shown that the stress states are all well below the yield
surface and the stress-strain response is in the elastic regime. The time history of the hoop stress
at the drift crown and springline for rock mass categories 1, 3, and 5 are presented in Figure 6-8.
The highest thermal stress increase in the springline of the opening is at the onset of heating

800-K0C-TEG0-00600-000-000 38 0of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

when temperature increment is the greatest, whereas the stress at the crown appears to peak
around 10 years after waste emplacement. The prediction of the horizontal and vertical closure of
the opening for 50 years of heating results for rock mass categories 1, 3, and 5 are shown in
Figure 6-9. Relative large closure is predicted for RMC1 due to the low stiffness value. The
deformation results show very minor perturbation due to thermal loading. The results of rock
mass categories 2 and 4, not presented in the report, show similar trend as in other categories.

Seismic
The following three scenarios for seismic analysis results are presented:

e carthquake occurs at the beginning of waste emplacement (O year, no thermally induced
stress)

e carthquake occurs at 2 years after waste emplacement (highest thermal stress)
e ecarthquake occurs at 50 years after waste emplacement (end of preclosure period)

Ground motions with mean annual exceedance probability of 5x10™ was used for all scenarios.
The predicted drift crown velocities and their comparison to the input ground motions are shown
in Figure 6-10 for the first scenario. These results clearly indicate that the non-reflecting and
free-field boundary conditions imposed for the seismic analysis is adequate. Figures 6-11 shows
the zone of yielding and Mohr-Coulomb safety factor contours for RMC 1, 3, and 5 at the end of
seismic shaking for the first scenario. The results for other two scenarios also show very similar
results with stable opening. Stress path for the selected locations during seismic shaking for
RMC 3 rock with scenario 3 of 50 years heating is presented in Figure 6-12 (The location for the
selected points are shown in Figure 6-6). Same as observed for thermal loading, the stress states
are all well below the yield surface and the stress-strain response is in the elastic regime. Time
histories of the hoop stress at the crown during seismic shaking are provided in Figures 6-13 and
6-14 for scenario 1 and 3. Minor fluctuation is observed for all scenarios. The prediction of the
horizontal and vertical closure of the opening induced by the seismic shaking is shown in Figures
6-15 and 6-16 for scenario 1 and 3. The predicted horizontal closure in general is about an order
of magnitude less than the vertical closure. Variation of vertical closure is predicted to be in the
range of + 2 mm. The timing of seismic shaking does not seem to have any impact on drift
deformation. Overall, the surrounding rock in the lithophysal units appears to provide a stable
opening when subjected to in situ, thermal and seismic loading.

6.1.2 Nonlithophysal Rock Analysis Results

The nonlithophysal rock analyses follow the same loading sequences as in the lithophysal rock
analyses. The impact of in situ excavation, thermal, and seismic loading for the nonlithophysal
rock is presented in this subsection.

The predicted yield zone of the surrounding rock mass resulted from excavation of all 5 rock
mass categories is shown in Figure 6-17. Minor yielding is observed for all 5 categories,
however overall safety factor at the rock mass surrounding the opening is high. The yielding is
mainly induced by the relative low rock mass tensile strength for each category. It indicates
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fracture mobilization with relatively low confinement around the opening for the jointed rock. A
sensitivity study in Section 6.3.3 shows that yielding around the opening is reduced with rock
mass tensile strength assumed to be one tenth of the UCS.

Thermomechanical

The temperature evolution and induced thermal stresses predicted from the thermal analysis are
similar to the better category rock mass in the lithophysal rock. Stress path for the selected
locations during thermal loading for RMC 3 rock (Table 6-4) is presented in Figure 6-18 (The
location for the selected points are shown in Figure 6-6). Same as in the lithophysal rock, the
stress states are all well below the yield surface and the stress-strain response is in the elastic
regime. The prediction of the horizontal and vertical closure of the opening for 50 years of
heating results for rock mass categories 1, 3, and 5 are shown in Figure 6-19. The deformation
results show very minor perturbation due to thermal loading. The results of rock mass categories
2 and 4, not presented in the report, show similar trend as in other categories.

Seismic

All three scenarios for the timing of the seismic shaking are also considered for the
nonlithophysal rock. Timing of seismic shaking does not have significant impact on drift
stability in the nonlithophysal rock. Figure 6-20 shows the zone of yielding for rock mass
categories 1, 3, and 5. No additional yielding is predicted with the seismic load. Stress path for
the selected locations during seismic shaking for RMC 3 rock is presented in Figure 6-21 (The
location for the selected points are shown in Figure 6-6). Same as observed for thermal loading,
the stress states are all well below the yield surface and the stress-strain response is in the elastic
regime. Time history of the hoop stress at the crown is provided in Figures 6-22. The prediction
of the horizontal and vertical closure of the opening induced by the seismic shaking is shown in
Figure 6-23. The predicted horizontal closure in general is about an order of magnitude less than
the vertical closure. Variation of vertical closure is predicted to be in the range of + 0.6 mm.
Overall, the surrounding rock in the nonlithophysal units also appears to be stable when
subjected to in situ, thermal and seismic loading.

6.2 NUMERICAL MODELING RELATED PARAMETERS

This section describes sensitivity study on the effect of uncertainties and variations associated
with numerical modeling related parameters in the design of ground support in repository
emplacement drifts. The parameters to be addressed in the following subsections include the
model configuration and the initial condition.

6.2.1 Model Configuration

Model configuration mentioned here is referred to as the model dimensions. In most of the two-
dimensional numerical models developed for evaluation of stability of emplacement drifts and
performance of ground support, the lateral or horizontal dimension is set to be equal to the drift
spacing of 81 m (Section 5.2.2.1). Use of this lateral dimension is to take advantage of an
assumed thermal symmetry on the vertical plane through the center of drift pillar. The thermal
symmetry suggests that the plane is adiabatic, meaning that no heat can flow through the plane.
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Use of this symmetrical condition can ease the thermomechanical analysis. Determination of the
vertical dimension depends on requirements on accuracy and computational efforts. In general,
the boundary effect is negligible if the model dimension is at least five times the size of an
opening to be analyzed.

To further investigate this effect on results, a series of analyses was performed using two-
dimensional models based on FLAC. In these analyses, three different vertical dimensions,
equal to 50, 100, and 200 m, are used. The configuration as well as boundary conditions for a
model with a vertical dimension of 100 m are illustrated in Figure 6-24. The boundary
conditions for models with other dimensions are the same as those shown.

The rock mass properties used in this sensitivity study correspond to the category 1 lithophysal
rock (see Table 6-3). The vertical component of in situ stress at the center of emplacement drifts
is equal to 7.09 MPa, while the horizontal-to-vertical in situ stress ratio (K,) is equal to 0.5,
which gives the horizontal component of in situ stress of 3.55 MPa. Time-dependent
temperatures, as shown in Figure 6-25, are applied on the model boundaries for
thermomechanical analyses. Due to different model vertical dimensions, temperatures on the
upper and lower boundaries vary with the model sizes. In dynamic analysis for seismic effect,
the dynamic boundary tractions are applied on the lower boundary, as shown in Figure 6-24.
These dynamic tractions are associated with the earthquake event of an annual exceedance
probability of 5x10™.

A comparison of model configurations and mesh sizes for these three FLAC models are
presented in Figure 6-26. Results from these numerical analyses are presented in Figures 6-27
through 6-31.

The same set of analyses with vertical dimension of S50m, 100m, and 200m were also conducted
for the nonlithophysal rock, similar results with smaller magnitude of deformation were
obtained.

It is indicated that there are very small differences in calculated drift closures (Figures 6-27a and
6-28) and stresses (Figures 6-27b) in rock adjacent to emplacement drifts. In general, use of a
smaller dimension, such as 50 m, tends to slightly overestimate the rock displacements (by about
5 percent), but can generate results with sufficient accuracy.

6.2.2 Initial Condition

Initial conditions are referred to as the in situ stress conditions. In evaluating the effect of
variations in initial conditions, the vertical component of in situ stress is fixed at 7.09 MPa, and
only the horizontal component is changed. Three different values of the horizontal-to-vertical
stress ratios (K,), equal to 0.3, 0.5, and 1.0, are selected (Assumption 4.2.2). The bounding
values of 0.3 and 1.0 are considered to cover the anticipated range of variations of this
parameter. The model vertical dimension used for this study is 50 m. . All other conditions are
the same as those mentioned in Section 6.2.1 for the model with the identical dimensions.

Results from this investigation are presented in Figures 6-32 through 6-35. It is obvious that
predicted drift closures and stresses in rock adjacent to emplacement drifts corresponding to the
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cases with K,=0.3 and K,=1.0 are bounding (see Figure 6-32) for various loading conditions
considered. Results also indicate that the impact of thermal load on stress distributions increases
with a decrease in K, value (comparing Figures 6-29, 6-34, and 6-35). This is because that
thermally-induced stresses are predominantly in the horizontal direction, and more influential in
terms of relative changes in stresses when the K, value is low. As shown in Figure 6-33,
seismically-induced rock displacements are not very sensitive to the K, value.

6.2.3 Simulation of Excavation

In most of numerical models used in the ground support analysis, the excavation process is
simulated as a drill-and-blasting, that is, the drift is excavated instantaneously. This results in a
sudden unloading on the drift periphery. In reality, a drift excavated by a TBM usually
experiences a more gradual unloading process. Since a majority of circular drifts, such as
emplacement drifts, access and exhaust mains, in the repository will be excavated by TBM,
modeling of the behavior of these drifts using an approach for the drill-and-blasting method may
lead to different results and conclusions.

To investigate the effect of different ways of simulation for excavation or unloading process on
the predicted behavior of unsupported emplacement drifts, a series of FLAC runs are conducted.
In these runs, instead of an instantaneous unloading, the wall of emplacement drifts is applied
with a confining stress or pressure before excavation. This confining stress is proportional to the
in situ stress, and gradually reduced to zero to simulate the gradual unloading process during a
TBM excavation. The confining stress applied at the last step prior to the complete unloading
with a zero confining stress is 5 percent of the in situ stress value. All FLAC runs are based on
the rock mass properties for both the lithophysal and nonlithophysal rocks.

Potential yield zones and contours of strength-to-stress ratios around emplacement drifts for
various categories of the lithophysal rock are compared in Figures 6-36 to 6-38 for different
excavation methods or unloading processes. The results show that slightly more yield zones are
expected, especially near the crown and the invert, for the drift excavated instantaneously in the
RMC 1 and RMC 3 rock than for the case with gradual excavation. For both scenarios, there is
no noticeable difference in the contours of strength-to-stress ratios. The results also indicate
(comparing Figure 6-38a with Figure 6-38b) that if the rock behaves elastically, such as the
category 5 rock, unloading process has no effect on the predicted performance of emplacement
drifts.

Similar comparisons are made for those in the nonlithophysal rock in Figures 6-39 to 6-41. It is
clearly indicated that instantaneous excavation or sudden unloading is predicted to result in
potentially greater failure zones around emplacement drifts in the nonlithophysal rock. For
example, for the drifts in the RMC 3 nonlithophysal rock, a potential yield zone is predicted if
the excavation would be completed instantaneously, but no yield zone is indicated if it would be
excavated gradually. Again for both scenarios, there is no noticeable difference in the contours
of strength-to-stress ratios.

In general, use of the instantaneous unloading process to simulate the TBM excavation is very

conservative, and may overpredict the potential yield zones around the drifts located in relatively
weak rock.
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6.3 ROCK MASS MECHANICAL PROPERTIES RELATED PARAMETERS
6.3.1 Spatial Variation of Rock Mass Mechanical Properties — Lithophysal Rock

Similar to the approach for the conventional engineering analysis, homogeneous media is used to
represent the rock mass surrounding the opening for the base case analysis. Although the
variation of rock mass properties is addressed using 5 rock mass categories in separate analysis,
the spatial variation within the analysis region is not considered in the base case. The mapped
lithophysal porosity in the ECRB cross drift, shown in Figure 6-42, indicates that variation is
most likely within the base case modeling domain of 81m x 50m.

Based on the mapped lithophysal porosity data and the stratified rock mass assumption,
simulation of lithophysal porosity within a cross sectional area was made for the sensitivity study
of the spatial variation of rock mass mechanical properties in lithophysal rock. Detailed
description of the lithophysal porosity simulation is provided in Attachment I. Figure 6-43
shows a simulated lithophysal porosity contours in a 250m x 50m cross sectional area (see
Attachment I for generation of the area). To identify the lithophysal spatial variation, 5 analyses
were selected. The areas of selection are also shown in Figure 6-43. The first 4 analyses are for
the simulation of a single drift located within different locations, the fifth analysis cover 3 drifts
and is used to evaluate the potential interaction of the individual drift. The 4™ single drift is
located approximately 12.5m above the 1% single drift. The location was selected so that the high
lithophysal porosity area is at the roof area of the opening. This analysis serves as the worst-case
consideration. A portion of the model in the 4™ single drift analysis is located in Tptpmn unit, the
RMC3 category rock properties are assigned for it. The correlation equations for the lithophysal
porosity and the strength and modulus developed using the PFC3D model (Kicker 2003) were
used for estimating the variation of the strength and modulus in the analysis region. Figures 6-44
and 6-45 show the lithophysal tuff test data and the PFC simulation results. The equation for
correlation of lithophysal porosity and the uniaxial compressive strength (UCS) is expressed in
the exponential form (Section 7.6, Figure 161, Kicker 2003) as below:

UCS = 38.467 * exp(-4.792 * lithophysal porosity) (Eq. 6-3)
where the unit of UCS is in MPa and the lithophysal porosity has no unit

Once the UCS value is determined based on the above correlation equation, the cohesion of the

material can then be obtained assuming a fixed friction angle of 45°. Figures 6-46 and 6-47
shows the contours of cohesion for the 1% and 4™ single drift analysis.

The equation for correlation of lithophysal porosity and the elastic modulus (E) is also expressed
in the exponential form (Section 7.6, Figure 160, Kicker 2003) and listed below:

E =17.866 * exp(-3.457 * lithophysal porosity) (Eq. 6-4)
where the unit of elastic modulus is in GPa

The time histories of the hoop stress at the drift crown for the four single drift analyses after 50
years of thermal loading are presented in Figure 6-48. The highest thermal stress increase in the
vicinity of the opening appears to be around 10 years after waste emplacement. The predictions
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of the horizontal and vertical closure of the opening for 50 years of heating results are shown in
Figure 6-49. The deformation results show very minor perturbation due to thermal loading. The
results for the four single drift analyses are generally similar, the 4™ analysis (worst case)
predicts slightly higher deformation and lower induced stress at the crown. The magnitude of
deformation and stresses are compatible to the RMC 3 for the base case (Figures 6-8 and 6-9).

Figure 6-50 shows the zone of yielding and Mohr-Coulomb safety factor contours for the four
single drift analyses after 50 years of thermal loading and subject to base case seismic shaking.
The results are also compatible to those reported for the better quality rock in base case (Figures
6-11). The comparison of the principal stress contours between the 1 single drift analysis and
the homogeneous material analysis with RMC3 is shown in Figure 6-51. Time histories of the
hoop stress at the crown during seismic shaking are provided in Figure 6-52. The prediction of
the horizontal and vertical closure of the opening induced by the seismic shaking is shown in
Figure 6-53. Variation of closure in the range of + 1mm is predicted. Overall, the response of
rock mass with consideration of spatial variation is similar to the RMC 3 base case analysis. By
including both the strong and weak material within one model region, the end results appear to
be consistent with the median case.

The purpose of the cross section analysis including three drifts (5™ analysis) is to assess the
potential interaction between the drift during thermal and seismic loading. Figure 6-54 shows
the principal stress contours of the three-drift analysis. The contours around each opening are
similar to the single drift analysis. . Time history of the hoop stress at the crown of the middle
drift during seismic shaking is provided in Figure 6-55, also provided is the time history for the
2" single drift analysis for comparison. The comparison shows very similar results. The
horizontal and vertical closure of the opening for the middle drift is shown in Figure 6-56. The
comparison of the closure curves with the single drift also shows similar results. Interaction of
adjacent drift appears to be insignificant even with consideration of spatial variation. The
stability of the intervening pillar is therefore not of concern due to the large pillar size, low
extraction ratio, and relatively minor loading condition for preclosure.

6.3.2 Variation of Fracture Geometrical Properties — Nonlithohphysal Rock

The equivalent continuum model, which incorporates the structural features in a reduced
stiffness and strength medium, is used as the base case model for nonlithophysal rock (Section
6.1). The rationale for using the equivalent continuum is based on the industrial experience
accumulated for the jointed rock ground support design (Chapter 10, Hoek 2000). From a
ground support design perspective, both continuum and discontinuum models and both two- and
three-dimensional approaches have merit. This is particularly true in examination of thermally
induced loading scenarios. In this case, two dimensional approaches that may be conservative in
their structural representation, but allow ease of parametric examination and model
interpretation. Continuum-based models that use a constitutive model basis for rock mass
description (e.g., Mohr-Coulomb) provide good tools for bounding analyses where the rock mass
fracture spacing is small relative to the opening diameter. In addition, the results from the three-
dimensional distinct element analysis (3DEC analysis) conducted in the Drift Degradation
Analysis (Section 6.3, Kicker 2003) are used to justify the equivalent continuum model adopted
for preclosure drift stability analysis.
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The jointed rock mass is represented in 3DEC as a number of intact rock blocks that are
separated by interface planes whose mechanical behavior is represented by a standard Coulomb
slip criterion. The intact blocks are subdivided into tetrahedral finite difference zones and can be
assigned suitable mechanical constitutive law (Itasca 2002). Due to the high intact rock strength
in the nonlithophysal units, rock blocks are considered to behave elastically. Coulomb slip
criterion is used to present joint mechanical behavior. Although the low dipping vapor-phase
parting consists of higher cohesive material, a single set of joint mechanical properties
considering no dilatancy of the fractures was used for all joints for conservatism. Detailed
description of the 3DEC model set up and analysis sequence is provided in Drift Degradation
Analysis (Section 6.3, Kicker 2003).

Tables 6-6 and 6-7 summarizes the results of the 3DEC analysis subject to the base case ground
motions reported in Drift Degradation Analysis. The results show minor rockfall with median
rockfall size less than 0.2 metric tons and the maximum rockfall size of 2.89 metric tons. Out of"
the 25 simulations, more than half of the simulations predict no structural failure. Overall the
modeled drifts remain stable with imposed thermal and seismic loads. For the continuum model,
minor yielding is observed at the perimeter of the opening for all 5 categories. The yielding
indicates fracture mobilization with relatively low confinement around the opening for the
jointed rock. The overall rock mass response appear to be consistent with the prediction from
the discontinuum model. The current ground support system calls for rock bolts of 3 m long,
spaced at 1.25 to 1.5 m, with Bernold-type perforated steel sheets (BSC 2003f). The ground
support system is considered adequate to provide ample support and confinement to prevent
rockfall.

Table 6-6. Summary of 3DEC Rockfall Prediction for 5x10™ Annual Probability of Exceedance Hazard

Simulations Completed 25

Number of Simulations Predicting No Rockfall 14
Total Number of Rockfall 37

Total Volume of Rockfall (m®) 7.3

Total Length of Drift Simulated (m) 625

Source: Table 18, Kicker 2003

Table 6-7. Statistical Summary of the Rockfall Impact Parameters, 5x10™ Annual Probability of
Exceedance Hazard '

Block Mass (metric tons)
Mean 0.47
Median 0.17
Standard Deviation 0.73
Skewness 2.20
Range 2.87
Minimum 0.02
Maximum 2.89
Sum 17.51

Source: Table 19, Kicker 2003
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6.3.3 Uncertainties of Rock Mass Mechanical Properties —Lithophysal Rock
6.3.3.1 Property Range with the Consideration of In Situ Slot Test Results

The subdivision of material properties into categories for design for lithophysal rock are mainly
based on the following two observations (Section 7.4, Kicker 2003):

e The unconfined compressive strength and Young’s modulus vary approximately
linearly, with a ratio of E/unconfined compressive strength of about 550 to 600.

e The primary mechanism for the range in laboratory test strength and moduli is the
lithophysal porosity, following the general relations developed by Price et al. (1985).

Figure 6-57 shows the relationship of uniaxial compressive strength to elastic modulus based on
the large core samples. The range of material property considered in the base case cover the 5
categories from the large core test results (Table 6-2) with the elastic modulus varying from
about 2 GPa to 20 GPa and the UCS varies from 10 MPa to 30 MPa. However, the mechanical
property range suggested in the Drift Degradation report consists of 6 categories with an
additional category to account for the test results from the in situ slot test (Section 7.4, Kicker
2003). The mechanical properties for the 6th category are presented in Table 6-8, the stiffness
and strength of the Category 6 rock is approximately half of the lowest quality rock used in the
base case.

Excavation-disturbed zone (EDZ) is created when the underground openings are excavated.
EDZ is created due to three possible excavation effects — the rock moves into the excavation, the
in situ rock stresses are altered, and water flows into the openings (p. 3-1, Brekke et al. 1999). It
- is believed that the very low, measured near-wall moduli and strength are for the EDZ (Duan
2003a). The extreme low values for Category 6, although conservative, are considered to be
inadequate in the confined and undisturbed state a diameter or two away from the openings.
Observations from the ECRB have not indicated an assembly of rock mass represented by this
extreme low category.

Table 6-8. Material Properties for the Category 6 Lithophysal Rock

Material Property Rock Mass Category 6
E (GPa) 1.0
Poisson's ratio 0.22
UCS (MPa) 6
Cohesion (MPa) 1.24
Friction angle 45
Tensile strength (MPa) 0.62

Source: Table V-9, Kicker 2003
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The analysis including the effect of EDZ represented by the Category 6 rock mass properties is
presented in this section. As shown in Figure 6-58, a 2-meter ring around the opening is
assigned as the EDZ. This extent of EDZ is conservative comparing with the prediction of the
depth of failure in brittle rock (Appendix D, Brekke et al. 1999). The RMC1 rock is used to
represent the surrounding rock mass in the model.

For conservatism, the case with the horizontal/vertical stress ratio (Ko) as 0.3 and 1x10™ ground
motions is used for this analysis. The time histories of the hoop stress at the drift crown and
springline after 50 years of thermal loading are presented in Figure 6-59. The comparison with
case without including the EDZ is also provided. The predictions of the horizontal and vertical
closure of the opening for 50 years of heating results are shown in Figure 6-60. The soft
inclusion produces lower stress concentration and higher deformation. The maximum closure
reaches 90 mm with EDZ compared to 55 mm of maximum closure for the case without EDZ.

Figure 6-61 shows the zone of yielding and Mohr-Coulomb safety factor contours with 50 years
of thermal loading and seismic shaking. The results are also compared with the case without
EDZ. As expected, the inclusion of EDZ results in larger yielding area and lower safety factor.
The yield zone extends approximately 4 m into the rock at certain area. The large extention is
mainly due to the combination of the RMC 1 surrounding rock mass with EDZ combination. As
shown in Section 6.3.1, the overall rock mass response should be in the median category with
consideration of spatial variation. A more realistic representation of EDZ in a confined rock
mass is provided in Section 6.6. Time histories of the hoop stress at the crown during seismic
shaking are provided in Figure 6-62. Minor fluctuation is observed for both the base case and
the case with EDZ. Stresses are in general lower for the EDZ case. The prediction of the
horizontal and vertical closure of the opening induced by the seismic shaking is shown in Figure
6-63. Variation of closure in the range of + 8 mm is predicted.

6.3.3.2 Consideration of the Range of Elastic Modulus within a Rock Mass Quality
Category

The variation of modulus for a fixed strength is apparent as shown in Figure 6-57. The variation
has also been confirmed when using the different sizes and shapes of lithophysal cavity in the
PFC model (Section 9.1, Duan 2003b). The impact of the variation is assessed in this section
using a range of modulus selected based on the data band presented in Figure 6-57. RMC 3 rock
strength (UCS = 20 MPa) with elastic modulus varying from 5 GPa (soft case) to 12.5 GPa (stiff
case) is considered as illustrated in Figure 6-57.

The time histories of the hoop stress at the drift crown and springline after 50 years of thermal
loading for three cases are presented in Figure 6-64. These three cases include (a) the elastic
modulus = 5 GPa (lower bound), (b) the elastic modulus = 10.8 GPa (base case), and (c) elastic
modulus = 12.5 GPa (upper bound). The predicted hoop stresses at the drift crown are
proportional to the input modulus, it clearly indicates an elastic response as described in Section
6.1.1. The predictions of the horizontal and vertical closure of the opening for 50 years of
heating are shown in Figure 6-65.

Figure 6-66 shows the zone of yielding and Mohr-Coulomb safety factor contours with 50 years
of thermal loading and seismic shaking. Overall the three cases all show stable opening with
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minor yielding around the opening with upper bound case closely resemble the base case. Time
histories of the hoop stress at the crown and springline during seismic shaking are provided in
Figure 6-67. Minor perturbation is observed for the stresses at the drift crown, approximately 5
MPa fluctuation is predicted for the stresses at the springline. The prediction of the horizontal
and vertical closure of the opening induced by the seismic shaking is shown in Figure 6-68.
Variation of closure in the range of + 1 mm is predicted. Seismic loads produces only minor
perturbation for the stress and deformation as observed for the base case.

6.3.3.3 Sensitivity of Rock Mass Tensile Strength

Rock mass tensile strength is difficult to quantify either from the laboratory test or field
investigation. Rock mass tensile strength for the lithophysal rock was calculated as half of the
rock mass cohesion, this value corresponds to approximately 1/10 of the UCS value (Assumption
4.2.4). The values appear to be relatively high compared with the tensile strength for the
nonlithophysal rock developed based on the Hoek-Brown criterion (Hoek et al. 2002).
Sensitivity of rock mass tensile strength for lithophysal rock is conducted with an order of
magnitude reduction of the value, i.e. the tensile strength considered in the sensitivity case is
0.21 MPa as opposed to the base case value of 2.07 MPa for RMC 3 rock.

The time histories of the hoop stress at the drift crown and springline after 50 years of thermal
loading for the base case and sensitivity case are compared in Figure 6-69. The RMC 3 rock is
selected for both the base case and sensitivity case as the representing rock mass. The prediction
of the horizontal and vertical closure of the opening for 50 years of heating are shown in Figure
6-70. The sensitivity case predicts similar results to the base case both in terms of stress and
deformation. The vertical closure for the sensitivity case is slightly higher than those for the base
case.

Figure 6-71 shows the zone of yielding and Mohr-Coulomb safety factor contours with 50 years
of thermal loading and seismic shaking. The contours are close to identical, however, the
sensitivity case shows the yield zone extended to the roof and invert but restricted to drift
perimeter. Time histories of the hoop stress at the crown and springline during seismic shaking
are provided in Figure 6-72. The prediction of the horizontal and vertical closure of the opening
induced by the seismic shaking is shown in Figure 6-73. Variation of closure in the range of % 1
mm is predicted. Both the sensitivity case and base case show minor perturbation of stress and
deformation during seismic shaking.

6.3.4 Uncertainties of Rock Mass Mechanical Properties — Nonlithophysal Rock

For equivalent continuum approach, the nonlithophysal rock is in general better quality rock
compared with the lithophysal rock, as confirmed from the results shown in Section 6.1.1 and
6.1.2. For stability consideration, the uncertainties associated with rock mass properties for
nonlithophysal rock should therefore be less significant than those for the lithophysal rock. The
focus of this section is the rock mass strength parameters derived from the Hoek-Brown
criterion.
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6.3.4.1 Sensitivity on the Rock Mass Strength Parameters

The base case rock mass strength parameters are obtained from the best fit of the Hoek-Brown
strength criterion in the confinement range less than 10 MPa (Attachment III, Duan 2003b). The
relative low cohesion and high friction angle is the result of fitting the low confinement range in
Hoek-Brown strength envelope as shown in Figure 6-74. The reason for fitting in the low
confinement region is mainly due to the consideration of the relatively low induced stress in the
preclosure period. Rock mass strength derived with fitting an alternative range is also
considered (Section 8.5.3.3, Duan 2003b). The stress range for Mohr-Coulomb parameter
development in Hoek’s general method of rock mass parameters is from the rock mass tensile
strength to one quarter the strength of the intact rock strength. Table 6-9 lists the results from
fitting in Hoek’s general method with relatively higher cohesion and lower friction angle
compared with the base case. This section considers the case with the rock mass strength value
listed in Table 6-9, also included is using the Hoek-Brown criterion directly in the FLAC model.
The parameter m; value of 33.87 (Section 5.1.6), o,; value of 119.56 MPa (Section 5.1.6), and
GSI value of 59.03 (Table 6-9) are used to represent the RMC 3 rock for the sensitivity analysis.

Table 6-9. Rock Mass Strength Parameter Derived from Higher Confinement Range
Parameter Nonlithophysal Rock (Tptpmn)

Rock Mass Quality Category 1 2 3 4 5

Geologic Strength index (GSI) 50.48 55.49 59.03 62.33 66.79
Rock Mass Quality (Qp) 2.05 3.59 5.31 7.67 12.58
Elastic Modulus (GPa) 10.25 13.66 16.74 20.23 26.18
Poisson’s Ratio 0.19 0.19 0.19 0.19 0.19
Global Compressive Strength (MPa) 33.50 39.67 44.42 49.50 57.71
Cohesion (MPa) 7.60 8.69 9.53 10.39 11.75
Friction Angle (degrees) 40.15 42.29 43.64 44.92 46.66
Tensile Strength (MPa) 0.08 0.12 0.16 0.21 0.32

Source: Duan 2003b, Section 8.5.4, Table 8-41.

The time histories of the hoop stress at the drift crown and springline after 50 years of thermal
loading for the three cases considered, including the Mohr-Coulomb base case; Mohr-Coulomb
sensitivity case; and the Hoek-Brown criterion, are compared in Figure 6-75. The base case and
the Hoek-Brown model show almost identical results. The hoop stress at the springline for the
Mohr-Coulomb sensitivity case is slightly higher than the other two cases, this is mainly due to
the slightly lower Poisson’s ratio used in the analysis. The prediction of the horizontal and
vertical closure of the opening for 50 years of heating is shown in Figure 6-76. The results show
close to identical deformation among all three cases.

Figure 6-77 shows the zone of yielding and Mohr-Coulomb safety factor contours with 50 years
of thermal loading and seismic shaking. The results show similar results for the two Mohr-
Coulomb cases and higher safety factor for the case with Hoek-Brown criterion. Time histories
of the hoop stress at the crown and springline during seismic shaking are provided in Figure 6-
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78. The prediction of the horizontal and vertical closure of the opening induced by the seismic
shaking is shown in Figure 6-79. The results for all three cases are similar. Considering the
observation of the elastic rock mass response and the relatively high safety factor margin
reported in Section 6.1, it is not surprising that the strength criterion has little impact to the
outcome of the analysis results.

6.3.5 Rock Mass Degradation — Lithophysal Rock

The two-dimensional distinct element code UDEC (Version 3.1) was used to investigate drift
degradation based upon the time evolution of damage for different driving-stress ratios (o /o).
The driving-stress ratio is defined as the ratio between the current maximum principal stress to
the rock yield strength. The UDEC model was validated and used to predict the amount of
rockfall in the emplacement drifts as documented in the Drift Degradation Analysis (Sections 6.4
and 7.7, Kicker 2003). The rock mass is represented as an assembly of polygonal, elastic blocks
in the UDEC model. The entire domain is discretized into blocks using Voronoi tessellations
(Itasca 2002, Manuals/UDEC/User’s Guide/Section 3: Problem Solving with UDEC, Section
3.2.2). The joints between the blocks are considered to be linearly elastic-brittle. The elastic
behavior of the joints is controlled by normal and shear stiffness. The joints can sustain finite
tensile stress as prescribed by a tensile strength. The Coulomb slip condition governs the onset of
slip as a function of joint cohesion and friction angle. If a joint fails either in tension or shear,
tensile strength, friction and cohesion are reset to residual values. The model allows for the
formation of joints between blocks, separation and instability (under gravity) of portions of the
rock mass around the drift. Detailed description of the UDEC model is presented Section 6.4 and
7.7 of the Drift Degradation Analysis (Kicker 2003).

The geometry of the UDEC model is shown in Figure 6-80. Only the region around the drift
where inelastic deformation is expected is discretized into Voronoi blocks. The remainder of the
model is composed of a few large elastic blocks. The boundary conditions for the UDEC analysis
are the same as those for FLAC analysis during the excavation stage (Table 6-5).

Four different categories of the lithophysal rock mass were used to investigate the long-term
degradation caused by stress corrosion. The categories investigated were 1, 2, 3 and 5. The
response of Category 4 rock mass is in between Category 3 and 5. The calibrated UDEC micro-
properties are listed in Table 6-10.

Table 6-10. UDEC Microproperties

Friction | Residual . . Normal Shear Block Bulk
Category | Angle friction Ccz;\n?s;;) n Tarn\;;c;n Stiffness Stiffness | Modulus M?)I:i):ltgt(‘gg;)
(deg) |Angle (deg) {(GPa/m) {(GPa/m) (GPa)
1 35 15 3.91 1.56 13.4 6.69 13 9.75
2 35 15 5.86 2.34 451 22.5 43.6 32.8
3 35 15 7.82 3.12 76.2 38.0 73.6 55.4
5 35 15 11.7 4.68 139.0 69.4 134.0 101.0

NOTE: Residual cohesion and tensile strength are zero.
Source: Kicker 2003, Table 35.
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The static-fatigue behavior of Lac du Bonnet granite and welded lithophysal tuff forms the basis
of the UDEC model for stress corrosion around a drift. The static-fatigue curves provide the time
to failure (¢,) of the material at a particular driving-stress ratio (o/o;). Description of the static-
fatigue behavior and the derived static-fatigue curves are provided in Attachment II.

The long-term strength degradation caused by stress corrosion of the lithophysal rock units was
implemented in the UDEC model by incrementally referencing a series of evolution of damage
tables from the PFC stress corrosion model (see details in Attachment II). Based upon the local
driving-stress ratio at the Voronoi block contacts within the UDEC model, the strength of the
contact is degraded based upon the time increment of the model.

The drift degradation results are presented as damage and displacement plots at time increments
of 1, 5, 10, and 50 years. The results are shown in Figures 6-81 to 6-84 for each rock category
respectively. When the lithophysal rock is represented as category 1 material (Figure 6-81),
approximately 1 to 2-m damage into the drift sidewalls is predicted after 1 year. Figure 6-82
illustrates the result representing the Category 2 rock, minor spalling at the sidewall is observed.
For the Category 3 and 5 materials (Figures 6-83 and 6-84), no damage is predicted for the
preclosure time span with consideration of degradation effect.

No appreciable rockfall or spalling is observed for the lithophysal rock in the ECRB for the last 6
years since the start of the excavation of the ECRB. The discrepancy between model predictions
for the Category 1 material and observations in the ECRB could be because: a) the overall
lithophysal rock mass along the ECRB with spatial variation (Section 6.3.1) has better quality
than Category 1, or b) static-fatigue curve assumed in this analysis is too conservative. Better
characterization of the static-fatigue curves based on site-specific rock long term testing is
required to identify this discrepancy. The degradation state predicted for the Category 2 material
is considered more realistic for the worst case. Considering the lithophysal rock mass with
spatial variation resemble the median rock mass quality category, the degradation of rock mass
around the opening during the preclosure is likely to be insignificant. Judging from the small
area of spalling for the Category 2 response, the ground support system using the friction-type
rock bolts and the perforated steel sheets should be adequate to provide ample support and
confinement to prevent rockfall due to degradation.

6.3.6 Rock Mass Degradation — Nonlithophysal Rock

The welded intact material within nonlithophysal rock unit is in general hard and strong and is
considered to have better quality than the best category rock for the lithophysal rock units.
Based on the static-fatigue analysis for the lithophysal rock presented in Section 6.3.5,
degradation of the intact material is considered insignificant for the nonlithophysal rock.

Degradation in the nonlithophysal units is therefore primarily controlled by geologic structure.
The rock mass surrounding the excavations may undergo over-stressing from thermal heating
and/or time-dependent damage associated with static fatigue resulting from stress corrosion
mechanisms. Another likely long-term effect includes the increasing amounts of moisture/air
induced weathering along the joints close to the tunnels. This damaged and/or weathered
material may result in block fallout in the nonlithophysal units.
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The drift stability due to the effect of rock joint degradation has been assessed based on a
conservative estimate of the reduction of joint cohesion and friction angle as reported in Drift
Degradation Analysis (Section 6.3.1.5, Kicker 2003). The reduced joint strength parameters
were estimated to be in the range of the residual state with joint cohesion reduced to 0 and the
joint friction angle reduced to 30°. Dilation angle was conservatively assumed to be zero
considering the asperities on fracture surfaces had been sheared off, resulting in greater rockfall.
The degraded joint strength and dilatational properties were used in the analysis subjected to a
postclosure level seismic ground motion. The results show a slight increase in rockfall predicted
for the degradated state. Considering the difference of the applicable ground motions for the
preclosure and postclosure period, it is justified that joint strength degradation has an
insignificant impact on drift stability in nonlithophysal rock.

64 THERMAL MODELING RELATED PARAMETERS
6.4.1 Base Case Thermal Scenario

Heat transfer process due to heat decay of the waste packages in the emplacement drift is a
complicated thermal process. During the preclosure period, the heat transfer process is dictated
by the thermal radiation from the waste package to the drift wall, the mixed (forced and natural)
convection due to the preclosure ventilation, and the thermal conduction of heat into the rock
mass around the drift, whereas the heat transfer process is dominated by the radiation, the natural
convection, and the conduction during the postclosure. The convective heat transfer occurs due
to the temperature difference between the airflow and surfaces of the waste package and the drift
wall. The temperature difference was originated by the thermal radiation from the waste
package to drift wall. Details of the heat transfer process during the preclosure were presented in
the Section 6.3.1 of Ventilation Model and Analysis Report (BSC 2003h).

The heat transfer process during the preclosure period was simulated in the Ventilation Model
and Analysis Report (BSC 2003h). The ventilation model simulated the thermal processes of
radiation, forced convection and conduction during the preclosure: 50 years of pre-closure
ventilation (after waste emplacement) and 15 m®/sec constant airflow rate. ANSYS V.5.6.2
finite element software, STN: 10145-5.6.2-01, was used for the ventilation model simulating the
preclosure thermal processes.

Abstracted data from the results of the ventilation model (DTN: MO0306 MWDALAFV.000) are
presented in Table 6-11. The values of temperature were averaged along the surfaces of the
waste package and the drift in order to calculate the convective heat transfer coefficient that is
function of time and drift location. Table 6-11 also presents the ventilation efficiency
representing percentage of the energy removed from the waste package and the drift wall by the
ventilation. Figures 6-85 and 6-86 show the differences of temperature and ventilation efficiency
at the drift location of 100 m and 600 m.

NUFT V.3.0s thermal hydrology software, STN: 10088-3.0s-01, was also used to simulate heat
transfer process during the preclosure period (BSC 20031). The NUFT preclosure calculation
was idealized for the complicated heat transfer process by simplifying the ventilation process in
terms of the effective energy transfer from the waste packages and the drift wall. The effective
energy (effective heat load) was calculated using the ventilation efficiency from the ANSYS
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ventilation model and was utilized as the heat load input into the NUFT preclosure calculation
(Section 6.2.6.4, BSC 2003i):

effective heat load = heat load x (1 — ventilation efficiency) ~ (Eq. 6-5)

The effective heat load used in the NUFT preclosure calculation is presented in Table 6-12. The
NUFT preclosure calculation was located at 600 m from the ventilation inlet.

The NUFT preclosure calculation could provide the thermal calculation during the preclosure
without taking into account simulating the complicated ventilation process. Results of the NUFT
preclosure thermal calculation are presented compared to the results of the ANSYS ventilation
model in Figure 6-87. The NUFT preclosure calculation shared the same repository location, the
emplacement drift units, and the thermal boundary conditions with the ANSYS ventilation
model. The NUFT calculation and ANSYS model are located at 600 m from inlet in Tptpll
repository unit, and have the same prescribed temperature boundary on top and bottom (i.e.,
surface and water-table temperature of 16.9 and 28.4 °C) (Section 6.5.5, BSC 2003h) and lateral
adiabatic thermal boundary. The temperature results are very similar considering the
simplification of the NUFT preclosure model. Since the NUFT preclosure calculation runs
relatively quickly and requires small computer resources, most of the thermal calculations in this
report were conducted using the NUFT. Several ANSYS preclosure calculations were also
performed for more accurate preclosure thermal results.

In addition to the 600-m drift length model, a bounding case with 800-m drift length was
considered and in the base case thermal scenario. The ventilation efficiency at 800 m was
extracted from Ventilation Model and Analysis Report (BSC 2003h), and used to calculate an
effective heat load for the NUFT preclosure calculation. The ventilation efficiency and the
effective heat load at 800 m from ventilation air inlet are presented in Table 6-12. The
comparison to the ANSYS and NUFT 600 m base case scenario is presented in Figure 6-87. The
800 m bounding calculation exhibits a peak temperature of 87 °C about 13 °C hotter than the 600
m NUFT base case, due to the lower ventilation efficiency at 800 m.
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Table 6-11. Averaged Temperature and Ventilation Efficiency at 100 m and 600 m from Ventilation Air

Inlet
at 100 m at600 m
Waste Waste
package | Drift wall Ventilation | package | Drift wall Ventilation
Time surface surface Inlet air | efficiency | surface surface inlet air | efficiency
(year) (°C) (°C) C) G () Q)
0.00 70.0 22.3 22.3 0.0% 70.0 22.3 22.3 0.0%
0.01 56.1 32.4 29.1 67.5% 61.7 36.6 36.6 38.4%
0.02 57.9 34.2 29.7 73.3% 68.9 43.5 43.5 39.1%
0.05 58.9 35.9 30.1 79.8% 78.5 54.7 54.7 36.4%
0.1 59.3 36.7 30.3 82.8% 84.6 61.6 60.1 35.8%
0.167 59.5 37.2 30.4 84.7% 87.6 65.5 62.7 59.7%
0.5 59.6 37.8 30.5 88.3% 90.9 70.3 65.4 67.7%
1 59.2 37.9 30.5 90.0% 91.5 71.8 65.9 70.1%
2| 58.4 37.8 30.3 91.5% 91.0 72.2 65.8 74.0%
5 56.4 37.1 29.9 93.4% 87.9 70.4 63.8 78.2%
7 55.2 36.6 29.5 93.3% 85.5 68.6 62.1 79.3%
10 53.6 35.9 29.2 94.0% 82.4 66.3 60.0 80.7%
20 49.2 34.0 28.2 96.7% 73.9 59.9 54.4 84.3%
30 45.7 32.5 27.3 96.7% 66.7 54.3 49.4 86.0%
50 40.5 30.3 26.2 99.5% 56.5 46.8 42.9 90.2%

Source: DTN: MOO306MWDALAFV.000

Table 6-12. Effective Heat Load at 600m and 800 m from Air Inlet used in the NUFT Preclosure
Calculation

Linear Heat| ventilation | Effective Heat | Ventilation | Effective Heat
Time Load' efficiency | Load at 600 m | efficiency | Load at 800 m
(year) (kW/m) | at600 m' (KW/m) at 800 m' (kW/m)

0.00] 1.45E+00 0.0% ~ 1.45E+00 0.0% 1.45E+00
0.01 1.45E+00 38.4% 8.92E-01 40.0% 8.70E-01
0.02{ 1.45E+00 39.1% 8.82E-01 40.7% 8.59E-01
0.05] 1.45E+00 36.4% 9.21E-01 39.1% 8.82E-01
0.1 1.44E+Q0 35.8% 9.27E-01 34.3% 9.49E-01
0.167] 1.44E+00 59.7% 5.81E-01 32.5% 9.73E-01
0.51] 1.42E+00 67.7% 4.60E-01 71.3% 4.09E-01
1 1.40E+00 70.1% 4 .18E-01 62.8% 5.20E-01
2| 1.36E+00 74.0% 3.53E-01 66.9% 4.49E-01
5] 1.26E+00 78.2% 2.74E-01 72.0% 3.53E-01

7 1.21E+00 79.3% 2.49E-01 73.4% 3.20E-01
10 1.13E+00 80.7% 2.18E-01 75.2% 2.82E-01
20 9.44E-01 84.3% 1.48E-01 79.0% 1.98E-01

30 7.99E-01 86.0% 1.12E-01 81.4% 1.49E-01
50 5.92E-01 90.2% 5.82E-02 86.1% 8.25E-02

'"DTN: MO0306MWDALAFV.000
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6.4.2 Uncertainties of Thermal Properties

Uncertainties of the thermal properties are dependent upon on the spatial variation within a
stratigraphic unit. Sensitivity calculations for thermal properties of repository rock material
(Tptpll) were conducted using the NUFT preclosure calculation. Values of thermal conductivity
and specific heat with one standard deviation less and more than the mean values were used as
an upper bound and a lower bound of the thermal property uncertainties (Table 6-13). Table 6-
14 summarizes the thermal properties of the 4 cases of the thermal sensitivity calculations.
Results of the thermal sensitivity calculations with the base case NUFT calculation are presented
in Figure 6-88. The peak temperature values at the drift crown were about + 5 °C different from
that of the base case due to the variation of thermal conductivity. Additional + 1.5 °C were
added to the peak temperature due to the heat capacity changes.

The upper and lower temperature bound presented in Figure 6-88 might be smaller than the
sensitivity thermal results. Since the same ventilation efficiency from the ANSYS ventilation
model was used in the sensitivity thermal calculations, the efficiency might be underestimated in
the upper bound calculation that does not incorporate the high temperature of the results. In a
same manner, the ventilation efficiency might be over-estimated in the lower bound calculation.
However, the sensitivity thermal calculations are conservative in the sense of finding bounding
temperature for the uncertainty of thermal properties.

Table 6-13. Values of Thermal Conductivity and Specific Heat of Tptpll Repository Unit

Tptpll
Thermal Conductivity (k, W/m-K) Heat Capacity (C,, J/kg-K)
Wet Dry -
Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
1.89 0.25 1.28 0.25 930 130

DTNs: SN0208T0503102.007, SN0307T0510902.003

Table 6-14. Thermal Properties of the 4 Cases of the Thermal Sensitivity Calculations

Thermal Conductivity | Heat Capacity
Thermal Sensitivity Runs (k, W/m-K) (Cp, JIkg-K)
Wet Dry
1 Std. Dev. Less k & C, 1.64 1.03 800
1 Std. Dev. Less k 1.64 1.03 930
1 Std. Dev. More k 2.14 1.53 930
1 Std. Dev. More k & C, 2.14 1.53 1060
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6.4.3 Off-normal Thermal Scenario

Ventilation shut-off during the preclosure could occur because of numerous reasons, and should
be considered as one of the possible thermal scenarios for the preclosure thermal analysis. Off-
normal thermal scenarios considered various ventilation shut-off durations (e.g., 1 day, 1 week)
at various preclosure time (e.g., 2 years, 5 years, 10 years). The NUFT preclosure calculations
were conducted for the off-normal thermal scenarios. Three off-normal cases of 1 week shut-off
at 2 year, 1 week shut-off at 5 year, and 1 day shut-off at 2 year are presented in Figure 6-89,
which characterized the possible off-normal scenarios encompassing the shut-off duration of 1
day to 1 week and the shut-off time of 2 to 10 years (Table 6-15). The results demonstrated the
rapid temperature increase of 14 °C in the 1-week shut-off cases and less than 2 °C increase in
the 1-day shut-off case (Figure 6-89b). The rapid increase of temperature diminished rapidly
after the normal ventilation is resumed.

Additional three special cases of the off-normal thermal scenarios are shown in Figure 6-90,
including the extreme 1-month shut-off case, the one standard deviation less thermal property
case, and the 800 m drift location from air inlet case (Table 6-15). The extreme case shows rapid
temperature increase of 28 °C and relatively slow decrease of temperature after the ventilation is
resumed. The low thermal property case and the 800-m case exhibits rapid temperature increase
of approximately 15 °C and rapid temperature drop that is very similar to the 1-week shut-off

case, while the two cases are generally 5 and 10 °C hotter than the 1-week shut-off case,
respectively.

Temperature over boiling (96 °C) was observed in the extreme 1-month shut-off and the 800 m
drift location cases for a brief of time (Figure 6-90). Especially, the extreme case maintained the
over-boiling temperature approximately 0.1 years (Figure 6-90b). In order to estimate the range
of over-boiling temperature, temperature near the drift crown was investigated for the 1-month
shut-off case. Figure 6-91 shows the zone of over-boiling temperature localized near the drift
crown (less than 0.5 m).

Table 6-15. Five Off-normal Thermal Scenarios of the NUFT Preclosure Calculations

Shut-off Duration Shut-off Time
Case 1 1 day 10 year
Case 2 1 week 5 year
Case 3 1 week 2 year
Case 4 1 month 2 year
Case 5 (Case 3 with low thermal properties) 1 week 2 year
Case 6 (Case 3 at 800 m from ventilation air inlet) 1 week 2 year
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6.4.4 Waste Emplacement Sequence and Repository Edge Effect

In the ANSYS ventilation model and the NUFT preclosure calculation presented in Sections
6.4.1 to 6.4.3, simultaneous emplacement of the waste packages for the entire repository was
assumed. The assumption was necessary since the emplacement schedule was not available
(Section 4.1.1). However, temperature distribution around the emplacement drifts should be
different from the simultancous emplacement due to the different emplacement sequence, for
instance, larger temperature gradient between the adjacent cool (earlier emplaced) and hot (later
emplaced) drifts.

Effects of the waste emplacement sequence were investigated using a two-drift NUFT preclosure
calculation, as illustrated in Figure 6-92. Several different emplacement intervals were tested
(e.g., 1 year, 5 years, 10 years) to simulate the temperature distribution and gradient compared to
the simultaneous emplacement calculation (Section 6.4.1). In addition to the waste emplacement
sequence calculation, repository edge effect was also investigated by putting no heat in the
second drift during the entire preclosure period.

Temperatures at the drift crown for the effects of the waste emplacement sequence and
repository edge are presented in Figures 6-93 and 6-94, respectively. The results of the
emplacement sequence calculations exhibited minor temperature changes in the first and the
second drifts from the base case NUFT preclosure calculation with the temperature curves of the
second drift shifted.

The results of the repository edge effect (Figure 6-94) exhibited some difference of temperature
for the first (heated) drift. Due to the heated drift, temperature at the second drift increased
slightly, while the temperature results of Figure 6-95 showed no large temperature gradient. The
temperature gradient due to the emplacement sequence is also presented in Figure 6-95. The
results exhibited larger temperature gradients than the base case for pillar length greater than 60
m, which might cause additional thermally induced stresses in that region. However, the
thermally induced stress may not affect the performance of the repository, since the large
gradient was located deep inside of rock mass.

6.4.5 Assessment of Effect of Longer Ventilation Duration

A sensitivity calculation for the duration of preclosure ventilation was conducted. The sensitivity
calculation was simulated effects of the preclosure ventilation up to 100 years, using the ANSYS
ventilation model with a coarse axial discretization. The coarse ANSYS ventilation model
(DTN: MO0306MWDASLCV.001) is identical to the base case model except that the 100 m
discretization length along the emplacement drift instead of the 25 m discretization length of the
base case model (fine ANSYS ventilation model, DTN: MO0306MWDALAFV.000). The
resulting temperatures of the waste package, the drift wall, and the in-drift air of the coarse and

fine models were very close for all drift locations at the preclosure ventilation time (Section
6.6.1, BSC 2003h).

Results of the sensitivity calculation of the ventilation duration are presented in Figure 6.4.1-4
compared to the base case (the fine ANSYS ventilation model). The figure shows that the
temperatures of the two ANSYS models are very similar up to 50 years and the temperature of
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sensitivity calculation keep descending gradually after the 50 years. Detailed values of the
temperatures and the ventilation efficiency for the coarse ANSYS sensitivity calculation are
presented in Table 6-16.

Table 6-16. Averaged Temperature and Ventilation Efficiency of the coarse ANSYS Ventilation
Calculation up to 100 years at 600 m from Ventilation Air Inlet

ANSYS Coarse up to 100 Years
Waste
package | Drift wall Ventilation
Time surface surface Inlet air | efficiency
(year) Q) (C) Q)
0.00 70.0 22.3 22.3 0.0%
0.01 63.0 37.2 37.2 40.0%
0.02 70.6 44 .4 44 .4 40.7%
0.05 80.9 56.5 56.4 37.7%
0.1 85.0 62.1 60.4 36.3%
0.167 87.9 66.0 63.1 56.8%
0.5 90.8 70.4 65.5 66.9%
1 91.3 71.7 65.9 69.4%
2 90.8 72.0 65.7 73.1%
5 87.6 70.2 63.7 77.4%
7 85.2 68.4 61.9 78.6%
10 82.2 66.1 59.8 80.0%
20 73.8 59.8 54.3 83.5%
30 66.6 54.2 49.4 85.4%
50 56.5 46.8 429 89.7%
70 494 415 38.3 91.4%
100 43.0 36.9 343 94.1%
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6.5 SEISMIC MODELING RELATED PARAMETERS
6.5.1 Duration of Seismic Loading

Ground motions with mean annual exceedance probability of 5x10™ was selected for the base
case analysis. In running the FLAC seismic simulation, the duration of the seismic time histories
was truncated to that portion of the records displaying the majority of the energy. Records were
truncated to a duration bracketed by the 5-percent and 95-percent points in the energy buildup as
measured by the Arias Intensity. For the two-component ground motions used in FLAC
analysis, these points were determined for both horizontal and vertical components and then the
earliest 5-percent point and the latest 95-percent point were used to define the duration for the
ground motions. Sensitivity of the duration to the drift stability was conducted using the full
record without truncation.

Rock mass categories 1 and 5 were selected to bound the variation of mechanical properties for
the sensitivity analysis. Seismic shaking was applied after the excavation for one scenario.
Thermal loading was included for another scenario with shaking applied after 50 years of
heating. Figure 6-96 shows the comparison of the yield zone and Mohr-Coulomb safety factor
contours for the base case (with truncation) to the full duration case for lithophysal rock RMC 1
with the scenario seismic shaking applied after the excavation. Comparison for lithophysal rock
RMC 5 for the same scenario is presented in Figure 6-97. The horizontal and vertical closure
histories during seismic shaking are compared in Figures 6-98 and 6-99. Results for the seismic
shaking after 50 years heating are similar to those presented in Figures 6-96 to 6-99.

Figures 6-100 and 6-101 show the comparison of the yield zone and Mohr-Coulomb safety factor
contours for nonlithophysal rock RMC 1 and 5 results, respectively. The horizontal and vertical
closure histories during seismic shaking are compared in Figures 6-102 and 6-103. These results
are for the scenario with seismic shaking applied after the excavation. Results for the seismic
shaking after 50 years heating are also similar to those presented in Figures 6-100 to 6-103.

The comparison of the results for yield zone, safety factor contours, and deformation all indicates
the truncated duration bracketed by the 5-percent and 95-percent energy points is adequate.

6.5.2 Spectral Content of Seismic Motions

15 sets of ground motions were selected for the postclosure hazard level in the Drift Degradation
Analysis (Section 6.3.1.2 Kicker 2003). The multiple sets ensure a reasonable distribution of
spectral shapes. However, single ground motions set was provided for the preclosure hazard
level because of the deterministic-based approach for preclosure consideration. In order to
assess the impact of spectral content of the applied ground motions to the drift stability, 5 sets of
the postclosure hazard level with probability of exceedance of 1x10°® was randomly selected and
scaled to the peak ground velocity of the preclosure ground motions with mean annual
exceedance probability of 5x10™. Figure 6-104 shows the scaled horizontal particle velocity
time histories.

Rock mass categories 1 and 5 were selected to bound the variation of mechanical properties for
the sensitivity analysis. Seismic shaking was applied after the excavation for one scenario.
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Thermal loading was included for another scenario with shaking applied after 50 years of
heating. Analysis results from the 5 sets of scaled ground motions, presented in the format of
yield zones and Mohr-Coulomb safety factor contour, are shown in Figures 6-105 and 6-106 for
RMC1 and 5 category lithophysal rock respectively. The results from the base case ground
motions used in the base case are also included in Figures 6-105 and 6-106 for comparison.
Extent of yield zone and the safety contours appears to be comparable for all cases with scaled
ground motions. The base case results appear to have slightly less yield area and higher safety
factor comparing with other scaled motion cases. Drift vertical closure history for all cases are
also compared in Figures 6-107 and 6-108, with the same range of magnitude of the closure
observed. The horizontal closure results show similar trend but with lower magnitude.

Parallel set of results for nonlithophysal rock is presented in Figures 6-109 to 6-112. The results
also show very similar results for all cases. The seismic spectral and energy contents do not
appear to have significant impact for the prediction of the drift stability for preclosure
consideration.

6.5.3 Selection of the Horizontal Ground Motion

The complete set of ground motions includes one vertical component (V) and two horizontal
components (H1 and H2). The base case analysis is a two-dimensional equivalent continuum
analysis uses only one horizontal component. The H1 component was conveniently selected for
all calculations. The impact of using H2 as the horizontal motion is assessed in this section.

Rock mass categories 1 and 5 were selected to bound the variation of mechanical properties for
the sensitivity analysis. Seismic shaking was applied after the excavation for one scenario.
Thermal loading was included for another scenario with shaking applied after 50 years of
heating. Analysis results, presented in the format of yield zones and Mohr-Coulomb safety factor
contour, are compared for the H1 and H2 cases in lithophysal rock as shown in Figures 6-113
and 6-114. Extent of yield zone and the safety contours are similar for both RMC 1 and 5 rock.
Drift vertical and horizontal closure history are compared in Figures 6-115 and 6-116, the
magnitude of the closure fall into the same range and the curves are almost identical.

Parallel set of results for nonlithophysal rock is presented in Figures 6-117 to 6-120. The results
show very similar results using either H1 or H2 motion. This outcome is expected since the
amplitudes of the peak motions are similar for the two horizontal components of the ground
motion. It is therefore concluded that the selection of the H1 ground motion is adequate in the
two-dimensional analysis.

6.5.4 Ground Motions with Mean Annual Exceedance Probability of 1x10™

Ground motions with mean annual exceedance probability of 1x10™ is comparable to the mean
exceedance probabilities of the seismic design bases of operating nuclear power reactors in the
United States (Section 3.1.2, YMP 1997). It is considered as conservative upper bound for
preclosure design since an operating mined geologic disposal system is inherently less hazardous
and less vulnerable to seismically-induced accidents than is an operating nuclear power reactor.
The comparison of the peak ground motions with mean annual exceedance probability of 5x10™
and 1x10® is provided in Table 6-17 (DTN: MOO0211TMHIS104.002 and
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MOO0306SDSAVDTH.000). The magnitude of the peak particle motions of 1x10* ground
motions are around 2 times of those for 5x10™ ground motions. Arias intensity (an estimate of
energy delivered to structures) and duration for the 1x10* and 5x10™ ground motions are
compared in Tables 6-18 and 6-19 respectively. The dynamic analysis start time is selected at
5% of the Arias intensity and the dynamic end time was selected at 95% of the Arias intensity.

RMC 1, 3, and 5 of both lithophysal and nonlithophysal rock are subjected to the 1x10™* ground
motions to assess the impact of higher amplitude and longer duration seismic shaking. Seismic
shaking was applied after the excavation for one scenario. Thermal loading was included for
another scenario with shaking applied after 50 years of heating.

Analysis results for lithophysal rock, presented in the format of yield zones and Mohr-Coulomb
safety factor contour, are compared for the 5x10“ and 1x10™ ground motions as shown in
Figures 6-121 through 6-123 for the scenario with no thermal loading. Although the magnitude
of the ground motions with mean annual exceedance probability of 1x10™ is double of that for
the 5x10™ annual exceedance probability event, extent of yield zone and the safety contours are
in general similar between these two cases. Additional yield area is observed for the RMC1 and
RMC3, but it is limited around the drift perimeter. Drift vertical and horizontal closure histories
are compared in Figures 6-124 through 6-126. The magnitude of the closures of the 1x10™
ground motions is amplified in the same proportion as the peak velocity tabulated in Table 6-17.
The predicted maximum closure is less than 8 mm. Overall, the drift remains stable under
seismic shaking with ground motions with mean annual exceedance probability of 1x10™.

Table 6-17. Peak Ground Motion Parameters
Mean Annual Ground Motion Peak Velocity Peak Displacement
Exceedance Component Peak Acceleration (g) (cmisec) (cm)
Probability P
H1 0.19 19.00 12.86
5x10™ H2 0.18 17.72 12.37
\Y 0.16 12.37 7.83
H1 0.39 38.38 44 .44
1x10™ H2 0.37 43.78 45.30
\ 0.47 47 .51 31.73
Source: DTN- MO0211TMHIS104.002 and MO0306SDSAVDTH.000
Table 6-18. Arias Intensity (m/sec) for the Ground Motions
Mean Annual
Exceedance H1 H2 Vv Total Sum
Probability
5x10™ 0.59 0.67 0.42 1.68
1x10™ 4.21 451 8.97 17.68

Source: DTN- MO0211TMHIS104.002 and MO0306SDSAVDTH.000
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Table 6-19. Seismic Analysis Duration and Complete Time History Duration
“éizgez';:‘:' Dynamic Analysis Dynamic Analysis Dynamic Analysis '_ﬁ:t':;fﬁ;ﬁ:a'aen
Probability Start Time (sec) End Time (sec) Duration (sec) (sec)
5x10™ 3.24 33.67 30.43 40.96
1x10* 9.78 58.79 49.01 75.00

Source: DTN- MO0211TMHIS104.002 and MO0306SDSAVDTH.000

Parallel set of results for nonlithophysal rock is presented in Figures 6-127 to 6-132. Similar
results for the yield zone and safety contours are observed with applying 1x10™ or 5x10™* ground
motions. The predicted maximum closure is less than 4 mm. Overall, the drift remains stable
under seismic shaking with ground motions with mean annual exceedance probability of 1x10™,

6.5.5 Repetitive Ground Motions

The probabilities of 1 to 3 events occur in the preclosure design life span of 100 years for the
1x10™ or 5x10™ ground motions are presented in Table 6-20. The life span of 100 years covers
both the repository operational duration and the time with forced ventilation before closure. The
probability is estimated using the Poisson distribution (Modarres 1993, p. 28):

At )" -
Pr(n) = P1u) ex'p( i,) (Eq. 6-6)
n.
where A is the rate of occurrence (5x10'4 per year or 1x10™ per year), t,, is the time period
(preclosure design span of 100 years), and n is the number of events.

Based on the 10 CFR 63.2, the event(s) require consideration before the permanent closure for
the repository should have the probability greater than one chance in 10,000 (1e-4). Therefore,
the multiple events required for consideration only include the scenario of two 5x10™ seismic
events occur in the 100-year span.

Table 6-20. Probability of Occurrence of the Seismic Event within 100-Year Preclosure Design Life
Span
Mean Annual Exceedance Mean Annual Exceedance
Probability of 5x10 Probability of 1x10*
Probability of 1 Event 4.76E-02 9.90E-03
Probability of 2 Events 1.19E-03 4.95E-05
Probability of 3 Events 1.98E-05 1.65E-07

The two 5x10™ seismic events were simulated at 2 years after waste emplacement (highest
temperature) and at 50 years after waste emplacement to cover the thermal loading evolution.
Rock mass categories 1 and 5 were selected to bound the variation of mechanical properties for
the sensitivity analysis. Figures 6-133 and 6-134 show the comparison of the yield zone and
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Mohr-Coulomb safety factor contours for lithophysal rock. Comparison with seismic shaking
after 2 years of loading and the other with additional thermal and seismic shaking at the end of
the preclosure period is provided. The results for RMC 1 rock are for the two events are almost
identical. Additional yield area is observed for the RMC 5 rock with thermal loading and
repetitive seismic shaking, but it is limited around the drift perimeter. The horizontal and vertical
closure histories during seismic shaking are presented in Figures 6-135 and 6-136 for RMC1 and
RMCS rock respectively. Closure for the 2" shaking is essentially a repetition of the 1** shaking
since the same ground motions were applied.

Figures 6-137 and 6-138 show the comparison of the yield zone and Mohr-Coulomb safety factor
contours for nonlithophysal rock RMC 1 and 5 results. Additional yield area is observed for both
the RMC 1 and 5 rock with thermal loading and repetitive seismic shaking. The additional yield
zones are actually induced during the thermal loading period, the 2" seismic shaking does not
create any additional yielding. The horizontal and vertical closure histories during seismic
shaking are compared in Figures 6-139 and 6-140. Same as for lithophysal rock, closure for the
2" shaking is essentially a repetition of the 1*' shaking since the same ground motions were
applied.

6.6 CRITICAL COMBINATION OF IN SITU, THERMAL, AND SEISMIC LOADS

Effect of uncertainties associated with thermal loading conditions and their combination with in
situ and seismic loading is examined in this section. Factors considered are the off-normal
thermal scenario which might occur during the repository preclosure ventilation period and the
potential higher rock temperatures than predicted due to uncertainties in thermal properties.
These thermal conditions are combined with in situ stresses and seismic loads with 1x10™
ground motions for this sensitivity study.

6.6.1 Off-normal Thermal Scenario

Off-normal thermal scenarios were presented in Section 6.4.3. Three critical scenarios are
selected in thermomechanical analyses. They include (1) off-normal condition lasting 1 month at
2 years after waste emplacement, (2) off-normal condition lasting 1 week at 2 years, and (3) the
same as the scenario (2) but with lower thermal conductivity and specific heat values. These
three off-normal cases are based on 600-m long emplacement drifts, which are representative for
the majority of emplacement drifts. While a 1-week or 1-month period are relatively short from a
thermal standpoint, these durations far exceed any foreseeable accident to the ventilation
systems. Time histories of drift wall temperatures associated with these scenarios are shown in
Figure 6-141. Temperature distributions within rock at 2 years and after 1 month off-normal at 2
years are presented in Figures 6-142a and 6-142b, respectively. Since a duration of 1 month off-
normal is relatively short, changes in temperature distributions are not significant, except in
region close to the drift wall.

With these three off-normal thermal scenarios, four thermomechanical analyses are conducted by
applying these thermal conditions to emplacement drifts with different ground conditions. In the
first three cases, each off-normal thermal scenario is combined with a seismic event associated
with an 1x10* ground motions for emplacement drifts in category 1 lithophysal rock.
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Discussion for the first two analyses is provided in this section, the 3™ and 4™ analysis are
associated with uncertainties in thermal properties and will be discussed in Section 6.6.2.

Predicted drift closures and major principal stresses in rock near the springline and the crown are
shown in Figures 6-143a and 6-143b, respectively, under the off-normal thermal scenario 1 and
2. Comparing with those predicted under the normal thermal condition (also shown in Figures 6-
143a and 6-143b), differences in rock displacements and stresses are not significant, even though
the drift wall temperatures are 16 to 28°C higher under the off-normal situations than the normal
condition (see Figure 6-141). Potential yield zones and contours of strength-to-stress ratios for
these two off-normal conditions are compared to those for the base case in Figure 6-144. Again,
differences are not noticeable. These results suggest that changes in rock displacements and
stresses are dependent more on how much volume of rock mass is heated and less on the
temperature level. A temperature surge with a very short duration does not significantly affect
the behavior of emplacement drifts.

6.6.2 Uncertainties in Thermal Properties

Uncertainties in thermal properties, such as thermal conductivity, specific heat, and coefficient of
thermal expansion (CTE), are evaluated by examining their effect on performance of
emplacement drifts. In these analyses, both thermal conductivity and specific heat values for the
lithophysal rock are reduced by one standard deviation (see Table 6-14), and coefficients of
thermal expansion are increased by one standard deviation (see Table 5-4). Resulting thermal
conductivity are about 10 and 20 percent lower, and specific heat values are about 14 percent
lower. Coefficients of thermal expansion are about 6 to 13 percent higher (see Figure 6-145).

Time history of drift wall temperatures based on lower thermal conductivity and specific heat
values is shown in Figure 6-141. Compared to those for the base case, the drift wall
temperatures are about 8°C (or 10 percent) and 3°C (or 7 percent) higher than those at 2 and 50
years, respectively.

In thermomechanical analyses based on the thermal response associated with off-normal
condition lasting for 1 week at 2 years and lower thermal conductivity and specific heat values,
two sets of rock mass mechanical properties are used. One is for the RMC 1 lithophysal rock,
and the other is for the RMC 3 lithophysal rock combined with an assumed EDZ zone of 2 m
deep around an emplacement driftt The EDZ zone is assigned with the category 6 rock mass
properties as discussed in Section 6.3.3.1.

Time histories of predicted drift closures and major principal stresses in rock near the springline
and the crown for the case with lower thermal conductivity and specific heat values are presented
in Figure 6-146. Also included in Figure 6-146 is the case with consideration of 1-week
ventilation shut-off. Potential yield zones and contours of strength-to-stress ratios around
emplacement drift for 1-week ventilation shut-off case at 2 years and at 50 years after
emplacement are shown in Figures 6-147a and 6-147b, respectively. It appears that from the
drift stability perspective, lower thermal conductivity and specific heat values have insignificant
effect.
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For cases with higher CTEs, results of drift closures and major principal stresses are compared in
Figures 6-148a and 6-148b, respectively. Noticeable differences in these results are primarily
associated with the differences in rock mass mechanical properties. The introduction of an EDZ
with a thickness of 2 m into rock has more impact than the use of higher CTEs on rock
displacements and stresses. This is also reflected in the potential yield zones and contours of
strength-to-stress ratios, as shown in Figure 6-149.

These results suggest that from the ground support design perspective, it is more critical to have
a right range of rock mass mechanical properties, which may have a significant impact on the
design solution. Use of the mean thermal properties in the design calculations is appropriate and
any uncertainties associated with thermal properties have insignificant effect on the results.

6.6.3 Emplacement Sequence and Edge Effect

The thermal analysis results for the emplacement sequence with 1 year, 5 year, and 10 years
intervals of adjacent drifts are presented in Section 6.4.5. Also considered is the edge effect by
putting no heat on the second drift. A thermomechanical analysis consists of 2 drifts is used to

- investigate the impact of emplacement sequence and edge effect to drift stability. Figure 6-150

shows the geometry and temperature profile included in the 2-drift analysis. The second drift is
used to represent the drift located at the edge of the repository. The temperature field for the
base case is used in the left hand side of the first drift, the temperature field for the 10 years
emplacement interval is used for the middle pillar between the two drifts, whereas the
temperature field for the edge effect is in the right hand side of the second drift. The 10 years

interval was selected because of the highest temperature gradient predicted as shown in Figure 6-
9s.

Time histories of predicted drift closures and major principal stresses in the rock near the
springline and the crown of the second drift during heating for RMC 1 and RMC 5 rock are
presented in Figures 6-151 and 6-152. Both the springline left and right results are included to
examine the effect of emplacement sequence and edge effect. Also shown in Figures 6-151 and
6-152 are the base case results for comparison. The influence of both the 10 years delay of
emplacement and edge effect is small for the RMC 1 rock, only minor change occurs at 10 years.
The effect for the 10 years delayed emplacement for the second drift is clearly shown in Figure
6-152. A jump of stress and displacement at around10 years is shown both at the crown and at
the springline. The magnitude of the maximum stress or displacement, however, is slightly less
than predicted for the base case. The results for the spingline left and right are similar, it
indicates that the edge effect is insignificant.

Potential yield zones and contours of strength-to-stress ratios around the second drift at 50 years
after emplacement for RMC 1 and RMC 5 rock are shown in Figures 6-153. No noticeable
differences in these results compared with the base case. These results indicate that the
emplacement sequence and edge effect has insignificant impact to drift stability.

6.6.4 Assessment of Effect of Longer Ventilation Duration on Drift Stability

Ventilation duration for the base case of this scoping analysis is 50 years following waste
emplacement (see Section 6.4.1). A sensitivity study with thermal analysis extended to a
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preclosure period of 100 years is considered Section 6.4.5. From the ground support design
perspective, assessment of effect of longer ventilation duration on the stability of emplacement
drifts and performance of installed ground support is needed. The study is based on a scenario
that the forced continuous ventilation is extended from 50 years to 100 years with the same air
quantity. Time histories of rock temperatures on the model boundaries are shown in Figure 6-
154. These temperatures are generated using the ANSYS ventilation model (see Section 6.4.5).
As indicated in Figure 6-154, the temperature on the drift wall decreases with time once it peaks
at about 2 years after waste emplacement, while the temperatures on the model boundaries,
measured 50 m from the drift center, increase with time. This implies that more rock mass is
heated with time even though the drift wall temperature has decreased due to cooling by
ventilation. Heating of more rock mass may result in additional thermally-induced rock
deformation.

The effect of a 100-year ventilation on the stability of unsupported emplacement drifis is
investigated using the FLAC model. The rock mass properties are based on those for the
lithophysal rock. Two different depths of emplacement drifts are used, 300 m and 400 m. The
former is for the base case, while the latter is for the upper bound case, considered in the Ground
Control for Emplacement Drifis for LA (BSC 2003f, Section 4.1).

Drift Depth of 300 m

Time histories of drift closures and major principal stresses in rock adjacent to emplacement
drifts in various categories of the lithophysal rock at 300 m from the ground surface are shown in
Figure 6-155a and 6-155b, respectively, for a preclosure period of 100 years. These results
indicate that additional rock deformation beyond 50 years is minimal for all rock mass categories
considered. Stresses in rock generally decrease after 50 years, especially for categories 3 and 5
rock mass, reflecting the decrease in rock temperatures.

Potential yield zones and contours of strength-to-stress ratios around emplacement drifts in
category 1 lithophysal rock at 50 and 100 years following waste emplacement are illustrated in
Figures 6-156a and 6-156b, respectively. Similar plots for emplacement drifts in category 5
lithophysal rock are shown in Figures 6-157a and 6-157b. By comparing the results at different
years but with the same rock mass properties, it is seen that the differences are very insignificant.
These results suggest that an additional 50-year heating (or ventilation) has minimal effect on the
stability of emplacement drifts, as long as the continuous ventilation is maintained to remove
heat from waste packages and rock.

Drift closures and major principal stresses in rock during seismic motions of an 1x10™
earthquake event at 100 years after waste emplacement are shown in Figure 6-158a and 6-158b,
respectively. Unnoticeable difference is observed when compared with those for the same
earthquake event occurred at 50 years.

Drift Depth of 400 m

Time histories of drift closures and major principal stresses in rock for emplacement drifts
located at 400 m from the ground surface are shown in Figures 6-159a and 6-159b, respectively.
Compared to those shown in Figures 6-155a and 6-155b for a case with a depth of 300 m, the
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increases in drift closures and stresses for 400 m depth are apparent. This is because of an
increase in overburden from 7.09 MPa to 9.46 MPa. Changes in rock displacements and stresses
beyond 50 years are similar to those for the case with lower overburden, further indicating that a
longer duration of the preclosure period or ventilation is not expected to change the stable
conditions of emplacement drifts.

Drift closures and major principal stresses in rock during a 1x10™ seismic event occurred at 100
years are shown in Figures 6-160a and 6-160b, respectively. Fluctuations of rock displacements

and stresses are comparable to those for a case with a lower overburden (see Figures 6-158a and
6-158b).

6.7 ASSESSMENT OF GROUND CONTROL SYSTEM PERFORMANCE

Sensitivity of the predicted performance of ground support on design inputs is evaluated in this
section. Parameters considered in this study include input values related to rock bolt modeling,
percentage of ground relaxation, and effect of rock bolts on rock displacements and stresses.

6.7.1 Variations in Input Values Related to Rock Bolts

In assessing the performance of ground support components such as Swellex bolts, two
parameter values, bond stiffness (Ky) and bond strength (S), need to be estimated. The constant
values of these parameters, irrespective of variability in rock mass properties and installation of
the bolts, were used in the Ground Control for Emplacement Drifts for LA (BSC 2003f, Section
6.4.1), based on calibration of the numerical model with data from a pull test of a Super Swellex
bolt. (The pull test was not conducted in a rock mass or under conditions similar to those at
Yucca Mountain.) Due to variations in rock mass properties and installation, these values are
hardly constant, and may involve great uncertainties. To examine the effect of variations of
these parameter values, three cases are considered by using three different sets of Ky and Sy
values, (3x10% N/m?, 2.75x10° N/m), (1.5x10® N/m?, 1.375x10° N/m), and (6x10® N/m?, 5.5x10°
N/m). The first set of values is treated as the base case values, and the other two sets are either
half of the base case values or twice the base case values.

Axial forces in Swellex bolts installed near the springline and the crown of emplacement drifts
are compared in Figure 6-160 for these three cases. It is shown that axial forces in bolts are
sensitive to the Ky and S, values selected, and increase with the increase of K;, and S, values.
Distributions of axial forces in various bolts for these cases are illustrated in Figure 6-162. It is
noted that the actual axial forces in bolts are obtained by multiplying those shown in Figure 6-
162 by a bolt spacing of 1.25 m.

As described in the Ground Control for Emplacement Drifts for LA (BSC 2003f, Sections 6.3.2.1
and 6.3.2.2), stainless steel is recommended as a candidate material for Swellex rock bolts to be
installed in emplacement drifts. There are various types of stainless steel available. Different
types of stainless steel may have different property values, but their differences are generally not
significant. Similar results to the Super Swellex mentioned above can be expected with various
types of stainless steel.
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6.7.2 Variations in Ground Relaxation

In the Ground Control for Emplacement Drifis for LA, it is assumed that the ground relaxation
prior to installation of ground support is 60 percent (BSC 2003f, Section 4.3). In the subsequent
discussion of that calculation, FLAC3D models were conducted to evaluate the effect of TBM
advance. Those analyses indicated that a more realistic value of ground relaxation is about 75
percent (BSC 2003f, Section 6.1.5). Clearly, use of a lower value of ground relaxation is
conservative from the ground support design perspective. To evaluate what additional safety
margins are involved by using the lower ground relaxation value, a FLAC model with a ground
relaxation value of 75 percent is developed. The Ky and S, values used in this model are 3x108
N/m? and 2.75x10° N/m respectively.

Figure 6-163 compares axial forces in Swellex bolts installed near the springline and the crown
for different ground relaxation values. It is indicated that an increase of the ground relaxation
from 60 percent to 75 percent is expected to result in a reduction of axial forces in bolts of about
15 to 50 percent. Use of the ground relaxation of 60 percent in modeling ground support for
emplacement drifts is very conservative. Figure 6-164 shows the distributions of axial forces in
Swellex bolts from this model. Comparing to those shown in Figure 6-162a, the results look
similar, except the differences in magnitude.

6.7.3 Variations in Ground Conditions

The effect of variations in ground conditions, such as the presence of an EDZ, is investigated, as
discussed in Section 6.3.3.1. To further examine its effect on the performance of ground support,
a FLAC model that includes an EDZ and Swellex bolts is developed. In this model, the ground
relaxation value used is 60 percent.

Figure 6-165 shows a comparison of axial forces in bolts near the springline and the crown for
case with and without an EDZ. It is seen that due to relative large displacements associated with
a low modulus of an EDZ axial forces in bolts, especially near the crown, for a case with an EDZ
are predicted to be much greater than those for a case without an EDZ. Figure 6-166 shows the
distributions of axial forces in bolts, and indicates that bolts might experience bond breaks near
the surface of drifts.

6.7.4 Effect of Rock Bolts on Rock Displacement and Stress

Swellex bolts proposed as part of the final ground support system for the emplacement drifts are
generally considered to provide reinforcement of rock mass. They may have limited capacity in
controlling rock displacements and stresses. To investigate this, drift closures and major
principal stresses in rock adjacent to emplacement drifts are plotted and compared for
unsupported and supported drifts. These comparisons are shown in Figure 6-167. It is
confirmed that the effect of rock bolt installation on rock displacements and stresses around the
drift opening is limited. The drift vertical closure is predicted to have a reduction about 3 mm
over a period of 50 years, while all other parameters show minor changes with rock bolt
installation.
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It should be noted that the actual functions of Swellex bolts are not intended to limit rock
displacements or lower rock stresses, but to provide confinement, reinforce rock mass, and
prevent rockfall.

6.7.5 Assessment of Effect of Longer Ventilation Duration on Swellex Bolts

The effect of a continuous ventilation lasting for 100 years on the Swellex rock bolts proposed
for emplacement drifts is evaluated using the rock mass properties for the lithophysal rock.
Again, two different overburden loads based on two different drift depths of 300 m and 400 m
are considered. Effect of a seismic event associated with an annual exceedance probability of
1x10™ is examined by applying the corresponding dynamic stresses at 100 years after waste
emplacement.

Time histories of axial forces in the Swellex bolts installed near the springline and the crown of
emplacement drifts located at 300 m and at 400 m from the ground surface are shown in Figures
6-168a and 6-168b, respectively. These results clearly indicate that a higher overburden load
will cause higher axial forces in bolts. Increase in the duration of heating is expected to result in
an increase in axial forces in bolts. For the bolts in the RMC 5 rock, they may gradually turn
into tension over time. Longer heating duration appears to have a noticeable impact on the
performance of rock bolts, even though the drift wall temperatures decrease with time. From the
ground support design perspective, however, the design maximum axial forces used in
calculating the factor of safety of bolts do not change since the maximum axial forces
experienced in bolts are developed initially under the in situ load and not predicted to be
exceeded over a period of 100 years.

Fluctuations of axial forces in bolts during the seismic event considered at 100 years after waste
emplacement are shown in Figure 6-169. The magnitude of fluctuations are generally small,
within 10 percent of the static values, and are not very sensitive to the overburden loads
considered (comparing Figure 6-169a to 6-169b).

Overall, longer heating (or ventilation) duration will affect the loads in rock bolts installed in
emplacement drifts. But the ground support design based on a 50-year preclosure period is still
considered as adequate since the design maximum force used in judging the performance of rock
bolts remain the same if the preclosure period with continuous ventilation is extended to 100
years.

6.8 RESOLUTION OF KEY TECHNICAL ISSUES

The NRC is conducting an ongoing review of the information provided by the YMP activities to
allow early identification and resolution of potential licensing issues. The NRC has identified
several key technical issues (KTIs) and associated sub-issues, along with acceptance criteria for
resolution of the issue. The scoping analysis provides information that is directly related to the
KTI on Repository Design and Thermal-Mechanical Effects (NRC 2002). To provide a clear
understanding of the technical issues, a NRC/DOE Technical Exchange and Management
Meeting on Repository Design and Thermal-Mechanical Effects was held in February of 2001.
As a result of this meeting, a number of agreements between the NRC and DOE were formally
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adopted (Reamer and Williams 2001), outlining the plan for resolution of the technical issues.
The agreement items addressed in this report are presented verbatim as follows:

e RDTME 3.06- Provide the design sensitivity and uncertainty analyses of the
rock support system. The DOE will prepare a scoping analysis to determine the
significance of the input parameters for review by NRC staff by August 2002.
Once an agreed set of significant parameters has been determined by the DOE
and NRC staff, the DOE will prepare an analysis of the sensitivity and
uncertainty of the preclosure rock support system to design parameters in a
revision to Ground Control for Emplacement Drifts for SR, ANL-EBS-GE-
000002 (or other document) supporting any potential license application. This is
expected to be available to NRC in FY 2003.

¢ RDTME 3.08- Provide the design sensitivity and uncertainty analyses of the
fracture pattern (with respect to Subissue 3, Component 1). The DOE will
provide sensitivity and uncertainty analysis of fracture patterns (based on
observed orientation, spacing, trace length, etc) on the preclosure ground control
system design in a revision to Ground Control for Emplacement Drifts for SR,
ANL-EBS-GE-000002 (or other document) supporting any potential license
application. This is expected to be available to NRC in FY 2003.

The contribution toward fulfillment of these agreement items provided by this analysis is
identified in Table 6-21.

Table 6-21. Repository Design and Thermal-Mechanical Effects Key Technical Issue Agreement ltems
Addressed in This Analysis

Agreement
Item Approach and Section Reference Status of Agreement

RDTME 3.06 | The sensitivity and uncertainty of the preclosure rock The data and information provided in
support system to design parameters are addressed in this report are intended to fully
Section 6 with considerations of the following five address the requirements of this
categories of parameters: agreement.
e numerical modeling related parameters
e rock mass mechanical properties related parameters
e thermal modeling related parameters
e seismic modeling related parameters
e critical combination of loads

RDTME 3.08 | The sensitivity and uncertainty analysis of fracture The data and information provided in
patterns (based on observed orientation, spacing, trace this report contributes to the closure
length, etc) is addressed in Section 6.3.2 of this agreement.
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Figure 6-1. Dynamic Model Boundary Conditions for Dynamic Simulation
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Figure 6-2. Yield Zone and Safety Factor Contours after Excavation, Lithophysal Rock
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Figure 6-4. Drift Crown and Drift Wall Temperature Histories
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Figure 6-8. Hoop Stress Histories for Thermal Loading, Lithophysal Rock
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Figure 6-9. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Lithophysal Rock
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Figure 6-10. Comparison of the Input Horizontal and Vertical Velocity Time Histories to the Recorded
Velocities at Drift Crown
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Figure 6-11. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock
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Figure 6-12. Stress Path for Selected Locations During Seismic Loading, Lithophysal Rock, RMC 3
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Figure 6-13. Drift Crown Hoop Stress Time Histories, Seismic Shaking Scenario 1, Lithophysal Rock
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Figure 6-14. Drift Crown Hoop Stress Time Histories, Seismic Shaking Scenario 3, Lithophysal Rock
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Figure 6-19. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Nonlithophysal Rock
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Figure 6-20. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock
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Figure 6-21. Stress Path for Selected Locations During Seismic Loading, Nonlithophysal Rock, RMC 3
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Figure 6-24. Geometry and Boundary Conditions for FLAC Models

800-K0C-TEG0-00600-000-000 89 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

100

80

60

40

Temperature (Degrees C)

Time Histories of Rock Temperatures

(Thermal Load = 1.45kW/m; Ventilation Flow Rate = 15 m%/s)

Drift Wall
—— Low er Boundary (25m)
—— Upper Boundary (25m)
| —— Low er Boundary (50m)
—— Upper Boundary (50m) I
—— Low er Boundary (100m)
' Upper Boundary (100m) |

11

20

Figure 6-25.

800-K0C-TEG0-00600-000-000

10 20 30 40 50

Time (years)

Time Histories of Rock Temperatures on Model Boundaries

90 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

| 08 TITLE : Scopire - Model Configuretion Case: w10 [rwn
FLAC (Varsion 4.00) ™

BSC
Las Vegea, Mevads, LSA

(a) vertical dimension = 50 m

208 TITLE : Sooging - Model Configureson Case. ssf210 [ ren
FLAC {Varsion 4.00)

BaC
Lus Vegas, Mevade, IBA

(b) vertical dimension = 100 m

| OB TITLE : Sonping - Model Configuration Case: ssod 10 ™
FLAC (Version 4.00) |

:
;
§
:
2

| -

BSC
Las Vogas, Nevads, LRA

i

(c) vertical dimension = 200 m

Figure 6-26.  Configurations and Mesh Sizes of FLAC Models with Different Vertical Dimensions
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Figure 6-27. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
Thermal Loading Conditions for Different Model Dimensions
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Figure 6-32.  Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and

Thermal Loading Conditions for Different Model Dimensions
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Figure 6-37.  Potential Yield Zones and Contours of Strength-to-stress Ratios for Emplacement Drifts
Simulated for Instantaneous Excavation and Gradual Excavation in Category 3 Lithophysal Rock
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Figure 6-38.  Potential Yield Zones and Contours of Strength-to-stress Ratios for Emplacement Drifts
Simulated for Instantaneous Excavation and Gradual Excavation in Category 5 Lithophysal Rock
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Figure 6-40.

[ JOBTITLE : Scoping - Mode! Confic

tion Case: smn130

FLAC (Version 4.00)

LEGEND

23-5ep-03 17:50

step 2810
-7.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00

Boundary plot
Lussisiislissin
0 2ED0

Plasticity Indicator
X elastic, at yield in past
M-C StrengttvStress Ratios
Contour intervai= 1.00E+00
siress rat. > 10 set to 10
B 4.000E+00
H:  1.000DE+01
Friction = 4 3640E+01
Cohesion = 9.5300E+06
Tension = 1.6000E+05

Las Vegas, Nevada, USA

| 2000

. 4000

(a) instantaneous excavation

ion Case: smn 130

JOBTITLE : Scoping - Model
FLAC (Version 4.00)
LEGEND
13-Oct-03 13:40
slep B794

-7.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7 D00E+00

Boundary plot
Ll il
0 2E 0

Piasticity Indicator

M-C Strength/Stress Ratios

Contour interval= 1.00E+00

strass ral. > 10 set 1o 10

B 4,000E+00

H: 1.000E+01
Friction = 4, 3640E+01
Cohesion = 9.5300E+08
Tension = 1.6000E+06

Las Vegas, Nevada, USA =

= o

(b) gradual excavation

{2000

| 8000

-4 000

Potential Yield Zones and Contours of Strength-to-stress Ratios for Emplacement Drifts
Simulated for Instantaneous Excavation and Gradual Excavation in Category 3 Nonlithophysal Rock

800-K0C-TEG0-00600-000-000

105 of 216

November 2003



Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

JOB TITLE : Scoping - Model Conf

Case: s:mlﬂﬁo

FLAC (Version 4.00)

LEGEND

13-Oct-03 13:40

step 2438
-7.000E+00 <x< 7.000E+00
-7.D00E+00 <y< 7.000E+00

Boundary plot
leienssbssisnaiad
0 260

Plasticity Indicator
X elastic, at yield in past
M-C Strengthv/Stress Ratios
Contour interval= 1 00E+00
stress rat. > 10 sel to 10
B: 5.000E+00
G 1.000E+01
Friction = 4 6660E+01
Cohesion = 1.1750E+07
Tension = 3.2000E+05

Las Vegas, Nevada, USA

T
4000

48,000

(a) instantaneous excavation

ion Case: smn 150

FLAC (Version 4.00)

LEGEND

14-0ct-03 8,02

step  BO7H
-7.000E+400 <x< 7.000E+00
-7.000E+00 <y< 7 000E+00

Boundary plot

Ll
0 2E D

Plasticity Indicator

M-C Strengttv/Stress Ratios

Contour interval= 1.00E+00

stress rat, > 10 set to 10

B: 6000E+00

G:  1.000E+01
Friction = 4 B6G0E+01
Cohesion = 1.1760E+07
Tension = 3 2000E+05

Las Viegas, Nevada, USA

[1]

Figure 6-41.
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Figure 6-42. Calculated Porosity of Lithophysal Cavities, Rims, Spots, Matrix-Groundmass, and the Total
Porosity in the Tptpll Exposed along the ECRB Cross-Drift (Section 6.1.4, Kicker 2003)
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Figure 6-45. Unconfined Compressive Strength Versus Void Porosity for Lithophysal Tuff and PFC
Materials
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Figure 6-47. Cohesion Contours for Analysis 4
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Figure 6-48. Hoop Stress Histories for Thermal Loading, Lithophysal Rock, Spatial Variation Analysis
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Figure 6-49. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Lithophysal Rock,
Spatial Variation Analysis
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Figure 6-51. Principal Stress Contours Comparison
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Figure 6-53. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
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Figure 6-54. Principal Stress Contours, Spatial Variation, Three-Drift Analysis
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Figure 6-55. Drift Crown Hoop Stress Time Histories under Seismic Shaking, Comparison of One-drift to
Three-drift Analysis Results, Lithophysal Rock Spatial Variation

Drift Closures vs. Time
(Ko=0.5; Year=50)

E

E

:

o

9 = )

(&) ) o

& ve (Analysis 2)

=

(=] ———he (Analysis 2)
-0.4 - T ; i ;

ve (Analysis 5, middel drift)
0.5 [ L e e he (Analysis 5, middle drift)
-0.6 . - i ——
0 5 10 15 20 25 30|

Time (seconds)

Figure 6-56. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Comparison of One-drift to Three-drift Analysis Results, Lithophysal Rock Spatial Variation
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Figure 6-57. Relationship of Uniaxial Compressive Strength to Young's Modulus for Lithophysal Rock

Figure 6-58. Representation of EDZ in the FLAC Model
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Figure 6-60. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, EDZ Consideration
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Figure 6-62. Drift Crown Springline Hoop Stress Time Histories under Seismic Shaking, EDZ
Consideration

Drift Closures vs. Time
(Cat.=1; Ko=0.3; Year=50)

10— e
| ‘
|
e
E
E
8
= 0
"]
2 |
o |
& { — v (w/ ED2)
8 514 ___hcw ED2)
| ——wc (w/o EDZ)
‘ ——hc (w/o EDZ)
s | e wiis faidiee

0 10 20 30 40 50 60
Time (seconds)

Figure 6-63. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking, EDZ
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Figure 6-65. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Modulus Variation
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Figure 6-66. Yield Zone and Safety Factor Contours after Seismic Shaking, Modulus Variation
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Figure 6-67. Drift Crown and Springline Hoop Stress Time Histories under Seismic Shaking, Modulus
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Figure 6-68. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Modulus Variation
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Figure 6-69. Hoop Stress Histories at Springline (sp) and Crown (cr) for Thermal Loading, Sensitivity of
Rock Mass Tensile Strength
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Figure 6-70. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Sensitivity of Rock
Mass Tensile Strength
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Figure 6-71. Yield Zone and Safety Factor Contours after Seismic Shaking, Sensitivity of Rock Mass
Tensile Strength
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Figure 6-74. Comparison of Hoek-Brown Envelope to Mohr-Coulomb Sensitivity Case and Base Case
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Figure 6-75. Hoop Stress Histories at Springline (sp) and Crown (cr) for Thermal Loading, Sensitivity of
Rock Mass Strength Parameters, Nonlithophysal Rock
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Figure 6-76. Horizontal (hc) and Vertical (vc) Closure Histories for Thermal Loading, Sensitivity of Rock
Mass Strength Parameters, Nonlithophysal Rock
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Figure 6-77. Yield Zone and Safety Factor Contours after Seismic Shaking, Sensitivity of Rock Mass
Strength Parameters, Nonlithophysal Rock
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Figure 6-78. Drift Crown and Springline Hoop Stress Time Histories under Seismic Shaking, Sensitivity of
Rock Mass Strength Parameters, Nonlithophysal Rock
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Figure 6-79. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Sensitivity of Rock Mass Strength Parameters, Nonlithophysal Rock
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Figure 6-80. UDEC Degradation Model Geometry
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Figure 6-81. Predicted Drift Degradation Profile, RMC 1
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Figure 6-83. Predicted Degradation Profile, RMC 3
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Figure 6-85. Averaged Surface Temperature and at the Drift Location of 100 m and 600 m from Air Inlet
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Figure 6-86. Ventilation Efficiency at the Drift Location of 100 m and 600 m from Air Inlet
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Figure 6-87. Temperature at the Drift Crown of the NUFT Preclosure Thermal Calculation Compared to
the ANSYS Ventilation Model
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Figure 6-88. Temperature at the Drift Crown of the NUFT Preclosure Thermal Sensitivity Calculations
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Figure 6-89. Temperature at the Drift Crown of Three Possible Off-Normal Scenarios
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Figure 6-90. Temperature at the Drift Crown of Two Special Cases of the Off-normal Thermal Scenario
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Figure 6-91. Temperature Near the Drift Crown for the 1 Month Shut-off at 2 Years Case of the Off-normal

Thermal Scenario
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Figure 6-92. Mesh for the Waste Emplacement Sequence Calculation Created by Combining Two
Meshes of the NUFT Preclosure Calculation
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Figure 6-93. Temperatures at the Drift Crown for the Effects of the Waste Emplacement Sequence
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Figure 6-94. Temperatures at the Drift Crown for the Effects of the Waste Repository Edge
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Effects of Sequential Emplacement and Repository Edge
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Figure 6-95. Temperature of Pillar between Two Drifts due to the Emplacement Sequence and Edge
Effect
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Figure 6-96. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC1,
Comparison for Duration

800-K0C-TEG0-00600-000-000 144 0f 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

JOB TITLE : Seismic at 0 Yrs for Case: sc250

FLAC (Version 4.00)

LEGEND

B-Jul03 3:31

step 415261
Thermal Time 3.5634E+05
-7.000E + 00 <x< 7.000E+00
-7.000E +00 <y< 7.000E+00

Boundary plat
lusulisd
0 2E0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10 set to 10
C: 3.000E+00
J: 1.000E+01
Friction = 4.5000E+01
Cohesion = 6.2100E+06
Tension = 3 1000E+06
Plasticity Indicator

Thermal Time 3.1708E+05
-7.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00

Boundary plot
lsateas bl
0 2E0

M-C Strength/Stress Ratios
Contour interval=1.00E +00
stress rat. > 10 set 1o 10
C: 3.000E+00
J: 1.000E+01
Friction = 4.5000E+01
Cohasion = 82100E+06
Tension = 3.1000E+06
Plasticity Indicator

Las Vegas, NV

BsC
Las Vegas, NV T T T T T T T
4000 4000 2000 0000 2000 A 000 8,000
Base Case (Duration Truncation)
| JOBTITLE : Selsrmic at0 Yra for Case: psom2s0 L gt i g
FLAC (Version 4.00) | a000
LEGEND
3-Aug-03 0:10
step BOT260

800-K0C-TEG0-00600-000-000

Full Duration Case

Comparison for Duration

145 of 216

Figure 6-97. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMCS5,

November 2003



Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

-1

Drift Closures (mm)

vc (base case, Cat.=1) || |

hc (base case, Cat.=1)
| ———vc (full duration, Cat.=1)
———— he (full duration, Cat.=1)

—r—
T

——
T

10 15 20 25 30 35

T T

40 45

Time (seconds)

Figure 6-98. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Lithophysal Rock, RMC1, Comparison for Duration

0.8

06

04 +

02 1

Drift Closures (mm)

Drift Closures vs. Time

e = = AR |

vc (base case, C_:ét;é-':] ol

hc (base case, Cat.=5)
vc (full duration, Cat.=5) II
he (full duration, Cat.=5) |

— 1 1

10 15 20 25 30 35 40 45

Time (seconds)

Figure 6-99. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Lithophysal Rock, RMC5, Comparison for Duration

800-K0C-TEG0-00600-000-000

146 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

| JOBTITLE: Selsmic at0Yrs for Case: np1110

FLAC (Version 4.00) | — ‘ ! ‘-— The | a0
B L J//,/ o
By e (A / -

-7.000E +00 <x< 7.000E+00
~T.000E+00 <y< 7.000E+00

— we If,’ /Z %/ \(\\ '\\\II Hlll

o e o \j
M-C Strength/Stress Ratios |
|

—
Thermal Time 3 5634E+05 \ Wi
|

- 0000
Contour interval= 1.00E+00

strass rat. > 10 setto 10 % |
B: 2.000E+00 ‘
I: 9.000E+00

Friction = 5.2000E+01 2

Cohesion = 2.5300E +06 \ \g_x:\-- — %

| 2000

Tension = 8.0000E+04
Piasticity Indicator
X elastic, at yield in past

—
\_/ e
| - o

Las Vegas, NV

Base Case (Duration Truncation)

JOB TITLE : Seismic at 0 Yrs for Case: nplcm110

FLAC (Version 4.00) ==

i —/ e = p - == "'\\‘ 000

LEGEND

25-Aug-03 12:26

step 472483 (
Thermal Time 3.5634E+05
-7.000E+00 <x< 7.000E+00
-T.000E+00 <y< 7.000E+00
|

. 2000

Boundary plot
[T Lusassanl

0 2E 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10 set o 10
B: 2.000E+00
I:  8.000E+00
Friction = 5.2000E+01
Cohesion = 2.5300E+06
Tension = B.0000E+04
Plasticity Indicator
X elastic, at yield in past

- 0.000

[ 4000

\-_ — : | e __/,.m

Full Duration Case

Figure 6-100. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMC1, Comparison for Duration

800-K0C-TEG0-00600-000-000 147 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

JOB TITLE : Seismic at 0 Yrs for Case: np5150
FLAC (Version 4.00)

{8000

LEGEND

23-Aug-03 13:42 _ 4000
step 468818
Thermal Time 3.5634E+05
<T.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00
| 2000
Boundary piot

lesenssnislisniinal

0 2E 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+ 00
stress rat. > 10 set to 10
D: 4.000E+00
J: 1.000E+01
Friction = 6.0000E+01
Cohesion = 4.2100E+06
Tension = 3,1000E+05
Plasticity Indicator
X elastic, at yield in past

| & boo

|- 4000

| 8000

Las Vegas, NV [ T e T T e T W AT
4000 4000 2 000 0000 2.000 4 LX ]

Base Case (Duration Truncation)

JOBTITLE : Seismic at 0 Yrs for Cese: npScm150_

FLAC (Version 4.00)

25-Aug-03 22:24 | w000
step 753151

Thermal Time 3.5634E+05
-T.000E +00 <x< 7.000E+00
-7.000E +00 <y< 7.000E+00

Boundary plot
Losirniban bl
] 2E 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10 set to 10
D: 4.000E+00
J: 1.000E+01
Friction = & 0000E+01
Cahasion = 4.2100E+06
Tension = 3.1000E+05
Plasticity Indicator
X elastic, at yield in past

| 0000

| 2000

Las Vegas, NV T T T v T ¥ T v T T T

Full Duration Case

Figure 6-101. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock, RMC5,
Comparison for Duration

800-KOC-TEG0-00600-000-000 148 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

Drift Closures vs. Time

=

. vc (base case, Cat.=1) i
—— hc (base case, Cat.=1)

vc (full duration, Cat.=1)
he (full duration, Cat.=1)

15 20 25 30 35 40

Drift Closures (mm)

Time (seconds)

Figure 6-102. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Nonlithophysal Rock, RMC1, Comparison for Duration

Drift Closures vs. Time

06 ¢ el

04

0.2

0.0

S
X}

ch (base case, Ca{,=5}
hc (base case, Cat.=5) |
R 7, W e Sl PR — I ve (full duration, Cat.=5) |
—— he (full duration, Cat.=5) i

-0.8 . . f——y ]
0 5 10 15 20 25 30 35 40 45

Drift Closures (mm)

04 0y "1 | I
|

Time (seconds)

Figure 6-103. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Nonlithophysal Rock, RMC5, Comparison for Duration

800-KOC-TEGO0-00600-000-000 149 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

25
20
15 | ——seta (Set9in 1e-6 event) |
——Set 1 (Set 1 in 1e-6 event)
I 10 | Set 2 (Set 4 in 1e-6 event)
i | ——Set4 (Set6in 1e-6 event)
] 1| —— Set 5 (Set 16 in 1e-6 event) |
z
' 0 e
Vi
| ® i
| 2 s
| &
-
= -10
|
48
-20 1 ~
-25 1 - i -
30 — —— .
0 5 10 15 20 25 30 35 40
time (sec)

Figure 6-104. Horizontal Velocity Time Histories for 5 Sets of Scaled Ground Motions

800-K0C-TEGO0-00600-000-000 150 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

-7 DOGE +00 <x< 7.000E + 00
-7.000E +00 <y« 7.000E +00

-7 OO0E +00 <y< ¥ OD0E + 00

Bourmary plot Boundary piot
[—— [F——)
0 ®E0 o 20
ML gt Flasce W StrangtSiress flatos
Iehareul = 1 OOE +00 Corur interval= 1 OOE +00

strens it > 10 st 10 10

Contsw
wirwss rat. > 10 st o 10

LEGEND

1AWGO3 817
vap 75834

Thermai Tena 3.1708E + 08
7 000E +00 <w< 7.000E + 00
7.000E 400 <y« 7.000E +00

‘Boundary piot
Tt

L] ¥®o0

ML SanghStees Aation

Contou imerval = | DOE +00
wrees et > 10 st 10

T ODOE <00 <x< T DODE + 00
1 OO0E +00 <y< T DOOE +00

Bourdary it

* \ o ey
e e ™ e A Lo Vogus, WY T R T )

Scaled Motion 2 Scaled Motion 5

OB TITLE - Seiwmie af O Yre lor Cane. ssE10

<7 0OGE +00 <¥< 7000 + 00
<7.000E 400 <y« T.000E +00

.
-7 ODOE +00 «<x« 7 DOOE +00
-7 000E +00 <y« T DOOE +00

Bourdary piot Boundary piot
il
a Mo L] ®o
W SrmngtiSiees Hatos b

Coenoir irterval = 1 DOE « 00
wiress ral > 10wt 10

catet mm L aom
X wiantie, 41 yhald n past -
f e
BSC asc
0 W ov N T AR "R e i 4o My P T e Y R "™ T

Scaled Motion 3 Base Case
Figure 6-105. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC1

800-KOC-TEGO0-00600-000-000 151 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

JOB TITLE  Saisrec & 0 Yre tor Case: Scaled Moton= |

FLAC (Version 4 00)

LEGEND

9500 180

ey 223040
Thasmal Time 3 1708E + 08
<7 0O0E +00 < %< 7 OO00E +00
-7 000 +00 <y< T 000K +00
Bounday ot

e

L] Eo

ML SirangRyBwes Rasos.
Cooriou intarval= 1 DOE + 00
wirwsn ut > 10 et 0 10

LEGEND

3 -ulos 3128

g F55008
Thaemai Tame  3.1708E + 05
<7.000E +00 << T.000E + 00
7.000E +00 <y« 7 DOOE+00
Beoundary plot

lemtt bt

] ®¥0

JOf TITLE  Seismic o 0 Yrs for Case’ Soaled Moson= 4
FLAC (Version 4.00)

=

5=

-

Scaled Motion 4

-7 000K +00 <y« 7000 +00
Boundary plot

[ ]

L] mo
ML Streng ey Rasos
Contour mureal~ 1 00E +00
wtwns rut > 108et 0 10

B 2000E+00
t BO00E +00

JOB TITLE - Ssiwmic ot 0 Yre for Cane:
FLAC (Version 4 00)

LEGEND

Phug03 248

g 238258
Tharmad Time 3.1 708E + D8
-7000F +00 <s< T OO0 + 00
-7 Q00E +00 <y« T000E +00
Boundary plot

[rr—

o EO
ML SmenghuEiess Aatos

Contowr wrherval = | DOE » 00
wheas iat > 10 satio 10

Scaied Mofion = §

B&C
s Vegas, NV

JOB TITLE - Seimmic a1 3 Yra for

FLAC (version 4 00)

LEGEND

8000 1811

vep 240880
Tharmal Tma 3 17088 - &8
7 00O +00 < we 7 0ODK + 00
7 00K +00 <y« 7000 +00
Beurday plot

[P —

o *®0

asc
L Vegas NV

Scaled Motion 3

Scaled Motion 5

JOB TITLE _ Saismic of 0 Yrs kor Case:
FLAC (Version 4 00)

<7 ODOE +00 << 70008 + 00
7.000€ 400 <y« 7.000E+00

Boundary piot
[ —
L] ED

M-C Strerg #utress Ratics
Comour imtarval= 1 DOE +00
wivass rat > 10 w8t 0 10

BsC
Lim Vogas, NV

o v I

| amm

{0

Base Case

Figure 6-106. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC5

800-KO0C-TEG0-00600-000-000

152 0f 216

E-'E'". e 'm e ' ‘__ - "“'_uﬂ'_‘ ; uij =y ,“

November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

Drift Closures vs. Time
{Kp=0.5; Year=0)

Drift Closures (mm)

| ——Base Case
| —— Scaled Motion 1
—— Scaled Motion 2
—— Scaled Motion 3
Scaled Motion 4
| ——— Scaled Motion 5
T 1

T

10 15 20 25

Time (seconds)

Figure 6-107. Drift Vertical Closure Time Histories under Seismic Shaking, Lithophysal Rock, RMC1,

Comparison for Ground Motions

Drift Closures vs. Time
(Kq=0.5; Year=0)

0.8 — St kg
0.6 =
. 0.4 1
E 0.2 i ‘é ) ll % '
g 0.0 lll Hk |I ‘J]!h willnl | Ao
g I i LU 'J iy 1" i
£ 02 -.||. el YN ! -
0 ‘II ||i ) T | ‘ i i
S o4 L] P |
. % s H : — Base Case
i £ —— Scaled Motion 1
| P —— Scaled Motion 2
—— Scaled Motion 3
1.0 i — Scaled Motion 4
——— Scaled Motion 5
A2 - ' !
0 5 10 15 20 25

Time (seconds)

30

Figure 6-108. Drift Vertical Closure Time Histories under Seismic Shaking, Lithophysal Rock, RMCS5,

800-K0OC-TEG0-00600-000-000

Comparison for Ground Motions

153 of 216

November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

FLAC (Verson 4 00)

JOB TITLE _ Seisric #10 Yrs for Case’ np1 110, Scaled Motion » 1

Ihga oM

e 131818

Traemal Tima 3 S8ME « 08
7 000K +00 <x< T OC0DE+00
7 O0OE +00 <y« 7 DOOE +00

Boundary plot
[
L] ®o

Scaled Motion 1

JOB TITLE - Swinmic u 0 Yry for Cane: ﬂugaﬂulrm— 4

FLAC (version 4 00)

-7 00GE +00 <x< 7 000E +00
-7 O00E +00 <y< T 000E +00

Boundary plt
BTy
o 2E0

e

JOB TITLE ~ Seiwmic a1 0 Yre for Case:

-7 000E +00 <3< 7000 + 00
-} 000K +00 <y« 7 DOOE +00

Bourdary piot
Lassnsibasimsd
0 o0

110, Scaled Moson= 2

faom

s amn aom o wan am amn

Scaled Motion 2

FLAC (Version 4,00)

JOB TITLE _Sewmic @ 0 Yrw tor Cane: rp't 110, Scaled Motion = 3

LEGEND

IMAugLa 1848

wmp AT

Thesmal Terea 3 S834E + 08
<7 ODOE +00 <a< 7 OODE + 00
<7 ODOE +00 <y« 7 000E +00

Boundary pist
il

Bsc
L Vegas, MY

<7 G00E +00 <w< T 000E+00
<7 00GE +00 <y< 7 000E +00

Boundary plot
o 0
e fascs

whwen rut. > 10 9wt 10 10
B 2.00GE +00
£ DO0CE +00

astn st ads wom i T R

Scaled Motion 5

| JOBTIILE  Seismic a0 Yrs tor Case gt 110

FLAC (Version 4 00)

am | am am | emm s . "

4
7.000E 400 << 7.000€ +00
70008 400 <y< T DODE +00

Boundary plot
[——

L] Mo

MC StrengifyTiees Rasos

Conaur interval = 1 D0E +00
wtreas . > 10wt 10

= L [

.

e

T T 1 T ¥
o amm amm - o

Scaled Motion 3

Base Case

Figure 6-109. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock, RMC1

800-K0C-TEG0-00600-000-000

154 of 216

November 2003

,"i‘h-‘h‘ .-lr_



Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

| JOSTIMLE : Seiawis ot0 Yis i Case: 40100, Supind Mython | JOB TITLE - Saismia ot 0 Yre for Case: np8150, Scaled Motion = 4
FLAC (Version 4 00) | ame FLAC (Version 4 00) o
LEGEND LEGEND
ATAag @ AT Al 2WAug-aa 1120 | woen
wmp 208388 vp 233842
Tharmal Time 33834E + 08 - Therma Tave 3 S034E +05
70008 +00 <¥< 7 ODOE+00 i 7 C0DE+00 <we 7.000E + 00
o7 OOOE « 00 <y« T DOOE +00 e 7 O0OE +00 <y« T .000E+00 i
Sumiory ot Boundary pot
[N Yo Ft e
o €0 0 2 0
M StrergPuSiress Hatos - we Nates ™
Comou miewval= | 00E+00 Cormou irmerel= 1 00E +00
Wrem i > 10 sMm 10 stress rui > 10 set 10 10
0 40000400 0 4000E+00
4 10008 401 2o T 10008401 Lows
Fricton = 8 DOOOE +01 Frcken = §.0008+01
Cohesion = 431008 +08 o Cobwsion = 4 21008 +08
Torwion « 3L V000 + 05 Tension = 1000E +05
¥ wiwstie, ot yhekd i past = xm“.nmn-u =
| aam amm
ac BSC
kol P N A R R b Vegen ¢ = e W IR TR TR
Scaled Motion 1 Scaled Motion 4
| JOB TITLE . Selemic m O Yrs for Case: p8180, Bosnd Metion= 3 OB TTTLE - Seismic s 0 Yra tor Case: np8150, Scaled Motion= §
il bty s  van FLAC (Version 4.00) =
LEGEND LEGEND
A7 Aug0 1408 - ;
wep 4340 qm:-:.u Foei
Thasmad Tirss 3 S834E + 08 Thesnal Tere 3 SBME + 08
7 000K +00 <x< 7 000E + 00 -7 000E +00 <x< 7 000 «00
7 000K +00 <y« 7 DO0E+00 R 70008 +00 <y« 70008400 Z =
Boundary plet
Bourdary piot
o ®o ° ®o
MC BirangvStess Ratos Vi " Tt ™
Aot rals 1Y ?me- 1 00E +00
sirees rut. > 10 vt 1 10 strowt rat > 10 st 10
D 4000E+00 g i
0N <1 dasnd b 1000E +01 -
Fretan = 8 00O0E + 01 0 ot +
Catwwion = 4 F100€ +08 Cohasion = 4 2100E +08
Tension = 3 1000F +08 a P
L Sbeer - inteator
S, o 5o & et ¥ slastec, ot yisid 1 past ot
amm s
Bsc e
R R R T T T e g Y e = T N T T
Scaled Motion 2 Scaled Motion 5
| JOBTITLE - Swmmic w0 s for Case. npS150, Scaled Motion= 3 JOB TITLE . Seisrmic o 0 Yru for Case. nps150
FLAC (Version 4 00) ir= FLAC (Version 4 00) (-
LEGEND LEGEND
T Aug 0 1806 - Mg 1342 e
wep 220000 wep deaain
Themal Tene 3 S634E + 05 Theemad Tame 3 S834E + 08
7 000F 400 <v< 7.000E + 0 7 /000F +00 <xe 7000E + 00
<7 ODOE +00 <y« T OOOE 00 e -7 O0OE +00 <y« 7 .000E+00 i
Bourdary pist Boundary piot
[N [ITOR]
] ®o [ 0
W.C SwengiySTens Ratos i MC SrengTSiren flasos -
Cortour intervai= 1 00E +00 Comodur interval s 1 O0E +00
witwnn rut > 10 et w0 10 wiveds il > 10 set 0 10
O 4000E+00 D 4000E+00
& 1 DOCE +81 e & 1DO0E 401 Ao
Friction = 8 0000E « 01 Fricton = 8 0000E + &1
Cohwsion = 4 11008 +08 Cohesion = 4 2100 +08
Terwion = 11000 +05 Tanwion « 3 1000E +05
Pramtic fy Ineatsr — THassly oieior -
Pr—T  whastic. at yield in past
R | ams
sc BsC
Lt ; A S TR T bt o T e i "R T TR

Scaled Motion 3

Base Case

Figure 6-110. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock, RMC5

800-K0C-TEG0-00600-000-000

.- .Il |=-

155 of 216

November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

Drift Closures vs. Time

(Ko=0.5; Year=0)
1.5 — —
1.0 — —
—~ 0.5
1 E
- E
g 0.0 + % 4 L]
5 0 5 30
"]
S -05
o
£ —Base Case |
| & -1.0 —— Scaled Motion 1
| — Scaled Motion 2
— Scaled Motion 3
‘ -1.5 1 I B ey Scaled Motion 4
—— Scaled Motion 5
o, ol MAECR, e 6 ' o 15 it - | e =

Time (seconds)
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Figure 6-112. Drift Vertical Closure Time Histories under Seismic Shaking, Nonlithophysal Rock, RMCS5,
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Figure 6-117. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMC1, H1 vs H2
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Figure 6-118. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMCS5, H1 vs H2
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Figure 6-119. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Nonlithophysal Rock, RMC1, H1 vs H2
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Figure 6-120. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Nonlithophysal Rock, RMC5, H1 vs H2

800-K0C-TEG0-00600-000-000 162 of 216 November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

JOB TITLE : Seismic at 0 Yrs for Case: p1FC2-210

FLAC (Version 4.00)

LEGEND

23-Aug03 22:17

step 240688

Thermal Time 3 5634E+05
<7.000E +00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00

Boundary plot
il
0 2E 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10 set to 10
B8 2.000E+00
F: 6.000E+00
Friction = 4.5000E+01
Cohesion = 20700E+06
Tension = 1.0350E+06
Plasticity Indicator

X elastic, at yield in past
Bsc
{ Las Vegas, NV
1e-4 ground motions
JOB TITLE : Seismic at 0 Yrs for Case: sst210 T __ .___~
FLAC (Version 4.00)
LEGEND

27-Jun-03 17:10

step 131048
Thermal Time 3 5634E+05
-7.000E +00 <x< 7,000E+00
<7.000E+00 <y< 7,000E+00

Boundary plot
sl
0 220

M-C Strength/Stress Ratios
Contour interval=1.00E+00
stress rat. > 10 set to 10
B 2.000E+00
F. 6.000E+00
Friction = 4.8000E+01
Cohesion = 2.0700E+06
Tension = 1.0800E+06
Plasticity Indicator
X elastic, at yield in past

Las Vegas, NV

5e-4 ground motions (base case)

Figure 6-121. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC1,
Comparison of 5x10™ Ground Motions (Base Case) and 1x10™* Ground Motions
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Figure 6-122. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC3,
Comparison of 5x10™ Ground Motions (Base Case) and 1x10 Ground Motions
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Figure 6-123. Yield Zone and Safety Factor Contours after Seismic Shakung, Lithophysal Rock, RMCS5,
Comparison of 5x10™* Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-124. Drift Horizontal (hc) and Vertlcal (vc) Closure Time Histories under Seasmlc Shaking,
Lithophysal Rock, RMC1, Comparison of 5x10™* Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-125. Drift Horizontal (hc) and Vertlcal (vc) Closure Time Histories under Selsmlc Shaking,
Lithophysal Rock, RMC3, Comparison of 5x10™* Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-126. Drift Horizontal (hc) and Verhcai (ve) Closure Time Histories under Sensmtc Shaking,
Lithophysal Rock, RMC5, Comparison of 5x10™ Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-127. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMC1, Comparison of 5x10™* Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-128. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMC3, Comparison of 5x10™ Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-129. Yield Zone and Safety Factor Contours after Seismic Shaking, Nonlithophysal Rock,
RMCS5, Comparison of 5x10 Ground Motions (Base Case) and 1x10™ Ground Motions
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Figure 6-130. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaklng,
Nonlithophysal Rock, RMC1, Comparison of 5x10™ Ground Motions (Base Case) and 1x10™* Ground
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Figure 6-131. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Nonlithophysal Rock, RMC3, Comparison of 5x10™ Ground Motions (Base Case) and 1x10™ Ground
Motions
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Figure 6-132. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaklng,
Nonlithophysal Rock, RMC5, Comparison of 5x10™ Ground Motions (Base Case) and 1x10™ Ground
Motions
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Figure 6-133. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMC1,
Repetitive Ground Motions with Mean Annual Exceedance Probability of 5x10™
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Figure 6-134. Yield Zone and Safety Factor Contours after Seismic Shaking, Lithophysal Rock, RMCS5,
Repetitive Ground Motions with Mean Annual Exceedance Probability of 5x10™

800-K0C-TEG0-00600-000-000 174 of 216

November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

Drift Closures vs. Time

1st seismic shaking

Drift Closures (mm)

-2

3

<3

2nd seismic shaking

10 20 30 40

50 60

Time (seconds)

Figure 6-135. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Lithophysal Rock, RMC1, Repetitive Ground Motions with Mean Annual Exceedance Probability of 5x10™

08—

-

Drift Closures vs. Time

1st seismic shaking

o
»

©
[N}

Drift Closures (mm)
e S -
3] o

<5

2nd seismic shaking

10 20 30 40

50 60

Time (seconds)

Figure 6-136. Drift Horizontal (hc) and Vertical (vc) Closure Time Histories under Seismic Shaking,
Lithophysal Rock, RMC5, Repetitive Ground Motions with Mean Annual Exceedance Probability of 5x10™

800-K0OC-TEG0-00600-000-000

175 of 216

November 2003




Scoping Analysis on Sensitivity and Uncertainty of Emplacement Drift Stability

~ JOBTITLE : Seismic at 2 Yrs for Case: npirgm110

FLAC (Version 4.00)

25-Aug-03 11:44

step 297625

Thermal Time 6.3072E+07
-7.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00

Boundary plot
leissssssidisssassnl
0 2E 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10set to 10
B 2.000E+00
J: 1,000E+01
Friction = 5.2000E+01
Cohesion = 2.5300E+06
Tension = B8 0000E+04
Plasticity Indicator
X elastic, at yield in past

BSC

| 4000

| 2000

. =4 D00

Las Vegas, NV T — T

Seismic Shaking after 2 years Thermal Loading

JOBTITLE ! In Situ 4 Thermal -iaovm«_q._..__; npirgmio

FLAC (Version 4.00)

LEGEND

25-Aug-03 15:04

step 633457
Thermal Time 1.5768E+08
-7.000E+00 <x< 7.000E+00
-7.000E+00 <y< 7.000E+00

Boundary plot
| PRYPRPPPm FrPPeeToR

0 2€ 0

M-C Strength/Stress Ratios
Contour interval= 1.00E+00
stress rat. > 10 set 1o 10
C: 3000E+00
J: 1.000E+01
Friction = 5.2000E+01
Cohesion = 2.5300E+06
Tension = 8.0000E+04
Plasticity Indicator
X elastic, at yield in past

Las Vegas, NV T T T T T T . T T T T

50 years Themal Loading and Repetitive Seismic Shaking

0000

- <2000

. 4000

- 4000
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Nonlithophysal Rock, RMC1, Repetitive 5x10™ Ground
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Figure 6-140. Drift Horizontal (hc) and Vertical (vc) Closure Time Hlstones under Seismic Shaking,
Nonlithophysal Rock, RMC5, Repetitive 5x10™* Ground
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Figure 6-141. Time Histories of Rock Temperatures on Drift Wall for Various Thermal Conditions
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Figure 6-144. Contours of Strength-to-stress Ratios around an Emplacement Drift under In Situ and
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Figure 6-148. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
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Figure 6-150. Thermomechanical Analysis Considering Emplacement Sequence and Edge Effect
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Figure 6-151. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
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Figure 6-152. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
Thermal Loads for the 2™ Drift with Consideration of Emplacement Sequence and Edge Effect, RMC 5
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Figure 6-153. Yield Zone and Contours of Strength-to-stress Ratios around the 2™ Emplacement Drift
under In Situ and Thermal with Consideration of Emplacement Sequence and Edge Effect
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Figure 6-154. Time Histories of Rock Temperatures on Model Boundaries for a Preclosure Ventilation
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Figure 6-155. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
Thermal Loads for a Preclosure Ventilation of 100 Years and a Drift Depth of 300m
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Figure 6-156. Potential Yield Zones and Contours of Strength-to-stress Ratios for Emplacement Drifts
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Figure 6-157. Potential Yield Zones and Contours of Strength-to-stress Ratios for Emplacement Drifts
in Category 5 Lithophysal Rock for a Depth of 300 m
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Figure 6-158. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ,
Thermal, and Seismic Loads for a Preclosure Ventilation of 100 Years and a Drift Depth of 300m
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Figure 6-159. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
Thermal Loads for a Preclosure Ventilation of 100 Years and a Drift Depth of 400m
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Figure 6-160.
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Axial Forces in Bolts vs. Time
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Figure 6-161. Axial Forces in Swellex Bolts Installed near Springline and Crown with Various K, and S,
Values
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Figure 6-167. Time Histories of Drift Closures and Major Principal Stresses in Rock under In Situ and
Thermal Loads with and without Swellex Bolts Installed
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7. SUMMRY AND CONCLUSIONS
71 SUMMARY

This report was developed to document the assessment made for the design sensitivity and
uncertainty of the emplacement drift stability during the preclosure period. The analysis
identifies the physical mechanisms and governing parameters related to drift stability, develops
analytical models and performs the sensitivity analysis. The factors related to drift stability
include the stress redistribution during excavation, stresses induced by the heat released by the
emplaced waste, the stresses due to seismically related ground motions, and the strength loss of
the rock mass due to time-dependent strength degradation. These factors have been modeled and
analyzed, resulting in the prediction of the deformation and stress around the emplacement drift.
The summary and conclusions are presented in the following subsections.

7.1.1 Base Case Analyses

e Unsupported emplacement drifts are expected to be stable with relatively small rock
displacements and yield zones induced by excavation for drifts located in both lithophysal
units and nonlithophysal units. Thermal and seismic loads in the preclosure period are
general minor. Elastic rock mass response is predicted under the in situ, thermal, and seismic
loading. The safety factor contours and stress path show relatively high margin of safety for
unsupported openings (Sections 6.1.1 and 6.1.2).

e The drift wall temperature peaks at 2" year after waste emplacement. The highest thermal
stress increase in the vicinity of the opening appears to be around 10 years after waste
emplacement (Sections 6.1.1 and 6.1.2).

o Three scenarios were considered for seismic analysis: (a) beginning of waste emplacement,
(b) at 2 years after waste emplacement, and (c) at 50 years after waste emplacement. The
analysis results from these three scenarios show similar stress and deformation response
(Sections 6.1.1 and 6.1.2).

7.1.2 Numerical Modeling Related Parameters

e The horizontal dimension for the numerical model was set to be equal to the drift spacing of
81 m. Three different vertical dimensions, equal to 50, 100, and 200 m, are used for
sensitivity analysis. It is indicated that there are very small differences in calculated drift
closures and stresses in rock adjacent to emplacement drifts (Section 6.2.1). Use of a smaller
dimension, such as 50 m, tends to slightly overestimate the rock displacements (by about 5
percent).

e Sensitivity analysis of the initial condition was conducted using three different values of the
horizontal-to-vertical stress ratios (K,), equal to 0.3, 0.5, and 1.0. The predicted drift
closures and stresses in rock adjacent to emplacement drifts corresponding to the cases with
K,=0.3 and K,=1.0 are bounding for various loading conditions considered. Results indicate
that the impact of thermal load on stress distributions increases with a decrease in K, value
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(Section 6.2.2). This is because thermally-induced stresses are predominantly in the
horizontal direction, and more influential in terms of relative changes in stresses when the K,
value is low. Rock displacements induced by seismic shaking are not very sensitive to the K,
value.

Use of the instantaneous unloading process to simulate the TBM excavation is conservative,
and it tends to overpredict the potential yield zones around the drifts located in relatively
weak rock (Section 6.2.3).

7.1.3 Rock Mass Mechanical Properties Related Parameters

Assessment of the spatial variation of the rock mass properties in lithophysal rock was
conducted based on the simulated lithophysal porosity. The overall rock mass response
around the drifts at various locations are predicted to be compatible to those of the base case
RMC 3 rock. With inclusion of the strong and weak material within one model region, the
end results appear to be consistent to the median rock mass quality case (Section 6.3.1).

Interaction of adjacent drift appears to be insignificant with consideration of spatial variation.
The stability of the intervening pillar is not of concern due to the large pillar size, low
extraction ratio, and relatively minor loading condition for preclosure (Section 6.3.1).

The discontinuum model incorporating the fracture pattern explicitly was analyzed for
rockfall in the Drift Degradation Analysis (Kicker 2003, Section 6.3). Overall the modeled
drifts remain stable with minor rockfall when thermal and preclosure seismic loads are
imposed. The results are consistent with the prediction from the equivalent continuum model.
The use of the equivalent continuum model is therefore justified with the results from the
3DEC analysis (Section 6.3.2).

The analysis including the effect of EDZ represented by the Category 6 rock mass properties
was conducted. The soft inclusion produces lower stress concentration and higher
deformation around the opening (Section 6.3.3.1).

Variation of modulus for a fixed rock mass strength was assessed with the selection of elastic
modulus value ranging from 5 GPa (soft case) to 12.5 GPa (stiff case) for RMC 3 rock.
These two bounding cases show similar results as that for the base case (Section 6.3.3.2).

Variation of rock mass tensile strength was considered with the range of one twentieth to one
half of the rock mass cohesion. Similar results were shown for the range of variation (Section

6.3.3.3).

Sensitivity of rock mass strength parameters (cohesion and friction angle) for the
nonlithophysal rock was assessed with the two sets of properties developed based on the
curve fit of the Hoek-Brown criterion at two confinement ranges. Hoek-Brown criterion was
also directly modeled for comparison. The results show that the strength criterion has little
impact to the outcome of the analysis results (Section 6.3.4).
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e Considering the lithophysal rock mass with spatial variation resembling the median rock
mass quality category, the degradation of rock mass around the opening during the preclosure
is likely to be insignificant (Section 6.3.5).

7.1.4 Thermal Modeling Related Parameters

e The base case thermal scenario considers the drift length of 600 m. An bounding case with
drift length of 800 m is also considered. The 800 m case exhibits a peak temperature of 87 °C
about 13 °C hotter than the 600 m NUFT base case, due to the lower ventilation efficiency at
800 m. (Section 6.4.1).

e Values of thermal conductivity and specific heat with one standard deviation less and more
than the mean values were used as an upper bound and a lower bound of the thermal property
uncertainties. The peak temperature values at the drift crown were about £ 5 °C different
from that of base case due to the variation of thermal conductivity. Additional + 1.5 °C were
added to the peak temperature due to the heat capacity changes (Section 6.4.2).

e Off-normal thermal scenarios considered various ventilation shut-off durations at various
preclosure times. The NUFT preclosure calculations were conducted for the off-normal
thermal scenarios. The results demonstrated the rapid temperature increase of 14 °C in the 1-
week shut-off cases and less than 2 °C increase in the 1-day shut-off case. The temperature
jump diminished rapidly, with temperature returning to the temperature history unaffected by
the shut-off, after the ventilation was restored. Three additional special cases were also
considered — the extreme 1-month shut-off case, the one standard deviation less thermal
property case, and the 800 m drift location from air inlet case. The extreme case shows rapid
temperature increase of 28 °C and relatively slow decrease of temperature after the
ventilation shut—off. The low thermal property case and the 800 m case exhibit rapid
temperature increase of 15 °C and rapid temperature drop that is very similar to the 1-week
shut-off cases (Section 6.4.3).

o Effects of the waste emplacement sequence were investigated using a two-drift NUFT
preclosure calculation. The results of the emplacement sequence calculations exhibited minor
temperature changes in the first and the second drifts from the base case NUFT calculation
(Section 6.4.4).

7.1.5 Seismic Modeling Related Parameters

e The duration, spectral content, and selection of the horizontal ground motion have minor
impact on the drift stability. This is mainly due to the relative small magnitude of seismic
loading (Sections 6.5.1, 6.5.2, and 6.5.3).

e Ground motions with mean annual exceedance probability of 1x10™* were used as an upper
bound for preclosure design. Although the magnitude of the 1x10™* ground motions is double
compared to that of the base case using the ground motions with 5x10™ probability of
exceedance, extent of yield zone and the safety contours are in general similar between these
two cases. Additional yield area is observed for the RMC1 and RMC3 rock, but is limited
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around the drift perimeter. Overall, the drift remains stable under seismic shaking with 1x10
* ground motions (Section 6.5.4).

The scenario of two seismic events with 5x10™ probability of exceedance occur in the 100-
year span is considered credible for repetitve seismic shaking. The two 5x10™ seismic events
were simulated at 2 years after waste emplacement (highest temperature) and at 50 years
after waste emplacement to cover the thermal loading evolution. The stress and deformation
results for the drift after the repetitive seismic shaking are similar to those with only a single
event (Section 6.5.5). The credible scenario for the repetitive ground motions during
preclosure appear to have less impact on drift stability than the bounding case with single
1x10* ground motions.

7.1.6 Critical Combination of In Situ, Thermal, and Seismic Loads

e The off-normal thermal scenario combined with 1x10* ground motions were included as the

critical combination. The results show that differences in rock displacements and stresses are
not significant compared with the normal thermal case, even though the drift wall
temperatures are 16 to 28°C higher under the off-normal situations than the normal
condition. The results suggest that changes in rock displacements and stresses are dependent
more on heated rock mass volume than the temperature level. A temperature surge with a

very short duration does not significantly affect the behavior of emplacement drifts (Section
6.6.1).

Uncertainties of thermal conductivity, specific heat, and coefficient of thermal expansion and
their impact to the performance of emplacement drifts were evaluated. Also an EDZ zone is
included in the evaluation. Insignificant effect on drift stability is observed for lower thermal
conductivity and specific heat values. The introduction of an EDZ has more impact than the
use of higher coefficient of thermal expansion on rock displacements and stresses. These
results suggest that rock mass mechanical properties have more significant impact on the
drift stability than the thermal properties. Use of the mean thermal properties in the design
calculations is appropriate and any uncertainties associated with thermal properties appear to
have limited effect on drift stability (Section 6.6.2).

A thermomechanical analysis consists of 2 drifts is used to investigate the impact of
emplacement sequence and edge effect to drift stability. These results indicate that the
emplacement sequence and edge effect has insignificant impact to the drift stability (Section
6.6.3).

The effect of a 100-year ventilation on the stability of unsupported emplacement drifts is
used to assess the impact of long ventilation duration on drift stability. The results show that
a longer duration of the ventilated preclosure period is not expected to change the stable
conditions of emplacement drifts (Sec 6.6.4).

7.1.7 Assessment of Ground Control System Performance

Variation of bond stiffness (K3) and bond strength (Sy) for the Swellex bolts was evaluated
for the performance of the ground support system. It is shown that axial forces in bolts are
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sensitive to the Ky, and S, values selected, and increase with the increase of K, and Sy, values
(Section 6.7.1).

e The sensitivity of ground relaxation prior to installation of ground support was evaluated
with consideration of 60% and 75% relaxation. It was shown that an increase of the ground
relaxation from 60 percent to 75 percent is expected to result in a reduction of axial forces in
bolts for about 15 to 50 percent (Section 6.7.2).

o The performance of the ground support system with the presence of an EDZ was assessed. It
is shown that relative large displacements are associated with EDZ. Axial forces in bolts,
especially near the crown, are predicted to be much greater than those without EDZ when
considering a 60% ground relaxation (Section 6.7.3).

e It is shown that the effect of bolt support on rock displacements and stresses around the drift
opening is limited. The actual functions of Swellex bolts are not intended to limit rock
displacements or lower rock stresses, but to provide confinement, reinforce rock mass, and

"prevent rockfall (Section 6.7.4).

e The effect of a continuous ventilation lasting for 100 years on the Swellex rock bolts
proposed for emplacement drifts is evaluated using the rock mass properties for the
lithophysal rock. Overall, longer heating (or ventilation) duration will affect the loads in
rock bolts installed in emplacement drifts. But the ground support design based on a 50-year
preclosure period is still considered as adequate since the design maximum force used in
judging the performance of rock bolts remain the same if the preclosure period with
continuous ventilation is extended to 100 years (Section 6.7.5).

7.2 ASSESSMENT AND RECOMMENDATIONS

The scoping analysis presented in this report fulfills the criteria identified in Section 5.2. The
sensitivity analyses have adequately captured the physical phenomena associated with the
various components of rock mass behavior anticipated within the repository horizon. The
analysis results provide the bounding scenario and level of conservatism to stability analyses of
the ground support system for License Application (LA).
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ATTACHMENT I

SIMULATION OF LITHOPHYSAL POROSITY SPATIAL VARIATION
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I.1 INTRODUCTION

To assist in modeling the spatial variability of mechanical properties in two and three dimensions
(i.e., 2D and 3D) for areas and volumes surrounding tunnels, a simple method of projecting the
2D distribution of lithophysal cavity porosity has been developed. The calculation described in
this attachment is for rock in the lower lithophysal zone of the Topopah Spring Tuff (Tptpll), and
it is based on the data from the ECRB Cross-Drift (DTN: MO0306MWDDDMIO.001). The
ECRB Cross-Drift data represents one of the best and detailed distributions of lithophysal cavity
porosity available, so these data are projected to a vertical simulated cross section that is
perpendicular to the ECRB Cross-Drift. Once the spatial variation of the lithophysal cavity
porosity has been determined for areas and volumes surrounding the tunnels, correlation
equations for the porosity to unconfined compressive strength and Young’s Modulus can be used
to distribute the elastic properties and material strength (Section 6.3.1).

Four steps are used for projecting and distributing lithophysal cavity porosity in a tunnel (such as
the ECRB Cross-Drift) into a two-dimensional cross section that is perpendicular to the tunnel.
A simplified summary of these four steps is described below and in Figure I-1, with a detailed
explanation (with specific examples) provided in Section 1.6.

e Step 1. Lithophysal cavity porosity values are projected along the apparent dip of the
lithostratigraphic unit to a vertical line that is perpendicular to the tunnel (Figure I-1a),
and this vertical line forms the center of the cross section. For simplicity, only the values
that project to the top and bottom of the vertical line are depicted (Figure I-1a), but each
point along the tunnel can be projected along the same apparent dip.

e Step 2. The vertical line is divided into a series of sections or horizons, and these
sections are projected along the apparent dip to form stratigraphically equivalent
“windows” along the tunnel (Figure I-1b).

e Step 3. The distribution of values and descriptive statistics, for example mean and
standard deviation, are determined for each “window”, and these statistics are imparted to
the correlative section on the vertical line (Figure I-1c).

e Step 4. Descriptive statistics for each section on the vertical line are propagated along a
horizon across the cross section (Figure I-1d).

1.2 INPUT DATA

The data required for the projection of lithophysal cavity porosity in a vertical cross section
include (1) the distribution of the lithophysal cavity porosity along the ECRB Cross-Drift (DTN:
MO0306MWDDDMIO.001) and (2) the strike and dip of the top of the Tptpll in the ECRB
Cross-Drift (Mongano et al. 1999, Table 1).
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Figure I-1. Simplified Steps for Projecting and Distributing Lithophysal Cavity Porosity Values in a Tunnel
into a Two-Dimensional Cross Section

1.3 SOFTWARE USED IN THE CALCULATIONS

The input data, intermediate calculations, and results of the assessment of the distribution of
lithophysal cavity porosity are stored and implemented in the Microsoft Excel file, Lithophysal
projection to vertical plane.xls. All transfers of values, calculations, logic functions, and
descriptive statistics are done with standard functions in Excel. There are three small macros
embedded in the Excel file, named “Prop Distribute,” “Contour Text,” and “Contour Fill.”
These macros are exempt from the qualification requirements of AP-SL1Q, Software
Management, since they are used solely for visual display of data:
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1.

The “Prop_Distribute” macro is an automated “copy and paste” function that takes the
distributed values in a large (10x184 cell) “5-m window” table and makes a small (10x29
cell) “compacted” table of the values.

The “Contour_Text” and “Contour_Fill” macros are basically the same and they simply
change the format of the values or cells (but not the values themselves) in the 50x200 and
20x80 cell tables. The difference between these two macros is “Contour_Text” colors
the text (i.e., values), and “Contour_Fill” changes the fill color of the cell and the color of
the text (i.e., values).

Confirmation that the macros are operating correctly can be made with simple visual
comparisons of the large and small tables for the “Prop Distribute” macro, and the input
data table with the 50x200 and 20x80 cell tables for the “Contour Text” and
“Contour_Fill” macros.

1.4 GEOMETRIC RELATIONS AND ASSUMPTIONS IN THE MODEL

Calculations of the distributed lithophysal cavity porosity in a vertical plane are based on six
fundamental lithostratigraphic and geometric relations and conditions:

1.

Lithostratigraphic zones and subzones of the Topopah Spring Tuff are stratiform and are
traceable across the repository area; however, some subzones might not occur across the
entire repository area.

The ECRB Cross-Drift transects the Tptpll as a shallowly inclined tunnel; therefore,
lithophysal cavity data represents vertical (and to some amount horizontal) variations in
the lithostratigraphic features.

Lateral continuity of variations in lithophysal cavity porosity in the tunnel is projected
along the apparent dip of the Tptpll and lithostratigraphic features to a vertical line that is
perpendicular to the tunnel.

The vertical line is divided into 5-m tall horizons, and these horizons are projected along
the apparent dip to the tunnel to form a series of “windows” along the tunnel.

. Each 5-m horizon along the vertical line contains the potential variability in porosity in

their respective “window” along the tunnel.

The statistical variation in porosity in each 5-m tall horizon is projected away from the
tunnel along a vertical cross section that is perpendicular to the tunnel.

LI5S DETERMINATION OF THE APPARENT DIPS FOR INPUT

The three-dimensional orientation of an inclined plane can be defined by a strike and dip, but an
apparent dip is formed where the inclined plane intersects vertical planes other than that contains
the true dip. The strike is the angle from north of a horizontal line in the inclined plane, and the
dip is the angle from horizontal measured in a vertical plane that is 90° to the strike of the
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inclined plane. An apparent dip is the angle from the horizontal in a vertical plane of a line
formed by the intersection of an inclined plane with the vertical plane.

An example of these geometric relations is illustrated in Figure I-2 with three planes. The
inclined plane is the top contact of the Tptpll in the ECRB Cross-Drift and has a strike of 270°
(Mongano et al. 1999, Table 1). The true dip is measured in a plane perpendicular to the strike
of the inclined plane, and is illustrated with the 7° dip. The ECRB Cross-Drift is contained in a
vertical plane that has a strike of 229°. This strike is used because it is in the direction of the
heading of the tunnel and in the area of the lithostratigraphic contact is in the direction of the
inclination or plunge of the tunnel. A cross section perpendicular to the ECRB Cross-Drift forms
a second vertical plane with a strike of 319°. The apparent dip of the lithophysal zone contact is
4.6° to the northeast (NE) in the plane of the cross drift and 5.3° to the northwest (NW) in the
cross section perpendicular to the ECRB Cross-Drift. If another strike and dip were used, then
the apparent dips will differ. For example, the top of the Tptpll in the ECRB Cross-Drift in the
Geologic Framework Model (BSC 2002) has a strike and dip of 345° and 5.8°, respectively. The
apparent dips are 5.2° NE in the plane of the ECRB Cross-Drift and 2.5° NW in the plane
perpendicular to the ECRB Cross-Drift.

B g Cross section perpendicular to ECRB Cross-Drift

270°/07° ek

23

Top contact of Tptpll
P PP ST Azimuth of ECRB Cross-Drift

2297

NOTES: The orientation of the Tptpll contact and the ECRB Cross-Drift is based on Mongano et al. (1999). The
ECRB Cross-Drift is considered to be horizontal.

Figure I-2. Geometric Relations of Strike and Dip and the Apparent Dips in Cross Sections Parallel and
Perpendicular to the ECRB Cross-Drift

1.6 DISTRIBUTION OF LITHOPHYSAL CAVITY POROSITY IN THE CROSS DRIFT
AND MODEL CROSS SECTION

The stratiform geometry of the zones in the Topopah Spring Tuff occur throughout the repository
area (Buesch et al. 1996a and 1996b) as do many of the subzones such as the subzones of the
Tptpmn (Buesch et al. 1996a; Buesch and Spengler 1998), although some subzones might not
occur across the entire repository area (Buesch and Spengler 1998). Variations in the orientation
of lithostratigraphic contacts (Mongano et al. 1999) and the abundance (i.e. percent) of
lithostratigraphic features in the lower lithophysal zone, including lithophysal cavity porosity,
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are consistent with the ECRB Cross-Drift transecting a dipping lithostratigraphic section (Figure
[-2).

The lateral continuity of lithostratigraphic features and the projection of these features along the
apparent dip in the ECRB Cross-Drift forms the principal component of creating a geologically
informed calculation of the distribution of lithophysal cavity porosity in a vertical plane.
Identification of a 50-m tall, vertical line (section) perpendicular to the tunnel is the first step in
creation of the 50x200-m cross section (Figure 1-3). Based on the apparent dip, the top and
bottom of the vertical section can represent rocks from several hundred meters away from the
centerline of the section. For example, with a 5° apparent dip, the equivalent rocks at the top and
bottom of the vertical section are 286 m from the section (Figure I-3). With an apparent dip of
4.6° (Figure 1-2), the projection for the top and bottom of vertical section is 311 m. This
projection distance is consistent with the overall stratiform characteristics of the
lithostratigraphic section.

The second step in creation of a cross section is to divide the vertical section into a series of 5-m
tall sections or horizons. The projection along the apparent dip of the 5-m horizons result in a
series of “windows” along the tunnel, and the position and length of each window results from
the apparent dip. For example, with a 5° apparent dip, the equivalent window for the top 5-m
horizon is 57 m long (Figure 1-3). Each window contains unique variations in the number of
measurements and the distribution of lithophysal cavity porosity values (Table I-1 and Figure I-
4).

5 == 5m section .
5 apparent di

3 + %"’ﬁ : +
3o - S e
< 25 | model tunnel |
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5 | | _
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NOTE: The simulated cross section is at 1800 m with an apparent dip of 5° for the stratiform features. Source: Kicker
2003, Attachment XV, Figure XV-15

Figure I-3. Variation in Lithophysal Cavity Porosity Along the ECRB Cross-Drift and the Geometric
Relations of Calculation Components
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Table I-1. Window Contains Unique Variations Of Lithophysal Cavity Porosity Values

Station (m) Cavity (fitted) 0-5 window 5-10 window 10-15 window 15-20 window
1445 2.5 null null null null
1450 3.8 3.8 null null null
1455 4.7 4.7 null null null
1460 5.7 5.7 null null null
1465 7.6 7.6 null null null
1470 7.4 7.4 null null null
1475 8.2 8.2 null null null
1480 6.0 6.0 null null null
1485 7.9 7.9 null null null
1490 10.6 10.6 null null null
1495 14.4 144 null null null
1500 15.3 15.3 null null null
| 1505 19.4 19.4 null null null
| 1510 17.7 null 17.7 null null
: 1515 17.0 null 17.0 null null
| 1520 13.2 nul 13.2 null nul
1525 13.6 null 13.6 null null
1530 121 null 12.1 null null
| 1535 10.2 null 10.2 null null
| 1540 8.8 null 8.8 null null
| 1545 11.0 null 11.0 null null
| 1550 12.2 null 12.2 null null
| 1552.8 12.2 null 12.2 null null
| 1555 13.4 null 13.4 null null
3 1560 12.0 null 12.0 null null
1565 11.0 null 11.0 null null
1570 11.0 null null 11.0 null
1575 17.2 null null 17.2 null
1580 21.0 null null 21.0 null
1585 25.6 null null 25.6 null
1590 22.1 null null 22 .1 null
1595 26.5 null null 26.5 null
1600 26.9 null null 26.9 null
1605 29.2 null null 29.2 null
1610 24.6 null null 24.6 null
1615 19.3 null null 19.3 null
1620 19.0 null null 19.0 null
1625 17.4 null null 17.4 null
1630 20.1 null null 20.1 null
1635 17.0 null null null 17.0
1640 18.8 null null null 18.8

Note: Part of a table where the lithophysal cavity porosity input data are divided into windows representing 5-m tall
horizons in the model cross section. Data in the Station and “Cavity (fitted)” columns are from the Drift Degradation
Analysis Report, Attachment XV (Section XV.6.6; see Microsoft Excel file, Drift Deg AMR AF T-A-P Fit.xls, worksheet
“Volume Percent - Stats”, which can accessed through the TDMS using DTN: MO0306MWDDDMIO.001). These
data are for a simulation with a centerline of the model cross section at 1753 m and an apparent dip of 4.6°.
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Lithophysal cavities in model section

(Tavi_ly (ﬁncd)“
30 ——0-5 win.
— ‘
fg 25 —35-10 w1nl.
8 ——10-15 win.
'& 20 — 1520 win.
- 15 —20-25 win.
& ——25-30 win.
‘a 10 ¥
(-] — 30-35 win.
S s . .
> ] —— 35-40 win.
1450 1550 1650 1750 1850 1950 2050 2150 2250 2350 |~ 43-30win.
—— Model section |
Station (m) ' i

Source for porosity: Kicker 2003, Attachment XV, Figure XV-15

Figure |-4. Lithophysal cavity porosity in the lower lithophysal zone of the cross drift with the centerline of
the model cross section at 1756 m, apparent dip of 4.6°, and 10 “windows”

The third step in creation of a simulated cross section is to distribute the descriptive statistics of
the lithophysal cavity porosity in each window in the associated 5-m tall horizon. The statistical
variation in porosity in each horizon is represented by sampling the actual porosity values in the
respective “window”. Two methods using standard Excel functions have been used for this
distribution; one function is “Choose” where the values in each window are randomly selected,
and the other approach uses the random number generator in the analysis tool. For example, the
first three S-m horizons (0-5, 5-10, and 10-15 windows) in Table I-1 are depicted as Horizons
“0”, “5”, and “10” and Y positions 1 to 15, respectively, in Table I-2 and I-3. Comparison of
values in Table I-1 and parts of Table I-2 and -3 indicate the same values occur in all tables.
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Table I-2. Display of a part of the 50x200 cell table with descriptive statistics for a simulation of
lithophysal cavity porosity in a 50x200-m model cross section with the centerline of the cross section at
Station 17+56

Explanation of symbols (percent lithophysal cavity porosity)
B B o s o o <25

Table of porosity values (1x1 m grid) l

Horizon Y\X 1 2 3 4 5 6 7 8 9 10
0 1 76| 4.7 19.4 7.6 8.2 8.2 10.6 7.6 7.9 3.8
0 2 6.0 74 8.2 19.4 7.9 10.6 14.4 7.9 15.3 79
0 3 6.0 15.3 15.3 7.9 7.4 6.0 4.7 3.8 15.3 7.6
0 4 10.6| 10.6 10.6 7.9 3.8 3.8 194 7.9 7.6 7.6
0 5 8.2 153 7.9 10.6 5.7 8.2 7.4 6.0 7.9 7.6
5 6 13.2] 11.0 LT 11.0 s AT 10.2 12.2 12.1 12.2 12.2
5 7 11.0] - 12.1 12.2 10.2 12.2 8.8 12.2 11.0 12.2 12.0
5 8 122 13.6 12.0 122 11.0 8.8 12.1 12.2 11.0 12.0
5 9 17.7] 136 10.2 17.0 10.2 17.0 8.8 11.0 12.2 10.2
5 10 12.2| 122 12.1 11.0 122 10.2 13.4 12.2 19,2 1T

10 11 26.5| 26.9 221 256 19.0 21.0 W2 26.9 17.2 26.9
10 12 11.0] 26.5 24.6 26.9 19.0 29.2 19.0 21.0 17.2 19.0
10 13 246 174 26.9 19.0 19.0 19.0 19.3 29.2 25.6 17.4
10 14 17.4] 26.5 e 1.2 246 21.0 26.9 26.5 20.1 26.9
10 10 22N T2 19.0 17.4 26.9 26.9 21.0 11.0 17.2 21.0
15 16 18.8| 16.5 13.6 20.5 20.5 229 21.4 20.6 16.5 20.6
15 17 16.8| 15.5 229 20.5 16.5 17.0 13.6 19.1 13.6 17.0
15 18 20.6/ 193 155 17.0 17.0 19.3 20.6 18.1 16.8 17.0
15 19 20.5| 138 23.4 16.8 23.4 16.8 20.6 22.9 15.5 20.5
15 20 234 214 19.3 15.5 16.8 21.4 20.5 17.0 21.4 17.0
20 21 10.7] 155 13.0 15.5 11.0 15.3 15.3 15.3 12.8 15.3
20 22 13.0| 145 13 11.0 11.7 13.0 17.3 14.5 10.6 10.6
20 23 15.5| 15.3 11.7 192 14.2 14.5 10.6 14.5 10.6 11.0
20 24 15.3| 145 15.5 13.0 15,5 15.3 1 374 14.5 13.0 10.7
20 25 10.7| 10.6 11.0 15.5 11.0 14.5 15.3 11.0 15.3 14.5
25 26 16.9] 24.5 17.3 20.1 18.1 15.5 20.1 18.1 13.8 13.8
25 27 18.1] 256 14.5 17.3 18.1 20.1 211 17.3 14.5 14.5
25 28 17.3] 155 18.8 18.1 17.3 21.1 17.3 18.8 17.3 18.1
25 29 20.1 2041 18.1 24.5 18.8 211 18.1 13.8 18.1 21
25 30 18.1] 18.1 155 18.1 13.8 18.1 14.5 245 18.1 21
30 31 12/7] 35 8.5 12.7 13.5 8.5 8.5 12.7 11.6 10.0
30 32 B 18 10.8 13.9 13.9 13.5 13.9 7.8 8.1 8.5
30 33 9.7] 12.7 9.7 9.7 10.8 10.0 11.8 13.9 9.7 11.6
30 34 13.5| 10.0 11.8 13.6 13.6 7.8 13.6 13.9 11.6 11.8
30 35 7.8 10.0 10.8 13.6 10.0 8.5 13.6 7.8 10.8 8.5
35 36 12.3] 184 213 12.3 17.8 12.3 13.9 15.2 5.7 21.3
35 37 15.2] &.7 12.3 16.6 13.9 12.3 14.4 5.7 16.6 17.8
35 38 o | R BT 19.1 11.6 15.2 14.4 18.0 18.0 18.0
35 39 21.3| 13.9 12.3 19.1 123 13.9 17.8 16.6 18.0 15.2
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35 40 15.2]. 139 9.8 19.1 15.2 17.8 16.6 9.8 16.6 16.6
40 41 1071 107 12.9 11:1 13.3 Tt 15.8 9.6 Y 4 4 1454
40 42 T 133 10.7 133 10.7 10.7 11.9 15.8 6.0 o 1P
40 43 Y g e 1.7 9.6 6.0 12.9 156.8 1T 133 12.9
40 44 11.9 6.0 T 10.7 114 11.9 12.9 12.9 12.9 114
40 45 158 9.6 12.9 9.6 6.0 12.9 i i P | 11.9 ¥ 4 y ol
45 46 12.0] 16.5 113 17.3 16.3 16.3 132 15.3 16.3 11.6
45 47 13.5| 12.0 116 132 16.6 11.6 15.6 153 3 fa 13.5
45 48 15.6] 12.0 16.3 15.6 16.6 15.2 16.6 13,6 15.3 15.6
45 49 12.0, 15.3 173 15.3 16.3 16.3 13.2 7.3 11.6 14.5
45 50 16.3| 18.3 13.5 13.2 17.3 13.2 16.6 15.2 16.6 13.5
Descriptive Statistics [
Model "X" 1 2 3 4 ] 6 7 8 9 10
position
Mean| 14.4| 146 145 15.2 14.2| 14.5| 152| 1454 138 14.3
Standard Error 0.7 0.7 0.7 0.6 0.7 0.8 0.6 0.8 0.6 0.7
Median| 13.5| 13.9| 13.2 15.4 13.9] 14.2| 14.5| 14.2| 13.7 13.6
Mode 6.0 153] 15.8 19.1 11.0 8.2 122 14.5| 122 7.6
Standard 5.0 53 4.8 4.5 49 5.3 4.2 55 4.1 5.0
Deviation
Sample Variance| 24.6] 28.1| 226 20.0 23,81 L2882 A 25.2
Kurtosis| -0.4 04| -0.1 0.1 0.2 0.2 0.5 0.4 0.2 0.1
Skewness 0.4 0.6 0.6 0.5 0.2 0.5 0.2 0.6 0.1 0.5
Range| 20.5| 22.2| 21.2 19.3 23.1] 254| 222| 254| 199 23.1
Minimum 6.0 4.7 5.7 7.6 3.8 3.8 4.7 3.8 8.7 38
Maximum| 26.5| 26.9| 26.9 26.9 26.9| 29.2| 26.9| 29.2) 256 26.9
Sum| 720.3] 731.0] 726.9| 758.6| 711.3| 723.6| 758.2| 727.1| 689.7| 7156
Count 50 50 50 50 50 50 50 50 50 50
Confidence Level 1.4 15 1.3 1.2 14 15 1.2 15 11 1.4
(95.0%)
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Table I-3. Display of a part of the 20x80 cell table with descriptive statistics for a simulation of lithophysal
cavity porosity in a 50x200-m model cross section with the centerline of the cross section at Station

17+56

Exilanation of symbols (percent lithophysal cavity porosity)

<=5 <10 <=5 <20 P <=25 >25
Table of porosity values (2.5x2.5 m grid) ] |
Y\X 25180 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
0 2.5 1531 7.4 7.9 .7 8.2 6.0 8.7 74 8r 15.3
0 5.0 74| 82 8.2 10.6 8.2 8.2 3.8 6.0 14.4 10.6
5 7.5 12.0] - 122 11.0 7.0 12.2 10.2 10.2 12.1 8.8 12.2
5 10.0 13.4] 10.2 13.6 12.0 11.0 17.0 10.2 ; b 11.0 i
10 12.5 29.21 21.0 19.0 26.9 174 17.2 29.2 19.0 17.4 19.0
10 15.0 24.6| 29.2 256 256 1.0 19.0 19.0 17.4 21.0 17.4
15 17.5 18.8| 17.0 13.6 18.8 20.5 21.4 19.3 17.0 234 15.5
: {4 20.0 19.1| 20.6 20.5 16.8 155 16.8 16.8 10.9 19.1 22.9
20 225 13.0] 153 13.0 14.5 10.7 14.5 11.0 13.0 11.0 14.5
20 25.0 15.3| 145 15:3 17.3 11.7 11.7T 10.7 10.6 15.5 e
25 27.5 155 138 18.1 16.9 25.6 16.9 18.1 256 18.8 201
25 30.0 145 16.9 256 18.1 18.1 5 18 110 18.1 25.6 16.9
30 32.5 78| 108 9.7 7.8 11.8 127 11.8 10.8 11.8 11.6
30 35.0 9.7 11.8 12.7 13.6 8.5 9.7 9.7 10.8 12.7 7.8
35 375 98| 98 11.6 19.1 5.7 213 16.6 17.8 17.8 5.7
35 40.0 2181 162 9.8 19.1 9.8 12.3 14.4 152 213 17.8
40 42.5 96| 129 9.6 11.9 9.6 11.9 6.0 12.9 v 3 A 13.3
40 45.0 96| 11.1 11.9 10.7 9.6 9.6 10.7 6.0 11.1 11.9
45 475 14.5] 173 15.2 17.3 1683 135 16.6 15.6 16.6 15.2
45 50.0 15.3| 16.6 14.5 16.5 12.0 16.5 15.6 13.2 16.5 16.6
Descriptive Statistics |
Model "X" 2.5 5.0 1.9 10.0 12.5] 15.01 75| 200] 225 25.0
position
Mean| 14.8| 146 143 15.8 126/ 144| 13.6| 138/ 156 15.0
Standard Error 1.3 1.1 1.2 ;1 13 1.0 1.3 1.1 ;| 0.9
Median| 14.5| 14.1| 133 16.9 11.4| 14.0 13.1| 13.1| 16.0 15.4
Mode| 14.5| #N/A | #N/A 19.1 8.2 #N/A 10.2| 10.8| #N/A | #N/A
Standard 5.6 51 5.2 5.2 4.8 4.5 5.9 4.8 51 4.2
Deviation
Sample Variance| 31.8] 259| 26.6 273 23.3| 20.5| 34.3| 22.7| 264 17.3
Kurtosis 1.0 23 0.5 04 15/ -09 1.3 0.7 -05 0.3
Skewness 1.0 ¥ 1.0 0.2 12 0.0 0.6 0.4 0.1 -0.5
Range| 21.8/ 218 178 21.2 19.9| 15.4| 254 19.6/ 20.0 17.2
Minimum 74 74 7.9 5.7 5:7 6.0 3.8 6.0 a.r 5.7
Maximum| 29.2| 29.2| 256 26.9 256| 21.4| 29.2| 256/ 256 229
Sum| 295.8| 291.7| 286.4| 316.3| 252.4| 287.7| 272.6| 276.5| 311.4| 299.5
Count 20 20 20 20 20 20 20 20 20 20
Confidence Level 2.5 2.2 2.3 2.3 21 2.0 26 2.1 2.3 1.8
(95.0%)
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The fourth step in creation of a simulated vertical cross section is to project the 5-m horizons in
the vertical section away from the vertical section to create the cross section. For a 200-m wide
cross section, the projection away from the central vertical section is 100 m to either side. In this
construct, the maximum “straight line” projection distance for an apparent dip of 4.6° and an
along-the-tunnel projection of 311 m is only 327 m. This projection distance is consistent with
the overall stratiform characteristics of the lithostratigraphic section. Figure I-5 displays two
simulations of a 50x200-m cross section using a 4.6° apparent dip, one for a center of the section
at 1756 m and a second for a center at 2014 m. In these simulations, there is an overlap of 364 m
along the tunnel and when projected to the vertical plane it represents an overlap of about 30 m
of section (Figure I-5). Each simulation is depicted with a 50x200 cell table representing a 1x1
m grid (sections A and C) and a 20x80 cell table representing a 2.2x2.5 m grid (sections B and
D). All four sections in Figure I-5 display similar stratiform relations.

Descriptive statistics (from standard Excel functions) for the input data in the various windows
(Table 1-4) with the selected statistics from 5-m tall horizons in the 50x200 cell and 20x80 cells
indicate very good correlations. The descriptive statistics (from standard Excel functions) of the
total Tptpll zone in the ECRB Cross-Drift is provided in Table I-4 (first column of values).
Descriptive statistics for the total windows in the ECRB Cross-Drift (input) data and the total
50x200 cell and 20x80 cell tables indicate very high correlations (Table I-5). These correlations
reinforce the technical soundness of this approach to project the distribution of lithophysal cavity
porosity from the cross section data to a vertical plane.

1.7 LIMITATIONS OF THE SIMULATION

The calculations of the distribution of lithophysal cavity porosity from the ECRB cross drift to a
vertical plane that is perpendicular to the cross drift is based on sound geologic and geometric
relations; however, there are a few limitations to the results.

1. Lithophysal cavity porosity values used as input to the cross section simulation are the
“fitted” data from the Drift Degradation Report (Attachment XV, Kicker 2003). These
“fitted” values are derived from the tape traverse data that were collected approximately
every. 5 m along the tunnel and represent the abundance of lithophysal cavities in a
traverse that spanned about two-thirds of the tunnel’s circumference. However, because
of several limitations including measuring techniques, these tape traverse values were
adjusted using three steps. First, the tape data were adjusted using a correlation equation
to the angular traverse data. Second, the adjusted tape data were empirically adjusted for
better consistency with the 1x3 m panel map data. Third, empirical adjustments to the
adjusted tape data were done where there were limited confirmatory data such as sections
of the tunnel behind bulkheads. This short review of what the “fitted” data consists of]
and how it was determined, is to emphasize that values are based on detailed
measurements, but these values represent “average” values at each station for features
exposed on (typically) the upper two-thirds of the tunnel wall.
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2. The lithophysal cavity porosity values used as input to the cross section simulation do not

include the large-lithophysae from the cross drift. Large lithophysae are defined as those
lithophysae with at least one axis exposed on the tunnel wall that is greater than 0.5 m in
length (the largest is 1.8 m across). The large-lithophysae inventory in the cross drift has
citable data only from 14+50 to 17+56 (Attachment XV, Kicker 2003); therefore, the
contribution of the large lithophysae to the total lithophysal cavity porosity can only be
determined for this section of the tunnel. Large lithophysae in the tunnel from 14+50 to
17+56 comprise 0 to 8 percent of the porosity in individual 5-m long segments of the
tunnel. For example, from 16+05 to 16+15 in the tunnel the large lithophysae form 8
percent (actually 7.7 percent) of the tunnel wall. So, once the large-lithophysae inventory
has been completed from 17+56 to 23+50, the values can be added to the “fitted”
lithophysal cavity porosity values to simulate the total lithophysal cavity porosity in the
lower lithophysal zone of the cross drift.

. The calculations exemplified in this attachment are based on the assumption that the

cross drift is horizontal. The gradient of the tunnel is 1.5 percent (0.86 ©) from 07+73 to
16+02 and is 0.9 percent (0.52°) from 16+02 to 24+67 (Mongano et al. 1999, p. 3-6). So,
although these inclinations are small, they can be factored into the apparent dip of the
lithostratigraphic units and features to enhance the geologic and construction conditions.

. Using a constant apparent dip of 4.6° from the strike and dip of 270/07 for the top contact

of the lower lithophysal zone in the cross drift (Mongano et al. 1999, Table 1) and the
total intercept of the lower lithophysal zone in the cross drift (from 14+44 to 23+26), the
calculated thickness of the lower lithophysal zone is only 71 m. This calculated thickness
is less than what is calculated and depicted by a variety of other methods, so the apparent
dip of 4.6° is probably too shallow; therefore, the number and the distribution of values in
each window along the tunnel might be over represented.

. The model cross section is constructed perpendicular to the tunnel; however, it does not

include the apparent dip in the plane of the cross section. For example, using the features
and data depicted in Figure I-2, the apparent dip in the cross section is 5.3° to the
northwest.

. Because the lithophysal cavity porosity values used as input to the cross section

simulations represent “average” values at each station, the values in a specific cell in the
1x1 m and 2.5x2.5 m grid simulated cross sections do not represent the actual spatial
relations determined in the field. For example, large lithophysae occur throughout the
lower lithophysal zone in the tunnel, so there are locations where a large lithophysal
cavity would occupy significant amounts of a 1x1 m or 2.5x2.5 m grid on a map. Such a
lithophysa would constitute 30 to 100 percent of a specific cell, and values this large are
not included in the “fitted” lithophysal cavity porosity data. This spatial limitation of
representing large lithophysae in the cross section simulation simply means that although
the general stratiform and statistical relations are represented in the simulation, one
should not (and can not) use a direct “overly” comparison of the panel map data to the
simulated cross section.
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7. Because the values in each cell in the 50x200 and 20x80 cell tables are independently and
randomly allocated, locally there are a few geologically inconsistent results. The good
part about this allocation technique is that it results in very high correlations of the
descriptive statistics between the input data and resulting model cross section horizons.
However, locally the minimum and maximum values in a window or in adjacent
windows can be in adjacent cells. This extreme change in lithophysal cavity porosity has
not been observed in the cross drift as shown by the gradual increase or decrease in
values (although sharp changes can occur across distances of 5 to 10 m; Figure [-3). One
result of this random allocation of values and the potential juxtaposition of large and
small (or mostly values of one end of the distribution or another) is the variation in
descriptive statistics in vertical sections (X positions; Table I-3 and 1-4). The affect of
this juxtaposition of minimum and maximum values is probably greater in the 20x80-cell
table that represents a 2.5x2.5-m grid than in the 50x200-cell table that represents a 1x1-
m grid. One way to minimize this affect is to filter the values in the tables and remove
(or change) one or both of the juxtaposed values. Development of such a filter needs to
focus on diminishing the anomalies, but maintain the statistical integrity of the resultant
model values.
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ATTACHMENT II

ESTIMATING LONG-TERM DAMAGE FORMATION SURROUNDING
EMPLACEMENT DRIFTS
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IL1 STATIC-FATIGUE CURVES AND EVOLUTION OF DAMAGE

Static-fatigue data for Lac du Bonnet granite (Schmidtke and Lajtai 1985 and Lau et al. 2000)
and the welded (lithophysae poor) tuff from borehole NRG-7/7A at Yucca Mountain (Martin et
al. 1997) forms the basis of the UDEC model for stress corrosion around a drift. The static-
fatigue curves provide the time to failure (¢;) of the material at a particular driving-stress ratio
(o/oy).

The static-fatigue data for Lac du Bonnet granite at 0 and 5 MPa confinement and the welded
tuff at 5 MPa confinement are described in the Drift Degradation Analysis (Kicker 2003,
Attachment XIX) and shown in Figure II-1. Each data set was fit with straight line, and the line
was extrapolated to encompass driving-stress ratios ranging from zero to one. This is a
conservative assumption, because the curves most likely approach infinity at a driving-stress
ratio greater than zero. The extended curves that were used as input to the UDEC analyses are
shown in Figure II-2, which uses the lower-bound line for the tuff. An additional curve for
unconfined tuff was generated by assuming that the change in slope of the Lac du Bonnet granite
curves between 0 and 5 MPa confinement is approximately the same as the change in slope of
the tuff curves between 0 and 5 MPa confinement.

LdB tests at T=25C, tuff tests at T=150C
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Source: Schmidtke and Lajtai (1985); Lau et al. (2000)

Figure 1I-1. Static-Fatigue Data for Welded Tuff and Lac du Bonnet Granite
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Figure II-2. Static-Fatigue Curves Used as Input to the UDEC Analyses

An understanding of the evolution of damage during a static-fatigue test prior to the time-to-
failure enables a modeling methodology to be developed whereby the strength of material is
degraded with time based upon the local driving-stress ratio. The evolution of damage for the
two assumed static fatigue curves (unconfined Lac du Bonnet granite and unconfined tuff) was
developed using the PFC stress corrosion model. The development of the PFC stress corrosion
model and the resultant damage curves are presented in Drift Degradation Analysis (Kicker
2003, Attachment XIX). These damage curves were simplified, and then used along with the
assumed static-fatigue curves in Figure 11-2 to provide the degradation input properties (shown in
Figures I1-3) used in the UDEC analyses.

IL.2 UDEC STRESS CORROSION MODELING

The long-term strength degradation caused by stress corrosion of the lithophysal rock units was
implemented in the UDEC model by incrementally referencing a series of evolution of damage
tables from the PFC stress corrosion model (shown in Figures II-3). Based upon the local
driving-stress ratio at the Voronoi block contacts within the UDEC model, the strength of the
contact is degraded based upon the time increment of the model.

Time-dependent strength degradation in the UDEC model is generalized by a damage
coefficient, D, which is, in general, in the range between 0 and 1. The cohesion and tensile
strength of the material are assumed to be functions of time:
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c(t) = coD(?)
T(t) = ToD(1) (Eq. II-1)
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Figure 11-3. Damage Curves Used as Input to the UDEC Tuff Analyses

where ¢y and T} are the initial cohesion and tensile strength of joints in the UDEC model. The
short-term strength of the UDEC synthetic model of the rock mass (large scale) is proportional to
the cohesion and tensile strength of joints, ¢y and Ty, respectively. Consequently, the time
dependent strength of the UDEC synthetic model of lithophysal rock mass will decay
proportionally to D(¥).

The rate of change for damage coefficient in the general case can be expressed as the following
equation:

dD
= f(F,D) (Eq. 11-2)

where F, a function of stress state and material strength, defines the load level. For unconfined
stress conditions (i.e., P. = 0), the function F must be identical to the ratio of the axial load and
the unconfined short-term strength: F(P. = 0) = o,/ 0y. The load at the failure during a short-term
test is calulated as follows (Itasca 2002, Manuals/FLAC/Theory and Background/Section 2:
Constitutive Models, Section 2.4.2.2):
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o, =PN;+2c|N,
1+sing (Eq. II-3)
* " 1-sin ¢
where P. is the confining stress, oy is the strength at the corresponding confinement, ¢ and ¢ are
the rock mass cohesion and friction angle, respectively. It is assumed that if time to failure for
two different stress states is the same, than evolution of damage for both states as a function of
time is the same irrespective of the confinement. Based on existing data it can be concluded that

the confinement affects the slope, k&(P.) = A(o/ o.) / Alog(ty) , of static-fatigue line. For example,
the slopes of the static-fatigue lines for the tuff (Figure II-2) are:

k(P.=0)=0.05 1/log(sec)
k(P. =5 MPa) = 0.03125 1/log(sec) (Eq. 11-4)

Because static-fatigue lines are available for only two values of confining stress (0 and 5 MPa) it
was assumed that dependence of slope & on confinement P, is linear. This assumption is not
consequence of limitation of the implementation but due to lack of available data. The form of
the function F used in the UDEC model is as follows:

__ kO, o )
F=1 k(Pc)(1 GJ (Eq. II-5)

The damage evolution D(F;f) was generated using PFC2D for values of function F in the range
between 0 and 1, and used as the UDEC input data in a tabular form (see Figures 1I-3). For stress

states in the model during the simulation for which function F did not coincide with values for
which the tables were provided, interpolation was carried out.

It is convenient for implementation that the damage increment in Equation II-2 depends
implicitly on stress history. The damage increment depends on accumulated damage, which is a
function of the stress history. Although the stress state at a point can undergo complex history as
a function of time (due to stress redistribution), it is sufficient in the simulation to keep track of
accumulated damage only.

The calculation of damage increment in the UDEC simulation was carried out in the following
way. For a given time increment, A¢, it is assumed that the stress state and the stress function, F,
at a given point in the model are constant, F = F;. The table of damage evolution D(F;z) is
selected or interpolated based on tables provided. A point on the damage evolution curve
corresponding to accumulated damage D; is determined, D; = D(F;t;). The damage increment is
calculated as follows:

AD = D(F;t; + At) - D(F 3t)) (Eq. I1-6)

Time increment(s) for the simulation has to be selected. The only criteria for selection are
accuracy of the simulation (stress state assumed to be constant during the time step) and
calculation time. Preliminary investigations showed that selected time increments did not affect
significantly model results. The sensitivity of time increment was documented in the Drift
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Degradation Analysis (Kicker 2003, Attachment XIX). It is concluded that the difference with
using different increment is insignificant considering other uncertainties in the model, and the
use of the selected time increments is justified.

Damage is calculated and accumulated for joints. The stress state used for calculation of the
damage is determined by averaging stresses in the blocks separated by a joint.
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