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EXECUTIVE SUMMARY 

This document provides an approach to resolution of the geomechanically-related Repository 
Design and Thermal-Mechanical Effects Key Technical Issue agreements. These Key Technical 
Issue agreements were jointly developed between the U.S. Department of Energy and the U.S. 
Nuclear Regulatory Commission staffs at the Technical Exchange and Management Meeting 
held on February 6-8, 2001, in Las Vegas, Nevada. A list of the agreements and their exact 
wording can be found in Appendix A. This document reviews these agreements and gives a 
detailed background regarding their derivation and resolution. 

The Key Technical Issue Agreements 

Geomechanically-related Repository Design and Thermal-Mechanical Effects agreements (see 
Appendix A) can be subdivided into five primary areas: 

A. Rock mass properties and geotechnical characterization 

1. Development of a basic understanding of how the structural characteristics of the 
repository host horizon impacts rock mass behavior and, consequently, the design 
and performance properties. This work can be used to establish a connection 
between geologic characteristics and their use in models and calculations. 

2. 

3. 

Develop an understanding of the variability of geologic structure and, using the 
developments of the above item, identifj how variability affects rock mass 
thermomechanical behavior. 

Enhance the database of thermomechanical materials properties of repository rock 
units, including mechanical and thermal testing of lithophysal rocks, estimation of 
the mechanical properties of rock fractures, and determination of the 
time-dependent response of lithophysal rocks. Development or choice of proper 
constitutive models for the different distinct rock units is a portion of this effort. 

B. Modeling 

1. Determination or development of the proper type of modeling tools to use for 
sensitivity studies of excavation stability under gravitational, thermal and seismic 
loading. Specific agreements cited in the Key Technical Issue include: 

a. Under what circumstances are continuum and discontinuum models 
appropriate? 

b. Under what circumstances are two- and three-dimensional models 
appropriate? 

c. Under what circumstances are assumptions of rock mass homogeneity or 
anisotropy appropriate? 
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2. Determination of the proper model boundary and initial conditions 

a. Need to address the initial stress state for models and inclusion of thermally 
induced stress history from regional models applied to local scale models for 
problems such as rockfall 

b. Need to address special boundary conditions for dynamic analyses, including 
non-reflecting and free-field boundaries 

c. Need for development of preclosure and postclosure site-specific ground 
motion time histories 

3. Seismic Stability 

a. 

b. 

Use of site-specific ground motions 

Use of appropriate dynamic models for estimation of rockfall induced by 
seismic shaking 

Methodology for inclusion of geologic structure and its variability into 
models for estimation of rockfall 

4. Thermal and Long-term Degradation 

c. 

a. 

b. 

Need to examine potential for thermal-stress induced rockfall 

Need to examine impact of long-term static fatigue of the rock mass and its 
impact on drift degradation and rockfall 

5. Ground Support and Drift Degradation 

a. 

b. 

C. 

Verification of the functional and operational requirements and specification 
of ground support during the preclosure period 

Development of a plan for observation and maintenance of the ground 
support 

Estimation of the effect of postclosure in situ thermal and seismically 
induced stresses on the degradation and potential rockfall of the emplacement 
drifts. Included here is the potential effect of time-related static fatigue 
mechanisms in intact rock and joints. 
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Resolution Strategy 

The strategy described in this document for resolving the above primary areas involves a phased 
approach based on the following combination of analyses, studies and calculations (Figure i). 

Evaluation and geotechnical analysis of the existing, extensive geological mapping and 
geotechnical field characterization data from surface and underground mapping of 
lithology, structure and rock quality. 

Perform additional laboratory and in situ thennomechanical testing, primarily of 
lithophysal rocks, to provide information for confirmation of the material models and 
property ranges to be used in design and performance sensitivity studies. 

0 Calibration and validation of numerical models capable of representing the 
thermomechanical behavior of lithophysal and non-lithophysal rocks. 

Use of the validated models to explore the impact of geologic variability (porosity, 
lithophysae shape and distribution, fracture density) on the geomechanical response, 
primarily of lithophysal rocks. Validated models are used to supplement the materials 
properties data base by extrapolating the effects of geologic variability. 

0 Thermally and time-related model sensitivity studies to examine preclosure ground 
support and postclosure drift degradation and seismic stability issues. 

There are two points of particular importance in this strategy: 

1. Because the performance of the tuff rock mass is primarily a function of geologic 
structure (e.g., fractures and lithophysal porosity), modeling tools must be based on 
geologic information gathered from the field and laboratory. It is the goal of this 
strategy to demonstrate a direct linkage between the basis of our models and the 
geologic reality in the field. 

2. Because the behavior of the rock mass, particularly the lithophysal rocks, is porosity- 
and size-dependent, rock mass property derivation via typical “empirically based” rock 
mass classification schemes or “statistically based” testing programs using small core 
samples are not particularly applicable to lithophysal rocks. 

The porosity- and size-dependence means that, for rock mass properties estimates, 
reliance must be placed on performing a limited number of large-core laboratory and 
in situ tests to determine the thermal and mechanical properties of this material. Since 
this will necessarily result in a relatively small data base, our goal is to validate 
numerical models with the lab and field testing to provide a predictive capability that 
will represent the basic mechanisms of mechanical behavior of the lithophysal rocks. 
These validated numerical models can then be used for “test bed” extrapolation 
purposes to examine effects such as the impact of lithophysae size, shape and porosity 
on rock material model and property ranges. 
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1. INTRODUCTION 

In September of 2000, the U.S. Nuclear Regulatory Commission (NRC) issued an Issue 
Resolution Status Report (NRC 2000). 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. In that report, a number of geomechanically-related issues were raised regarding the 
determination of rock properties, the estimation of the impacts of geologic variability, the use of 
numerical models, and the examination of drift degradation and design approach to the ground 
support system for the emplacement drifts. Ultimately, the primary end products of the KTI 
agreement resolution processes are an assessment of the preclosure stability of emplacement 
drifts and the associated ground support requirements. There is also an assessment of the 
postclosure degradation of the excavations when subjected to thermal and seismic-related 
stresses as well as in situ loading over time. 

Subsequent to that report, several teleconferences were held with the NRC to discuss technical 
differences. The outcomes of those discussions were formulated into agreements for resolution 
at the NRCDOE Technical Exchange and Management Meeting on RDTME held in February of 
2001. 

As a result of the February RDTME Technical Exchange with the NRC, a number of agreements 
related to geomechanical design and performance assessment must be addressed. This report 
specifically addresses how the DOE proposes to resolve those agreements related specifically to 
geomechanical concerns. The specific RDTME agreements addressed by this document are 
listed in Appendix A. 

The RDTME agreements cover a number of technical issues regarding the assessment 
methodologies and rock mechanics data available to support these assessments. These 
agreements address such concerns as: 

The robustness of estimates of rock mass properties 

The robustness of numerical models and the physical representations of rock mass 
structure and input loading conditions used in these models for performance evaluations 

The representation and assessment of the impact of the spatial variability of properties 

The methodology for representing time-related degradation of strength in the modeling 
approach and its impact on excavation stability and rock mass performance 

The ability to establish conservatism in the calculations 

The ability to predict the performance of ground support measures over preclosure time 
frames 

The ability to predict postclosure drift degradation due to various factors including 
seismic shaking, thermal loading and static fatigue. 
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Because of the complexity of RDTME agreements (particularly dealing with lithophysal rock, 
for which little contemporary experience is available), the Office of Repository Development 
(ORD) convened a panel of experts to assess these items and the means for resolving them. The 
panel consisted of experts in the fields of geology, geotechnical assessment, and mining 
engineering, both from within and outside the ORD. The members of this panel are listed as 
authors or acknowledged in this paper. 

In May of 2001, the panel conducted a three-day series of meetings in Las Vegas. During these 
meetings, the panel reviewed the current geomechanical design and performance assessment 
methodology and discussed the issues associated with the approach. They also looked at the 
types of tests conducted to date, the results of these tests, and all currently available data. 
Finally, they toured the Exploratory Studies Facility (ESF) and the Enhanced Characterization of 
the Repository Block (ECRB) Cross-Drift to view the rock mass and test areas firsthand. The 
panel came to three basic conclusions: 

0 The current base of geomechanical data (Appendix B) is incomplete in certain areas. 

Large-scale laboratory and in situ testing is required to assess the geomechanical design 
and performance properties of the lithophysal rock. Empirical techniques alone 
(common to the mining and construction industries) were judged inadequate for 
estimating site-specific mechanical properties of the lithophysal rocks. 

0 Alternative and/or additional modeling applications are needed. 

Based on these findings, the panel formulated a plan and proposed a series of tests needed to 
understand the rock behavior and provide adequate input for a design. 

Following this meeting, individual participant organizations developed proposals regarding 
laboratory and in situ testing and numerical modeling methods that could be used to more 
confidently predict the behavior of the lithophysal and nonlithophysal rocks. The geotechnical 
panel reconvened in June of 2001 to review test proposals, prioritize the work, and finalize their 
recommendations for resolution. 

This report provides a proposed approach toward resolution of these issues, as suggested by the 
panel, and developed in the months since their discussions. However, there are a number of key 
junctures in the plan that will require review and reassessment in order to come to resolution. 
Meetings will be conducted at the key junctures in the process to update the NRC on progress, 
changes, or additions to the program. This plan may be adjusted over time as new information is 
gained, altered, or new approaches are required. 

Figure 1 and Figure 2 are intended to demonstrate this approach for the two primary 
end-products of the geomechanical program: rock support and drift degradation analyses. 

In developing the issues, methodologies and approaches presented in this document, it was 
necessary to perform a number of scoping calculations. These calculations (e.g., stresses around 
excavations, estimates of possible yielding mode and yielding extent into the rock mass) are 
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given purely for preliminary estimation or demonstration purposes and have thus not been 
subjected to rigorous checking. 
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Figure 1. Resolution Flow Chart of Key Technical Issue Agreements for Rockfall and Drift Degradation 
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Figure 2. Resolution Flow Chart of Key Technical Issue Agreements for Ground Support Design in the 
Emplacement Drifts 
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2. THE REPOSITORY DESIGN AND THERMAL MECHANICAL EFFECTS 
AGREEMENTS AND HOW THEY ARE BEING ADDRESSED 

2.1 GENERAL DISCUSSION OF AGREEMENTS 

Geomechanically-related RDTME agreements (Appendix A) can be subdivided into five primary 
areas: 

A. Rock mass properties and geotechnical characterization 

1. Development of a basic understanding of how the structural characteristics of the 
repository host horizon impacts rock mass behavior and, consequently, the design 
and performance properties. This work can be used to establish a connection 
between geologic characteristics and their use in models and calculations. 

2. 

3. 

Develop an understanding of the variability of geologic structure and, using the 
developments of the above item, identify how variability affects rock mass 
thermomechanical behavior. 

Enhance the data base of thermomechanical materials properties of repository 
rock units, including mechanical and thermal testing of lithophysal rocks, 
estimation of the mechanical properties of rock fractures, and determination of the 
time-dependent response of lithophysal rocks. Development or choice of proper 
constitutive models for the different distinct rock units is a portion of this effort. 

B. Modeling 

1. Determination or development of the proper type of modeling tools to use for 
sensitivity studies of excavation stability under gravitational, thermal and seismic 
shaking. Specific agreements cited in the KTI include: 

a. Under what circumstances are continuum and discontinuum models 
appropriate? 

b. Under what circumstances are two- and three-dimensional models 
appropriate? 

c. Under what circumstances are assumptions of rock mass homogeneity or 
anisotropy appropriate? 

2. Determination of the proper model boundary and initial conditions 

a. Need to address the initial stress state for models and inclusion of thermally 
induced stress history from regional models applied to local scale models for 
problems such as rockfall 

b. Need to address special boundary conditions for dynamic analyses, including 
non-reflecting and free-field boundaries 
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c. Need for development of preclosure and postclosure site-specific ground 
motion time histories. 

C. Seismic Stability 

I .  Use of site-specific ground motions 

2. Use of appropriate dynamic models for estimation of rockfall induced by seismic 
shaking 

3. Methodology for inclusion of geologic structure and its variability into models for 
estimation of rockfall. 

D. Thermal and Long-term Degradation 

1 .  Need to examine potential for thermal-stress induced rockfall 

2. Need to examine impact of long-term static fatigue of the rock mass and its 
impact on drift degradation and rockfall. 

E. Ground Support and Drift Degradation 

1 .  Verification of the functional and operational requirements and specification of 
ground support during the preclosure period. 

2. Development of a plan for observation and maintenance of the ground support. 

3. Estimation of the effect of postclosure in situ, thermal and seismically induced 
stresses on the degradation and potential rockfall of the emplacement drifts. 
Included here is the potential effect of time-related static fatigue mechanisms in 
intact rock and joints. 

2.2 RESOLUTION STRATEGY 

2.2.1 Overall Approach 

The strategy described in this document for resolving these issues is based on the following 
combination of analyses, studies and calculations (see also Figure 1 and Figure 2). 

Evaluation and geotechnical analysis of the existing, extensive geological mapping and 
geotechnical characterization data from surface and underground mapping of lithology, 
structure and rock quality. 

0 Additional laboratory and in situ thermomechanical testing, primarily of lithophysal 
rocks, to provide information for confirmation of the material models and property 
ranges to be used in design and performance sensitivity studies. 
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Calibration and validation of numerical models capable of representing the 
thermomechanical behavior of lithophysal rocks. 

0 Use of the validated models to explore the impact of geologic variability (porosity, 
lithophysae shape and distribution, and fracture density) on the geomechanical response, 
primarily of lithophysal rocks. Validated models are used to supplement the material 
properties data base by extrapolating the effects of geologic variability. 

0 Numerical model sensitivity studies to examine preclosure ground support and 
postclosure drift degradation and seismic stability issues. 

There are two points of particular importance in this strategy: 

1. Because the performance of the tuff rock mass is primarily a function of geologic 
structure (e.g., fractures and lithophysal porosity), modeling tools must be based on 
geologic information gathered from the field and laboratory. It is the goal of this 
strategy to demonstrate a direct linkage between the basis of the models and the 
geologic reality in the field. 

2. Rock mass property derivations via typical “empirically based” rock mass 
classification schemes or “statistically based” testing programs using small core 
samples are not particularly applicable to lithophysal rocks because the behavior of the 
rock mass is porosity- and size-dependent. 

The porosity- and size-dependence means that, for rock mass property estimates, assurance must 
be provided by a limited number of large-core laboratory and insitu tests to determine the 
thermal and mechanical properties of the material. Since this will necessarily result in a 
relatively small data base, the goal is to closely couple numerical models with the lab and field 
testing to provide a predictive capability that will represent the basic mechanisms of mechanical 
behavior of the lithophysal rocks. These validated numerical models can then be used for “test 
bed” extrapolation purposes to examine effects such as the impact of lithophysal size, shape and 
porosity on rock material model and property ranges. 

2.2.2 Geological and Engineering Methods Proposed to Resolve RDTME KTI 
Agreements 

The basic geological and engineering methods, described in detail in this document, include the 
following: 

0 Geological Characterization-This includes geological mapping and engineering 
geologic description of joints and lithophysae in the ESF and ECRB. Techniques 
include analysis of the extensive existing data base of full periphery structure maps, 
which are detailed line surveys of fracturing that includes fracture orientation, trace 
length, alteration and roughness information. The FracMAN program 
(FracMAN, 10114-2.511-00 V.2.511) will be used with these data as a basis for 
development of statistically representative fracture volumes, which will then form the 
basis of input to numerical analysis of rockfall in the non-lithophysal rocks. 
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Lithophysae panel mapping studies conducted in the lower lithophysal unit within the 
ECRB, combined with surface-based geophysical porosity studies, will form the basis 
for estimating the geometric characteristics and variability of lithophysae. This 
information will be used for input to thermal and mechanical models of 
porosity-dependent properties. 

0 Materials Property Measurement-Analysis of the existing rock properties data base 
(Appendix B) has identified additional data collection needs. The data base will be 
enhanced through additional testing and through validation and extrapolation of 
numerical models capable of representing lithophysal rock behavior. The required 
additional data includes estimates of joint shear constitutive behavior and 
thermomechanical properties of lithophysal rocks. Joint shear response will be 
determined using laboratory direct shear tests on large and small samples. This will be 
supplemented by large-scale field roughness estimates that will be used in empirical 
relations for estimating shear strength and dilation for each major joint set. Lithophysal 
rock properties are both size and porosity-dependent, necessitating the use of large 
sample sizes. A laboratory program of thermomechanical testing of large diameter 
(12 in. [30.5 cm]) core samples will be conducted to derive mechanical and thermal 
properties of rock samples large enough to contain many lithophysae. A number of 
in situ heating and compression experiments (1 -m scale) will be conducted for 
deformation modulus, strength and thermal conductivity measurement on a 
representative scale. It is proposed to validate the numerical PFC 2D (PFC 2D, 
10828-2.0-00 V.2.0) and PFC 3D (PFC 3D, 10830-2.0-00 V.2.0) modeling program 
(collectively referred to as “PFC” in remainder of document) against the laboratory and 
field testing of the lithophysal rock. The PFC program is a large displacement, 
discontinuum “micromechanical” modeling tool that physically represents the 
mechanical behavior of bonded particle materials such as rock. It has the advantage of 
allowing holes in the rock as well as interlithophysal fracturing, and thus provides a 
methodology for representing and understanding the basic mechanical response of 
lithophysal rocks through back-analysis of compression testing. Since only limited 
access to the repository horizon is available and only a limited number of large-scale 
compression tests are possible, the validated numerical model will be used to 
supplement the test data by extrapolation. In other words, the model will be used as a 
numerical “test bed” for exploring the impact of lithophysae shape, size, distribution and 
porosity on its mechanical properties and failure modes. Finally, time-dependent 
strength properties (i.e., static fatigue) need to be determined for nonlithophysal and 
lithophysal materials. 

Modeling and Design Tools-Although empirical methods are typically employed in 
rock engineering for design, they have only limited applicability here due to the general 
lack of experience base in lithophysal rocks and to the complex loading states generated 
by heating and seismic forces. Therefore, numerical models will be used as primary 
methods of design and performance assessment, with empirical methods as confirmatory 
tools. The non-lithophysal rocks are typical, strong, fractured materials whose behavior 
is expected to be largely controlled by the fracture geometry and surface properties, and 
will be anisotropic in nature. Consequently, reliance for rockfall analysis under thermal 
and seismic loading is placed on the use of three-dimensional discontinuum analysis 
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methods (e.g., 3DEC [3DEC, 10025-2.0-00 V.2.0.1). The thermomechanical behavior of 
the lithophysal rocks is expected to be isotropic, but controlled by lithophysal porosity. 
It is the intention of the project to develop a rock mass constitutive model to describe the 
shear and possible compaction response of the material, whose material properties are 
porosity-dependent. The approach suggested is to embed this constitutive response into 
two-dimensional numerical models for purposes of representation of yield and 
deformation response to thermal and seismic load. To enable estimates of physical rock 
degradation and rockfall, two-dimensional discontinuum modeling approaches 
(Le., UDEC [UDEC V.3.0, 10173-3.0-00 V.3.01) will be used as described in detail in 
this document. A program of model calibration and validation against the field tests, 
and current tunnel observations in the ESF and ECRB, is planned to provide confidence 
in their application. Preclosure ground support design will be accomplished using a 
combination of empirical methods as used in industrial practice, which will be 
confirmed using numerical analysis techniques. 

2.3 OVERVIEW OF THE RESOLUTION STRATEGY FOR EACH 
GEOMECHANICALLY-RELATED KEY TECHNICAL ISSUE AGREEMENT 

The relevant geomechanically-related issue agreements and an overview of the resolution 
strategy is given in Appendix A for each of the KTI agreements covered by this document. 
Details of the overall resolution strategy are given in Sections 5 and 6 of this report. The 
following KTI agreements are addressed in this report with quoted pertinent sections: 

2.3.1 RDTME 3.02 

Provide the critical combinations of in-situ, thermal, and seismic stresses, 
together with their technical bases, and their impacts on ground support 
performance. The DOE will examine the critical combinations of in-situ, thermal, 
and seismic stresses, together with their technical bases and their impacts on 
preclosure ground support performance. These results will be documented 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. 

2.3.2 RDTME 3.04 

Provide in the Design Parameter Analysis Report (or some other document) site- 
speciJic properties of the host rock, as a minimum those included in the NRC 
handout, together with the spatial and temporal variations and uncertainties in 
such properties, as an update to the information contained in the March 1997 
Yucca Mountain Site Geotechnical Report. (1) evaluate the 
adequacy of the currently available measured and derived data to support the 
potential repository licensing case and identijj areas where available data may 
warrant additionalJield measurements or testing to reduce uncertainty. DOE will 
provide a design parameters analysis report (or other document) that will include 
the results of these evaluations, expected to be available to the NRC in FY 2002; 
and (2) acquire data andor perform additional analyses as necessary to respond 

The DOE will: 
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2.3.3 

2.3.4 

2.3.5 

2.3.6 

2.3.7 

to the needs identi9ed in 1 above. The DOE will provide these results prior to 
any potential license application. 

RDTME 3.05 

Provide the Rock Mass Classification Analysis (or some other document) 
including the technical basis for accounting for the effects of lithophysae. The 
DOE will provide a rock mass classijkation analysis (or other document), 
including the technical basis for accounting for the effects of lithophysae, 
expected to be available to NRC in FY 2002. 

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 signijkance of the 
input parameters for review by NRC staff by August 2002. Once an agreed set of 
signijkant parameters has been determined by the DOE and NRC stafi 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 3.07 

The DOE should account for the effect of sustained loading on intact rock 
strength or provide justification for not accounting for it. The DOE will assess 
the effects of sustained loading on intact rock strength. The DOE will provide the 
results of this assessment in a design parameters analysis report (or other 
document), expected to be available to NRC in FY 2002. 

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 ofjFacture patterns (based on observed orientation, spacing, 
trace length, etc) on the preclosure ground control system design in a revision to 
Ground Control for Emplacement Drijh 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 3.09 

Provide appropriate analysis that shows rock movements in the invert are either 
controlled or otherwise remain within the range acceptable to provide for 
retrieval and other necessary operations within the disposal drift. DOE will 
provide appropriate analysis that shows rock movements in the floor of the 
emplacement drift are within the range acceptable for preclosure operations. The 
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2.3.8 

2.3.9 

analysis results will be provided in a revision to Ground Control for 
Emplacement Dr f ts  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 3.10 

Provide technical basis for the assessment that two-dimensional modeling of 
emplacement drifts is considered to be adequate, considering the fact that neither 
the in-situ stress Jield nor the principle fiacture orientation are parallel or 
perpendicular to emplacement drift orientation. The DOE will provide the 
technical bases for the modeling methods used in ground control analysis 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 3.11 

Provide continuum and discontinuum analyses of ground support system 
performance that take into account long-term degradation of rock mass and joint 
strength properties. The DOE will justijj the preclosure ground support system 
design (including the effects of long-term degradation or rock mass and joint 
strength properties) 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. 

2.3.10 RDTME 3.12 

Provide dynamic analyses (discontinuum approach) of ground support system 
performance using site-specijk ground motion history as input. The DOE will 
provide appropriate analyses to include dynamic analyses (discontinuum 
approach) of preclosure ground support systems, using site-specijk ground 
motion time histories as input, 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. 

2.3.11 RDTME 3.13 

Provide technical justijkation for boundary conditions used for continuum and 
discontinuum modeling used for underground facility design, The DOE will 
provide the technical justijcation for boundary conditions used in modeling for 
preclosure ground control analyses, 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. 
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2.3.12 RDTME 3.15 

Provide Jield data and analysis of rock bridges between rock joints that are 
treated as cohesion in DRKBA modeling together with a technical basis for how a 
reduction in cohesion adequately accounts for thermal effects. The DOE will 
provide clariJcation of the approach and technical basis for how reduction in 
cohesion adequately accounts for thermal effects, including any additional 
applicable supporting data and analyses. Additionally, the adequacy of the 
cohesion reduction approach will be veriJied according to the approach described 
in Subissue 3, Agreement 22, of the Repository Design and Thermal-Mechanical 
Effects Technical Exchange. This will be documented in a revision to the Drift 
Degradation Analysis, ANL-EBS-MD-00002 7, expected to be available to NRC in 
FY 2003. 

2.3.13 RDTME 3.16 

Provide a technical basis for the DOE position that the method used to model 
joint planes as circular discs does not under-represent the smaller trace-length 
fractures. The DOE will analyze the available small trace-length fiacture data 
from the Exploratory Studies Facility and Enhanced Characterization of the 
Repository Block, including their effect on block development. This will be 
documented in a revision to the Drift Degradation Analysis, ANL-EBS-MD- 
000027, expected to be available to NRC in FY 2003. 

2.3.14 RDTME 3.17 

Provide the technical basis for effective maximum rock size including 
consideration of the effect of variation of the joint dip angle. The DOE will 
provide the technical basis for effective maximum rock size including 
consideration of the effect of variation of the joint dip angle. This will be 
documented in a revision to Dr f t  Degradation Analysis, ANL-EBS-MD-00002 7 in 
FY 2003. 

2.3.15 RDTME 3.19 

The acceptability of the process models that determine whether rockj5all can be 
screened out from performance assessment abstractions needs to be substantiated 
by the DOE by doing the following: (1) provide revised DRKBA analyses using 
appropriate range of strength properties for rock joints fiom the Design Analysis 
Parameters Report, accounting for their long-term degradation; (2) provide an 
analysis of block sizes based on the full distribution ofjoint trace length data fiom 
the Fracture Geometry Analysis Report for the Stratigraphic Units of the 
Repository Host Horizon, including small joints trace lengths; (3) verijj the 
results of the revised DRKBA analyses using: (a) appropriate boundary 
conditions for thermal and seismic loading; (b) critical fiacture patterns fiom the 
DRKBA Monte Carlo simulations (at least two patterns for each rock unit); 
(c) thermal and mechanical properties for rock blocks and joints fiom the Design 
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Analysis Parameters Report; (4 long-term degradation of rock block and joint 
strength parameters; and (e) site-specific ground motion time histories 
appropriate for postclosure period; provide a detailed documentation of the 
analyses results; and (4) in view of the uncertainties related to the rockfall 
analyses and the importance of the outcome of the analyses to the performance of 
the repository, evaluate the impacts of rockfall in performance assessment 
calculations. DOE believes that Drift Degradation Analysis is consistent with 
current understanding of the Yucca Mountain site and the level of detail of the 
design to date. As understanding of the site and the design evolve, DOE will: 
( I )  provide revised DRKBA analyses using appropriate range of strength 
properties for rock joints from a design parameters analysis report (or other 
document), accounting for their long-term degradation; (2) provide an analysis of 
block sizes based on the full distribution of joint trace length data from the 
Fracture Geometry Analysis for the Stratigraphic Units of the Repository Host 
Horizon, ANL-EBS-GE-000006, supplemented by available small joint trace 
length data; (3) veri& the results of the revised DRKBA analyses using: 
(a) appropriate boundary conditions for thermal and seismic loading; (b) critical 
fracture patterns from the DRKBA Monte Carlo simulations (at least two patterns 
for each rock unit); (c) thermal and mechanical properties for rock blocks and 
joints from a design parameters analysis report (or other document); 
(d) long-term degradation of joint strength parameters; and (e) site-specific 
ground motion time histories appropriate for postclosure period. This will be 
documented in a revision to Drift Degradation Analysis, ANL-EBS-MD-00002 7, 
expected to be available to NRC in FY 2003. Based on the results of the analyses 
above and subsequent drip shield calculation revisions, DOE will reconsider the 
screening decision for inclusion or exclusion of the rockfall in performance 
assessment analysis. Any changes to screening decisions will be documented in 
analyses prior to any potential license application. 
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3. REVIEW OF SITE GEOLOGY AND GEOTECHNICAL CHARACTERIZATION 
ACTIVITIES 

3.1 INTRODUCTION - CURRENT DATA COLLECTION PROGRAM 

Geologic and geotechnical data collection has been a central focus of the YMP since its 
inception in 1982. Several reports specifically discussing geotechnical data for underground 
excavations have been produced for the YMP. Prior to construction of the ESF, Brechtel et al. 
(1 995) completed a report incorporating data from preconstruction drilling and surface mapping 
for construction of the North Ramp. Kicker et al. (1997) produced a similar report for the ESF 
Main Drift. Following excavation, four reports were produced summarizing the as-built geology 
and rock mass rating for the ESF (Beason et al. 1996; Barr et al. 1996; Albin et al. 1997; and 
Eatman et al. 1997). Finally, one report was produced summarizing the geology and 
geotechnical characterization of the ECRB Cross-Drift (Mongano et al. 1999). 

Two systems of stratigraphic nomenclature are used in the presentation of data: 
thermal-mechanical (Ortiz et al. 1985) and lithostratigraphic (Buesch et al. 1996). Correlation 
between these two stratigraphic systems is given in Table 1. 

A comprehensive series of mechanical property measurements were conducted on specimens 
prepared from cores recovered from boreholes NRG-5, NRG-6, NRG-7/7A, SD-9 and SD-12, 
and to a limited extent from core recovered from boreholes in the ESF (Appendix B). The 
sampling plan for laboratory-determined geotechnical properties of intact rock was designed for 
data analysis by thermal mechanical units that are relatively thick, providing a large statistical 
base. The numbers of measurements performed in determining the geotechnical properties of 
intact rock are presented in Section 4.2. It should be noted that the principal sampling was for 
the middle nonlithophysal unit (Tptpmn) while limited sampling, analysis and testing are 
available for the lower lithophysal and nonlithophysal units (Tptpll, Tptpln). Extensive new 
drilling of 12-in. (30.5-cm) diameter core is underway in the ECRB Cross-Drift and the ESF. 
The core from these holes is being used for additional thermomechanical testing of lithophysal 
rocks and for shear testing of joints. 

Rock mass quality assessments were made to evaluate rock mass properties, tunnel stability, and 
ground support requirements. These assessments utilized the Norwegian Geotechnical Institute 
rock quality system (Q system) and data from boreholes and full-peripheral tunnel mapping from 
the ESF and ECRB Cross-Drift (Barton et al. 1974). 

3.2 REGIONAL GEOLOGY 

Yucca Mountain lies in southern Nevada, in the Great Basin, which is part of the Basin and 
Range structural/physiographic province. In the Yucca Mountain area, pre-Tertiary rocks 
(consisting of a thick sequence of Proterozoic and Paleozoic sedimentary rocks) underlie 
approximately 1000 to 3000 m of Miocene volcanic rocks (Gibson et al. 1990). 
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Table 1. Stratigraphic and Thermal Mechanical Units Relevant to the ECRB Cross-Drift 

Unit Description 

Umer Tiva Canvon. undifferentiated 

Thermal 
Stratigraphic Mechanical 

Notation Notation 

. TCw 
TPC 
Tpcpv3 

Tpcpvl-2 
PTn 

Tpbt4 

The Miocene volcanic sequence exposed at Yucca Mountain includes units of the Paintbrush and 
Timber Mountain Groups (Sawyer et al. 1994). The Paintbrush Group consists of pyroclastic 
rock and lava that originate from the Claim Canyon Caldera (approximately 6 km north of the 
study area) and are from 12.8 to 12.7 million years old (Byers et al. 1976; Sawyer et al. 1994). 
The Paintbrush Group includes a homoclinal sequence consisting of four formations, the Tiva 
Canyon, Yucca Mountain, Pah Canyon, and Topopah Spring Tuffs. These formations consist of 
pyroclastic-flow and pyroclastic-fall deposits with interbedded lava that dip 5 to 10 degrees to 
the east (Byers et al. 1976; Christiansen et al. 1977; Broxton et al. 1993). Two of these 
formations, the Topopah Spring and Tiva Canyon Tuffs, are voluminous, densely-welded, 
compositionally-zoned pyroclastic outflow sheets that grade upward from rhyolite composition 
to quartz latite composition (Lipman et al. 1966; Byers et al. 1976; Schuraytz et al. 1989). The 
tuff and ash flows of the Timber Mountain Group were erupted from Timber Mountain Caldera 
complex and consist of the Ammonia Tanks Tuff and the Rainer Mesa Tuff (Sawyer et al. 1994). 

Yucca Mountain is bounded by the Yucca Wash to the north, by the Solitario Canyon fault to the 
west, and the Bow Ridge fault to the east. Alluvium-filled structural valleys, consisting mostly 
of alluvial fan deposits (fluvial and colluvial sediments) and some thin eolian deposits, lie 
adjacent to the Bow Ridge and Solitario Canyon faults on the east and west sides, respectively. 
The Yucca Mountain area is cut by steeply dipping normal faults which strike north to south and 
separate the Tertiary volcanics into blocks one to four kilometers wide (Scott 1990). The 
repository block is bounded by the Solitario Canyon fault to the west and the Ghost Dance fault 
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to the east. Both faults dip steeply toward the west, and displacement, amount of brecciation, 
and number of associated splays vary considerably along their trace (Scott and Bonk 1984; Day 
et al. 1998). The Solitario Canyon fault has normal down-to-the-west displacement of about 
260 m in the vicinity of the repository block. The Ghost Dance fault is in the central part the 
repository block and is a generally north-striking normal fault zone, with down to the west 
displacement. The Sundance fault is located in the north-central portion of the repository block. 
It is a northwest-striking, east-dipping normal fault with a maximum cumulative 
down-to-the-northeast displacement of 6 to 11 m (Day et al. 1998). Numerous smaller faults and 
fault zones are present throughout the repository block, generally north-trending with offsets less 
then 5 m (Mongano et al. 1999). 

3.3 LITHOSTRATIGRAPHY AT THE REPOSITORY HORIZON 

All of the rocks of the repository host horizon lie within the Topopah Spring Tuff, specifically 
within the crystal-poor member. The repository host horizon includes rock from the lower part 
of the upper lithophysal zone (Tptpul) of the TSwl thermal mechanical unit, and all of the TSw2 
thermal mechanical unit, including the middle nonlithophysal zone (Tptpmn), the lower 
lithophysal zone (Tptpll), and the lower nonlithophysal zone (Tptpln) (see Table 1 and Figure 3). 
These lithologies are described in this section (Mongano et al. 1999). 

Tptpul-The crystal-poor upper lithophysal zone is exposed in both the ESF and ECRB 
Cross-Drift. The ECRB Cross-Drift begins in the upper central portion of the zone and it 
exposes rocks of the central and lower portions of the zone from Station O+OO to 10+15. The 
upper portion of the upper lithophysal zone is also exposed in the hanging wall of the eastern 
strand of the Solitario Canyon fault zone from Station 25+90 to 26+57.5. In both exposures, the 
unit is moderately to densely welded, devitrified, and vapor-phase altered. In general, the rock 
appears grayish red-purple (5RP4/2) and contains 10 to 40 percent vapor-phase spots, stringers, 
and partings. The central and lower parts of the zone (Station O+OO to 10+15) are composed of 
0 to 15 percent pumice, 1 to 3 percent phenocrysts, 0 to 5 percent lithic fragments, 10 to 
60 percent lithophysae, and 40 to 90 percent matrix. The upper part of the zone (Station 25+90 
to 26+57.5) is composed of 5 to 15 percent pumice, 2 to 5 percent phenocrysts, less than 
1 percent lithic fragments, 3 to 20 percent lithophysae, and 60 to 90 percent matrix. 

Tptpmn-The ESF is excavated in the middle nonlithophysal zone from Stations 27+21 to 
57+29, from 58+78 to 63+08, and from 70+58 to 71+68. The ECRB Cross-Drift exposes the 
middle nonlithophysal zone from Station 10+15 to 14+44. In general, the moderately to densely 
welded, devitrified and variably vapor-phase altered unit is composed of less than 5 to 10 percent 
pumice (locally 25 to 35 percent), 1 to 2 percent phenocrysts, 1 to 2 percent lithic fragments, 0 to 
1 percent lithophysae, and 85 to 93 percent matrix. Vapor-phase spots, stringers, and partings 
comprise from 1 to 15 percent of the rock. Smooth, high-angle fractures are typical of the zone, 
but it also contains occasional low-angle, continuous shears and cooling joints. Another feature 
characteristic of the Tptpmn is the presence of low-angle concentrations of vapor-phase 
minerals. These features appear as continuous partings subparallel to the dip of the unit. 
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Tptpll-The ESF exposes a small portion of the upper contact of the lower lithophysal zone from 
Station 57+29 to 58+78. The lower lithophysal zone is exposed along the ECRB Cross-Drift 
from Station 14+44 to 23+26. In general, the moderately to densely welded, devitrified, and 
vapor-phase altered unit is composed of 3 to 7 percent pumice (locally 10 to 35 percent), 1 to 
2 percent phenocrysts, 1 to 5 percent lithic fragments (locally 12 to 15 percent), 5 to 30 percent 
lithophysae (locally 1 to 5 percent), and 56 to 90 percent matrix. Lithophysae vary in size from 
ten centimeters to greater than 1 meter in diameter. Throughout most of the unit, vapor-phase 
spots, stringers, and wisps comprise between 3 and 12 percent of the rock. In several intervals, 
however, vapor-phase alteration products form 15 to 40 percent of the rock. 

Tptpln-The Tptpln, exposed only in the ECRB Cross-Drift from Station 23+26 to 25+85, 
comprises moderately to densely welded, devitrified pyroclastic-flow material. It is generally 
composed of 3 to 20 percent pumice, 1 to 2 percent phenocrysts, 3 to 7 percent lithic fragments, 
0 to 5 percent lithophysae, and 66 to 93 percent matrix. Vapor-phase alteration products form a 
minor component of the rock in some portions of the unit. Rocks of the lower nonlithophysal 
zone vary from a heterogeneous mix of grayish red and grayish orange pink (5YR7/2) to 
comparatively homogeneous pale red, light brown, pale brown, or grayish brown (5YR6/4). In 
proximity to the Solitario Canyon fault zone, the unit is brecciated and altered. In this area, the 
breccia matrix varies from moderate reddish brown to grayish orange pink to pale red; breccia 
clasts are locally bleached to very light gray adjacent to the fault plane. 

3.4 GEOTECHNICAL CHARACTERIZATION 

Geotechnical data were collected based on two empirical rock mass classification systems: the 
Q system (Barton et al. 1974) and the Geomechanics Rock Mass Rating system (RMR system) 
(Bieniawski 1989). Ratings are assigned to a five-meter length of tunnel using both rock 
classification systems. The use of this relatively short rating length may have the disadvantage 
of introducing variations in some evaluated parameters which may be expected to be stable; yet 
it has the advantage of capturing expected variations in more unstable parameters. For example, 
considering the Q system, one might assume the number of joint sets would be constant over a 
long reach of tunnel. Using a five-meter rating length permits evaluation of the actual 
occurrence of a particular joint set; therefore the rating value for the number of joint sets may 
vary within a ten-meter reach of tunnel. On the other hand, the five-meter rating length permits a 
description of the changes in fracture frequency represented by the rock quality designation 
(RQD). Overall, the five-meter rating length emphasizes changes in rock quality from one 
length to the next. When longer reaches of the tunnel or various stratigraphic units are 
compared, differences in the trends of the five-meter ratings and differences in the average 
ratings are meaningful. 

Tptpul-The Tptpul (Station O+OO to 10+15 and Station 23+26 to 25+85), the longest reach of 
the ECRB Cross-Drift, has the lowest RQD rating (36 poor), yet the highest Q system rating 
(14 good). Its RMR value (57 fair)' equals the RMR value of the Tptpll. Its lithophysae content 
range from 10 to 40 percent by volume. These cavities average 10 cm in diameter. Fractures are 
difficult to distinguish, with an average of only one joint set. No keyblocks are expected to form 

Note that the RMR or Q systems are based on fracturing and alteration as the primary structural features that 
weaken an in situ rock mass. There are no explicit allowances in these methods for lithophysae. Consequently, 
the lithophysae were accounted for through the RQD in attempting to apply this system to the Tptpul and Tptpll. 

I 
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within this unit; however, there are occasionally some horizontal cooling joints. It has 11 faults, 
1 fault zone, and 25 shears or shear zones. 

Tptpmn-The Tptpmn (Station 10+15 to 14+44) has a mean horizontal RQD rating of 60 (fair), 
including lithophysae, and 62 (fair), excluding lithophysae. The projected Q rating from the 
predictive report agrees with this assessment. The RMR system rates the Tptpmn and the Tptpln 
as the highest, with a rating of 60 (fair). The unit is generally characterized by less than 
3 percent lithophysae by volume. The Tptpmn has 430 meters of exposure in the ECRB 
Cross-Drift and has the least amount of faulthhear activity with a total of 1 fault zone, 6 faults, 
and 13 shears. It has an average of three to three+ random joint sets. The horizontal joint sets, 
or vapor-phase partings, cause significant problems with keyblocks at Station 10+80 to 11+55 
and Station 13+10 to 13+15. 

Tptpll-The Tptpll (Station 14+44 to 23+26) has a horizontal RQD rating of 42 (poor). Its 
tunnel-calculated Q rating is 7.9 (fair), the lowest in the ECRB Cross-Drift. The RMR system 
estimates for this unit at 57 (fair). The Tptpll is generally characterized by lithophysae of 5 to 
30 percent by volume and range in size from 5 to 130 cm. The larger lithophysal cavities tend to 
be irregular or ellipsoidal features that exhibit prismatic fracturing. The unit has an average of 
two+ random joint sets; however no keyblock problems are apparent. The Tptpll has 4 faults and 
30 shears exposed in 882 meters of rated tunnel. 

Tptpln. The Tptpln (Station23+26 to 25+85) has the best horizontal RQD ratings: 62 (fair), 
including lithophysae, and 67 (fair), excluding the lithophysal cavities. Its tunnel-calculated 
Q rating is 12.3 (good). The RMR system rates this unit a 60 (fair). This unit is characterized by 
generally less than three percent lithophysal cavities by volume. It has an average of three joint 
sets, with no keyblock problems. The Tptpln has 6 faults and 36 shear or shear zones. 

3.5 DISCUSSION OF ENGINEERING CHARACTERISTICS OF ROCK MASS 
IMPORTANT TO GEOMECHANICAL DESIGN AND PERFORMANCE 

As discussed in Section 6.1, the structure of the rock mass plays what is perhaps the most 
important role in defining the properties and structural response of the repository to thermal and 
mechanical loading. In particular, the fracture geometry and properties and the degree of 
lithophysal porosity are the primary geologic structures of importance. Extensive geotechnical 
mapping of fractures has been performed in the entire ESF and the ECRB Cross-Drift (CRWMS 
M&O 1998b, Mongano et al. 1999). Figure 4 shows a schematic of the Topopah Spring 
Formation illustrating the general occurrence of fracturing and lithophysae in the various 
sub-units of the flow. The occurrence of fractures and lithophysae are roughly inversely 
proportional. This is illustrated schematically in Figure 4 and demonstrated quantitatively in 
Figure 5, where the fracture density (fractures with trace length greater than 1 m), determined 
from detailed line mapping, and the approximate percentage of lithophysal porosity in the ECRB 
Cross-Drift are shown. The density of fractures with trace length greater than 1 m is 
significantly larger in the Tptpmn and Tptpln (20-35 fractures/lO m), as compared to 
5 fracturedl 0 m or less in the Tptpul and Tptpll. 
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3.5.1 Fracturing 

Full periphery and detailed line maps, consisting of a description of orientation, trace length, 
small and large scale roughness, and end terminations for all fractures with trace lengths of 
greater than or equal to one meter was performed in all drifts. The data base consists of over 
35,000 entries and is recorded in CAD drawings as well as spreadsheets. 

There are, in general, four sets of fractures in the Tptpmn with the following characteristics: 

Table 2. General Characteristics of Fracture Sets in the Middle Nonlithophysal Unit 

Mean Mean Mean Trace Length 
Set AzimuthlDip Spacing (m) (m) Comment 
1 I 22/84 0.5 2.3 Rough to smooth, planar 
2 I 95/85 I .4a 1.9 Smooth but curved 
3 306109 4.2 2.7 Vapor phase partings, 

rough, cohesive with 
coating minerals, planar 

generally flat to moderate 
dip 

4 varia ble/2045° 1.7 Random fractures with 

Source: Mongano et al. 1999 

The fractures, particularly the high angle sets (sets 1 and 2) have relatively short continuous trace 
lengths (Figure 6) ,  with ends often terminating either against other fractures or in solid rock, 
leaving a solid rock “bridge” between joint tracks. Full periphery maps that logged all fracture 
traces with length greater than one meter were created behind the tunnel boring machine as the 
ESF and the ECRB Cross-Drift were driven. A typical full periphery map showing all fractures 
is shown in Figure 7 with these fractures subdivided into three sets (two sub-vertical, one 
sub-horizontal plus random) in the lower panels. Figure 8 shows the discontinuous nature of the 
fractures in each set. This figure shows a photograph typical of the wall of the ECRB 
Cross-Drift within the Tptpmn. During the detailed line mapping, the fracture traces were 
painted as seen in this photo. Each fracture termination was logged as being against another 
fracture, within solid rock, or continuous. The photo shows the common occurrence of fractures 
that terminate in solid rock (T-junctions) as opposed to continuous structures (arrowheads). The 
sub-vertical fractures, in particular, often have curved surfaces with large-amplitude (dozens of 
centimeters) asperities and wavelength of meters. Fractures often terminate in solid rock with 
discontinuous interconnection to adjacent joint tracks or against other joints. 

The sub-horizontal vapor phase partings (Figure 9) are relatively continuous structures seen 
throughout the Tptpmn. These continuous, but anastamosing fractures are sub-parallel to the dip 
of the rock unit, and are filled with concentrations of vapor-phase mineralization (primarily 
tridymite and cristobalite). The surfaces are rough on a small scale, and, unlike the sub-vertical 
fractures, have cohesion as a result of the mineral filling. 
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The lithophysae in the Tptpul: 

0 Tend to be smaller (roughly 1 to 10 cm in diameter) 

0 Are more uniform in size and distribution within the unit 

0 Vary in infilling and rim thickness 

Have a volume percentage that varies consistently with stratigraphic position 

0 Are stratigraphically predictable. 

In contrast, the lithophysae in the Tptpll tend to be highly variable in size, from roughly 1 cm to 
1.8 m in size. They also: 

Have shapes that are highly variable from smooth and spherical to irregular and sharp 
boundaries 

Have infilling and rim thickness that vary widely with vertical and horizontal spacing 

0 Have volume percentages that vary consistently with stratigraphic position 

0 Are stratigraphically predictable. 

Currently, a lithophysal mapping and description project within the Tptpll is nearing completion. 
This project aims at providing a quantitative assessment of lithophysal porosity, shape, size 
distribution, alteration and a description of inter-lithophysal fracturing. A total of 1 8 1 x3 m 
panels have been mapped in detail, and percentages of lithophysae, alteration rims and spots 
determined. Figure 11 sliows a photograph from one of the panels. Photographs are used for 
classification of the lithophysae, rims and spots and allow determination of the inter-lithophysal 
fracture density. Current plans call for the results of the lithophysal study to be available in the 
electronic data management system along with the fracture geometric interpretation in the 
second quarter of fiscal year 2003, with a Science and Analysis Report to be developed in the 
first quarter of fiscal year 2004. 
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4. REPOSITORY LOCATION 

A repository concept re-evaluation study was recently completed (Board et al. 2002). In this 
study, the general location of the repository horizon and layout were re-examined in an attempt 
to minimize performance uncertainties as well as to provide for a flexible or modular layout. 
Performance uncertainties are minimized through location of the repository within the most 
heavily characterized geologic region. The purpose of the modular layout is to provide for 
greater ease in accommodating an incremental approach to exploration and construction as well 
as accommodation of varying waste types and receipt rates. 

The general footprint within which the repository is to be sited is given in Figure 12. This 
footprint, determined largely on performance criteria, encompasses most of the Site 
Recommendation “primary block” and “lower block” regions (DOE 2002). Within this 
footprint, the repository itself is laid out within the Topopah Spring Formation. The repository 
layout in plan view is given in Figure 13. The primary difference between the current and Site 
Recommendation layouts is that the revised configuration is based on a series of smaller panels 
serviced by surrounding access mains that allow greater flexibility in design and ability to 
accommodate varying waste receipt rates and thermal profiles. Each panel is developed by first 
constructing the surrounding access mains. This excavation provides the opportunity for 
progressively more-intensive exploration and testing of the rock mass as construction proceeds. 

The layout consists of five panels, numbered as shown in Figure 13. Panels 1,2,  3 and 5 all lie in 
the upper elevation plane (the elevation of the ESF Main lateral. Panel 4 lies approximately 
80 m below at the same elevation as the “lower block” of the Site Recommendation layout (the 
elevation varies from the north to the south end of the repository). 

The emplacement drifts are oriented at 72’ azimuth for minimization of the formation of 
removable rock wedges (CRWMS M&O 1999), and have been given nominal lengths of 600 m 
for ventilation efficiency purposes. The panels are developed by first constructing 7.62 m 
diameter access mains around the circumference of each panel, followed by development of the 
5.5 m diameter emplacement drifts. All emplacement and access drifts are to be driven with 
tunnel boring machines. 

Development of a Performance Confirmation Testing Program is currently underway. This 
program will provide details on the exploration drilling, geological and geotechnical mapping 
and in situ testing that will be conducted during Construction as well as during the preclosure 
period. The circumferential development of the mains will allow exploration of the rock mass 
comprising the panel prior to emplacement drift development. 

The various Topopah Spring sub-zones that are intersected by the drifts are shown in Figure 14. 
As seen, the emplacement drifts are found primarily within the Tptpll (roughly 72 percent), and 
the Tptpmn (roughly 20 percent). Emplacement within the Tptpul and Tptpln comprise the 
remaining roughly 8 percent of the layout. 
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5. GEOMECHANICAL ISSUES AND DATA NEEDS FOR USE IN DESIGN 
AND PERFORMANCE ASSESSMENT STUDIES 

5.1 INTRODUCTION 

The broad geomechanical KTI agreements that the ORD must resolve are similar in many 
respects to issues that confront many large underground construction projects. The uniqueness 
of the present project involves the additional design and performance variables that need to be 
taken into account, particularly high temperatures and extended periods of time as well as the 
reliance on numerical models rather than empirical design methods. Resolving these issues will 
require the following actions: 

0 Gathering data for estimation of thermomechanical material behavior of the major rock 
mass geologic units that comprise the repository horizon, and determining how this 
behavior is affected by environmental conditions (Le., temperature, moisture) and time 

0 Estimating the variability of the material behavior as a fimction of the geologic 
variability across the site, and examining the impact of uncertainties in rock property 
measurements and how this uncertainty propagates through the numerical modeling and 
design calculations 

0 Determining the preclosure ground support requirements and specifying a support 
system and maintenance strategy capable of ensuring waste retrieval 

Estimating the stability and possible failure modes of emplacement drifts due to 
preclosure and postclosure seismic shaking and general thermal and time-related 
degradation effects. 

The above issues result in two major classifications of issues and data needs: those associated 
with gathering of material properties or geologic data, and those associated with use of numerical 
modeling for design and performance assessment. 

5.2 MATERIALS PROPERTIES AND GEOTECHNICAL CHARACTERIZATION 
ISSUES 

5.2.1 Materials Properties and Geotechnical Characterization IssuesNeeds 

As described in the previous section, the repository footprint is located approximately 70 percent 
within the Tptpll and 20 percent within the Tptpmn, with the remaining 10 percent falling inside 
the Tptpul and Tptpln. The solid groundmass of these sub-units of the Topopah Spring 
formation have approximately the same mineral composition and texture, but the distinctly 
different physical structure of the lithophysal and non-lithophysal units leads to different thermal 
and mechanical response. 

The difference in physical character of these sub-units can be reduced to the character of the 
internal structures within them. The nonlithophysal units are generally hard, strong, fractured 
rocks with matrix porosities of 10 percent or less (Appendix B). The primary structures in these 
units are fractures that formed during the cooling process and have undergone little to no 
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postformation shearing. The lithophysal units, on the other hand, have significantly fewer 
fractures of significant continuous length (Le., trace length greater than 1 m), but have relatively 
uniformly distributed porosity in the form of lithophysal cavities. Lithophysal porosity in the 
Tptpul and Tptpll is on the order of 10 to 30 percent by volume. The groundmass that makes up 
the rock matrix is heavily fractured with small scale (lengths on the order of 1 cm) 
inter-lithophysal fractures in the Tptpll, but is relatively unffactured in the Tptpul. 

The structural response of the lithophysal and nonlithophysal rock masses is expected to be 
distinctly different due to these structural differences. The mechanical response of the 
nonlithophysal units is expected to be governed by the longer cooling fractures whereas the 
lithophysal cavities and groundmass short trace length fracture density will control the response 
in the lithophysal units. The cavities in the lithophysal units also have an impact on the thermal 
properties of the rock mass. 

Due to the difference in physical character of the units, different geomechanical issues will 
dominate for each unit. 

5.2.2 Nonlithophysal Units 

5.2.2.1 Existing Database 

A significant database of thermal and mechanical properties from laboratory and field testing 
currently exists for the nonlithophysal rocks and fractures. A detailed review of the database is 
given in Appendix B, and only a brief overview given here, The number of tests for various 
properties that have been conducted is illustrated in Figure 15 below. As seen in this plot, the 
base of mechanical information is particularly extensive, including basic uniaxial, triaxial and 
tensile strength testing, rotary shear testing of fractures and basic physical properties testing. 

Hundreds of thermal tests (including tests for thermal capacitance, conductivity, and expansion) 
have been conducted in the laboratory and at the site for both the lithophysal and nonlithophysal 
rocks. 

The rock properties data base has recently been compiled in a convenient format by test type, 
and further subdivided as “Q”, “non-Q”, or “To Be Verified”. Statistics of each test type have 
been determined, and CAD-based geometric plots made of the location of samples with respect 
to the repository footprint area and geologic unit for visualization purposes. An example of the 
graphical presentation of these data for the uniaxial compressive strength is given in Figure 16. 
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0 Need for development of an improved understanding of the time-dependent fatigue 
strength of the rock matrix (associated agreements: RDTME 3.07,3.11,3.17,3.19). 

Need for development of an estimate of the time-dependent fatigue strength of the rock 
joints (associated agreements: RDTME 3.04, 3.1 1, 3.17, 3.19, 3.20). 

The above items deal primarily with the description of the time-dependency of the rock matrix as 
well as the geometry and properties of rock joints, and how these are represented in numerical 
models of excavation response to mining effects and thermal and seismic stresses. It is the goal 
of the project to present a clear picture of the method for inclusion of the geology and its 
variability directly into the modeling. The proposed method for developing a model of the 
fracturing is described later. 

5.2.3 Lithophysal Units 

5.2.3.1 Existing Data Base 

The current geomechanical data base in the lithophysal units includes primarily index properties, 
strength and thermal testing on small cores (1 to 2 in. [25 to 50 mm] diameters) from the Tptpul 
and Tptpll (Appendix B). The mechanical testing data comprising this set are largely uniaxial 
compression and Brazilian tensile strengths. Triaxial testing is generally not possible due to the 
difficulty in jacketing samples for confinement. 

The testing has shown that a strong relationship exists between compressive strength, modulus 
and porosity for all tuffs as shown in Figure 17. Here, the mechanical properties database, 
including tuffs from the Topopah Spring sub-units, as well as other welded and non-welded 
units, is given in terms of porosity. As noted in Appendix B, there is both porosity and size 
dependence to the mechanical properties. The porosity dependence is obvious from this figure, 
but the range of data for a given porosity is partially a function of the size of the sample as 
shown in Figure 18. 

Uniaxial compression tests have been conducted in the Tptpll and Tptpul, primarily on cores 
with 1 to 2 in. (25 to 50 mm) diameters, but with a few tests on 10.5-in. (267 mm) diameter 
samples, such as the one in Figure 19. The small diameter cores do not provide representative 
in situ strengths and moduli since samples of this size do not contain lithophysal cavities. Of 
greatest interest are the results from strength testing of 10 to 10.5-in. (254 to 267 mm) diameter 
cores from the Tptpul obtained from Busted Butte (Price et al. 1985). These tests give a better 
indication of the in situ strength of lithophysal rocks, and show uniaxial compressive strengths 
(UCS) ranging from 10.3 to 27.8 MPa, with moduli ranging from 10.9 to 21.5 GPa. Figure 20 
shows the correlation between the UCS and elastic modulus for these tests. The linear 
relationship of these properties is probably linked to their dependence on porosity. 
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Figure 18. Effects of Sample Size on the Uniaxial Compressive Strength of Welded Tuff from the Middle 
Nonlithophysal Zone (Tptpmn) 

A significant base of laboratory-scale thermal properties testing (Appendix B) exists for the 
lithophysal rocks, including thermal capacitance, thermal conductivity and thermal expansion. 
As was the case with the mechanical properties testing, the thermal tests have largely been 
conducted on small diameter cores which do not take into account the presence of the lithophysal 
porosity. To address this issue, a number of in situ borehole heater tests are either complete or in 
progress in the Tptpll of the ECRB Cross-Drift for the purposes of measurement of thermal 
conductivity and thermal capacitance. The tests include: 

0 Single heater and single instrumentation borehole 
0 Array of 3 heaters, 3 instrumentation boreholes 

Single heater, 2 instrumentation boreholes. 

Tests 1 and 3 are similar in geometry and are used to determine thermal properties using a simple 
test array. The second test, which includes more heaters, heats a larger rock volume. Results 
from tests 1 and 3 exhibit a bulk thermal conductivity of about 1.74 W/m"K (BSC 2002, 
Table 7-9). The porosity at the test locations varied between about 8.1 and 3 1.5 percent (BSC 
2002, Section 7.2.3). The bulk thermal conductivity is about a 15 to 20 percent decrease in value 
from the nonlithophysal rocks. The analysis of these tests has been used to develop an 
experimental basis for accounting for the effects of lithophysal porosity on thermal properties of 
the repository host rocks (BSC 2002). 
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In conclusion, thermal and mechanical properties determination of the lithophysal rocks needs to 
be based on: 

0 Materials properties testing on samples of lithophysal rocks sufficiently large that they 
represent the in situ scale 

0 Observation of the mechanical response of the ESF and the ECRB Cross-Drift. 

It is also required that an estimate be made of the variability of the mechanical behavior for the 
range of lithophysal conditions in the repository block. However, due to the limitations 
discussed above, only a small number of tests on large cores or in situ samples is possible. A 
strategy for resolving this issue involving calibration of appropriate numerical models for 
understanding the basic mechanisms of the rock mass behavior is given in Section 6. Once 
validated, the intention is to use the model as a “test bed” or numerical tool for assisting in the 
understanding of the impacts of lithophysae geometry on rock mass properties. 

5.2.3.3 Summary - Major Issues for the Lithophysal Rocks 

The primary outstanding issues for the lithophysal rocks and their related KTI agreements are as 
follows: 

0 Documentation of geometric the variability of lithophysae and small-scale fracturing 
both vertically and laterally within the lithophysal rocks, particularly the Tptpll, which 
makes up the bulk of the repository emplacement area (RDTME KTIs 3.04, 3.05, 3.06, 
3.08, 3.17) 

Development of additional test data on the thermomechanical properties of the 
lithophysal rocks, and document the impact of lithophysal porosity and small-scale 
fracturing on the constitutive behavior and scaling effects (RDTME KTIs 3.04, 3.05, 
3.20) 

Determination or estimation of the average and range of block sizes produced as a result 
of failure of the lower lithophysal unit (RDTME KTIs 3.17) 

Determination of the strength degradation (static fatigue) response of lithophysal rock as 
a function of loading level. Estimate how this time-dependent degradation impacts 
possible failure mechanism and extent in the emplacement drifts (RDTME KTIs 3.05, 
3.07, 3.1 1, 3.20). 

5.3 NUMERICAL MODELING ISSUES 

The design and evaluation of performance of the repository excavations requires examination of 
loading conditions and time periods unprecedented in common practice. Additionally, there is 
little contemporary experience in excavation in lithophysal tuffs. For these reasons, there will be 
a greater reliance than in typical civil construction projects on predictions using numerical 
modeling methods. 
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Numerical models for geomechanics purposes fall into several categories: continuum and 
discontinuum methods, two- or three-dimensional models, methods for inclusion of site-specific 
geologic conditions into the models, quasi-static or dynamic models, and initial and boundary 
conditions. Below, the background of the modeling issues raised in the KTI agreements are 
discussed. 

5.3.1 Continuum vs. Discontinuum Methods (Associated RDTME KTIs 3.11,3.12,3.20) 

In continuum methods, the effect of geologic structure in the rock mass (Le., fractures or 
lithophysae) is “lumped” into a thermomechanical constitutive model that represents the overall 
effect of the structure. In a discontinuum model, the fractures (and possibly lithophysae) are 
represented explicitly in the model as interfaces or cavities. The difference between these 
techniques is therefore the level of detail that is necessary in the model to adequately capture the 
deformation and failure mechanisms. 

In the nonlithophysal units, the failure mode of the rock mass is controlled by the fracture 
distribution and geometry (i.e., wedge-type failures). Predictions will be made of gravitational, 
thermally and seismically induced rockfall, which is clearly structurally controlled and 
three-dimensional in nature. Therefore, a three-dimensional discontinuum approach appears 
warranted in this case. 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. It is always advisable to 
begin analyses at the simplest possible level of rock mass geometry - in this case, 
two dimensional approaches that may be conservative in their structural representation, but allow 
ease of parametric examination and 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 the lithophysal rocks, the plan is to perform modeling predictions to estimate the amount of 
rock that can fall into the tunnel as a function of time-related degradation and strength loss, as 
well as from thermal loading and seismic shaking. Geologic observation in the existing tunnels 
indicates that the size of rock particles will be controlled by the spacing of the lithophysae and 
the spacing of the ubiquitous, short-length inter-lithophysal fracturing. The widely spaced, 
discontinuous natural fractures in the lithophysal rocks appear to be of secondary importance in 
this regard. Although geologic and mechanical test data will be used to confirm the estimated 
block size, practical observation indicates it will be small, and on the order of inches. Therefore, 
the approach is not to use modeling to determine the size of rock particles, but only the total 
amount that will dislodge from a given earthquake event. The most reasonable approach to 
modeling drift degradation in the lithophysal rocks is to use a discontinuum approach. Here, the 
overall mechanical response of the rock mass is represented using a constitutive model derived 
from lab and in situ testing, but allows the rock mass to fracture or break apart as the stresses 
dictate. The approach is described in detail later. 
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5.3.2 Two vs. Three Dimensions, Isotropic vs. Anisotropic Models (Associated RDTME 
KTI 3.10) 

Due to fracturing, the response of non-lithophysal rocks are assumed to be anisotropic and 
three-dimensional in nature. In the lithophysal units, the large-scale fracturing appears to be less 
important than the impact of lithophysae and small-scale inter-lithophysal fracturing on rock 
mass strength. Since the lithophysae are laterally consistent within a sub-unit and roughly 
uniformly distributed through the rock mass, it is reasonable to assume that a mechanical 
constitutive model, dependent on porosity and matrix strength properties, can capture the general 
failure mechanisms. There is no reason to assume that the mechanical response is anisotropic 
since the porosity is distributed uniformly. In other words, the orientation of the opening would 
appear to be of lesser importance to its mechanical response. Additionally, the lithophysal cavity 
radius is much smaller than the radius of the opening, and therefore, as long as the properties are 
determined for size greater than a few lithophysae diameters, a two-dimensional approach would 
appear adequate. 

5.3.3 Geologic “Realism” in Numerical Models (Associated RDTME KTIs 3.04,3.05,3.08, 
3.10,3.15,3.16,3.17,3.19,3.20) 

Implicit in the above discussion is the need for a clear methodology for incorporating geologic 
reality into the numerical models. The proposed approach incorporates two types of mechanical 
representations based on rock type: a discrete, fracture-based discontinuum approach for 
modeling emplacement drifts in the fractured, nonlithophysal rocks, and an isotropic constitutive 
representation for modeling the deformation and failure of lithophysal rocks. The success of 
both of these approaches is dependent on the ability to demonstrate that the basic representations 
and rock mass properties have been developed from the geologic mapping and geotechnical 
characterization as well as field test data. 

For example, the three-dimensional discontinuum models of the Tptpmn need to have joint 
geometries that have been directly derived from field mapping and geotechnical studies, and that 
sufficient representations are modeled to reflect the statistical variability of the joint orientation, 
length, and spacing. In a similar fashion, the mechanical constitutive model used to represent the 
Tptpll and Tptpul needs to be based on compression testing at a large enough scale so that the 
effect of the lithophysae are adequately accounted for. Additionally, the resulting rock mass 
property (i.e., strength and deformability) ranges need to be related to the porosity, size and 
distribution of lithophysae as determined from geologic mapping. Methodologies to ensure 
geologic “realism” are discussed in Section 6 of this report. 

5.3.4 Quasi-Static vs. Dynamic Models (Associated RDTME KTIs 3.12,3.13,3.19) 

The failure response of the rock mass to dynamic loading is of potential importance to 
performance assessment at Yucca Mountain. Two numerical approaches are often used to 
represent this type of problem: quasi-static and fully dynamic models. Since the wavelength of 
the earthquake ground motions in question are much greater in length than the dimension of the 
opening (the tunnel is 5.5 meters wide, while an earthquake wavelength would be hundreds of 
meters in length), the dynamic load is often represented as an equivalent static load, taking into 
account the ground acceleration of the motion. It is felt that this approach is inadequate for 
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examination of rockfall since it does not account for the translational motion of the tunnel, the 
transient stress concentrations and complex load path and inertial loading that a tunnel can 
undergo during high acceleration, long duration earthquakes. The ORD is therefore developing 
fully dynamic large displacement models for rockfall examination. However, in preclosure time 
periods, where the accelerations are small, use of equivalent static models may be sufficient for 
ground support analyses. Therefore, flexibility will be maintained in choice of modeling 
approach for ground support studies. 

5.3.5 Initial and Boundary Conditions (Associated RDTME KTIs 3.13) 

The repository excavations are initially loaded by the in situ gravitational stresses. At Yucca 
Mountain, the vertical, gravitational stress is the maximum component, while the principal 
horizontal components vary somewhat, depending on the topography. On average, the major 
horizontal components at 300 m depth are approximately 0.620, (NE-SW) and 0.360, 
(NW-SE), where O, is the vertical component, which is approximately 0.024 MPdm depth. 

The repository will undergo thermal loading in which the rock mass temperature will peak within 
a few hundred years after closure (depending on heat loading and ventilation time), followed by 
a long cool-down phase. The heating will induce rock mass expansion that will result in 
increased horizontal stresses at the repository level. This will increase the tangential stresses 
around the opening that could result in shear failure near the free surface. During cool-down, 
these thermally induced stresses will decay, with the effect of possible “loosening” of the rock 
mass. The magnitude of the temperature and stress changes will depend on the thermal loading 
scenario. Currently, the project is examining a range of thermal loading options. A series of 
three-dimensional models that include the mountain topography have been run to determine the 
regional temperature and stress changes as a function of the thermal operating mode. 

5.4 CONCLUSIONS 

This section of the report has provided a discussion of the basic, overriding issueshformation 
needs that have led to the explicit RDTME KTI agreements. These information needs are as 
follows: 

A. Geological and geotechnical characterization 

1. Development of a data base of rock fracture characteristics and lithophysal 
content and their variability over the repository host horizon sub-units. 

B. Materials Properties Measurement 

1. Nonlithophysal rocks 

a. Development of a representation of the geometry and strength characteristics 
of fractures and the blocks they form 

b. Development of an enhanced database of the strength properties of joints 
through direct shear testing. Supplement this laboratory database with 
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analysis of existing field index properties for development of an empirical 
shear model of the various joint sets 

c. Measurement of static fatigue properties of non-lithophysal rock and 
investigation of the static fatigue response of rock fractures typical of the 
Tptpmn. 

2. Lithophysal rocks 

a. Development of thermal and mechanical constitutive models and rock mass 
properties for lithophysal rocks that accounts for the size, shape, distribution 
and variability of lithophysae and inter-lithophysal fracturing 

b. Investigation of the static fatigue response of lithophysal rocks under 
long-term mining and thermally induced stresses. 

D. Numerical Modeling 

1. 

2. 

3. 

Determine proper modeling technique for examination of thermomechanical rock 
mass response under quasi-static and dynamic loading. Investigate continuum vs. 
discontinuum methods of analysis for ground support and rockfall simulation. 

Verify proper choice of model dimensions, initial and boundary conditions. This 
includes accounting for thermally induced stresses and their impact on drift and 
seismic stability, and the use of site-specific ground motions for earthquake 
analysis 

Perform sensitivity studies of tunnel stability and ground support under 
gravitational, thermal, and seismic loading in the preclosure and postclosure 
periods. 
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6.  APPROACH TO RESOLVING THE AGREEMENTS 

The overall approach to resolution of the information needs described in Section5 and the 
RDTME agreements is given in Figure 21. The process involves a program of field and 
laboratory testing, coupled with numerical studies, aimed at providing additional information on 
the rock mass geology and structure, and their property variations for use as input to numerical 
sensitivity studies of excavation stability under gravitational, thermal and seismic loading. 
Integral to this process is development of a detailed and transparent geological and geotechnical 
basis for the development of the site-specific rock-mass models. The KTI agreements that are 
addressed at each stage in this process are given in the figure. 

The process is composed of six basic program work elements, a through f, given from left to 
right in this figure. The approach initially involves development of a detailed understanding of 
the thermomechanical properties and variability of lithophysal and non-lithophysal rocks, and 
development of validated numerical models that can be used for design and performance 
assessment (elements a-e). The outcome of this process are material models and properties and 
their ranges that can be used as input to sensitivity studies. The design and performance 
assessment modeling (element f) is aimed at estimating tunnel stability in the preclosure and 
postclosure time frames. In the preclosure time frame, the primary issue is the specification of 
ground support methods, and in the postclosure, estimation of drift degradation from either 
thermal or seismic loading, or time-dependent response of the rock mass. The basic program 
elements are as follows: 

a. Field Geotechnical Characterization-Includes further analysis of the extensive, 
existing rock mass geological and geotechnical characterization data from the ESF and 
the ECRB Cross-Drift (as well as surface outcrops and boreholes) to estimate the 
geometrical variability of rock mass structure. This analysis provides the basic rock 
mass structural input to the modeling and analysis activities. 

b. Laboratory Testing and Model Calibration-Perform laboratory testing of large 
diameter (12 in. [30.5 cm]) lithophysal cores for determination of mechanical and 
thermal properties as a function of porosity, temperature and saturation level. The 
results from the laboratory testing are used for estimating rock mass properties, but 
also provide data for initial testing and calibration of numerical models capable of 
representing the basic mechanisms of the deformability and yield of lithophysal rocks. 
A number of numerical approaches will be used for analysis of the lithophysal 
laboratory and field data. PFC , which uses a “micromechanical” discontinuum 
approach for representing rock is one approach that will be used for this purpose. This 
program has the capability of modeling lithophysae, inter-lithophysal fracturing, and 
complex failure mechanisms. Additionally, it is planned plan to calibrate the FLAC 
(continuum) (FLAC V3.5, 10167-3.5-00 V 3.5) and UDEC (discontinuum) programs 
as alternatives to the more conventional means of representing the mechanical 
behavior of the lithophysal rocks. Additional laboratory testing is planned to 
determine the shear properties of joints and the time-dependent, static fatigue 
properties of lithophysal and nonlithophysal rocks. 
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c. In Situ Testing and Model Confirmation-In situ mechanical and thermal testing of 
lithophysal rocks to determine the size effect (porosity and fracture) on rock mass 
constitutive behavior. These tests will further be used for validation of the numerical 
model at increasing size scales. The outcome here is expected to be a model that can 
be used with confidence for extrapolating the mechanical response of lithophysal 
rocks. 

d. Extrapolate from Limited Testing to Range of Geologic Conditions-Extrapolation of 
the properties of lithophysal rocks to the varying conditions of porosity, lithophysal 
shape, size distribution and spacing, and inter-lithophysal fracture density on 
mechanical properties. It is impractical to perform a statistically large number of 
in situ tests to determine strength properties. The goal of this project element is to 
provide a means by which the effect of lithophysal rock mass variability can be 
estimated. The results of static fatigue testing will also be included in the model for 
time-dependent strength representation. 

e. Define Equivalent Material Model for Lith for DesianPerformance-Here, the 
constitutive models and the numerical approaches in which they are embedded will be 
finalized for sensitivity studies. The rock property ranges defined for each geologic 
unit will need to reflect the impact of the variability of the geologic structure within 
the particular rock strata. The range of properties also need to reflect the uncertainty 
in the parameters. The uncertainty will be a function of the scope of rock testing for 
each unit. The intact rock property data base for the non-lithophysal rocks is large and 
thus the range of uncertainty in these parameters is more easily defined and evaluated. 
The properties of the lithophysal rock, on the other hand, are both size and lithophysal 
porosity-dependent. These dependencies require large scale testing methods, which 
limits the number and extent of testing, and thus increases the level of uncertainty. 
Uncertainties will be dealt with in detail in the Design Parameters Analysis Report 
(scheduled for completion in FY 2003). Additionally, the uncertainty in lithophysal 
rock properties will be addressed through use of large scale lab and in situ mechanical 
testing, numerical simulation of lithophysal effects using the PFC program, and 
numerical sensitivity studies using a wide range of input material properties to verify 
the sensitivity of the rock mass response to uncertainty in input properties. 

f. Model Sensitivity Studies of Drift Stability in Preclosure and Postclosure-Sensitivity 
studies of excavation stability under gravitational, thermal and seismic loads in the 
preclosure and postclosure time frames. Here, numerical model sensitivity studies are 
performed using the range and distribution of rock mass properties determined from 
the previous project elements. The deformation and yield of the openings in 
preclosure time will be used to define ground support requirements and methods. A 
ground support observation and maintenance program for the preclosure period will be 
developed. The models will also be used to examine time-related degradation and 
seismic stability for site-specific ground motions at various annual exceedance 
frequencies. 
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6.1 PROGRAM ELEMENT A - GEOTECHNICAL AND GEOLOGICAL 
CHARACTERIZATION OF THE TOPOPAH SPRING FORMATION 

6.1.1 Introduction 

As reviewed earlier, a very large base of geological and geotechnical data exists from the ESF 
and the ECRB Cross-Drift facilities. These data include: 

0 Fracture mapping from full periphery maps and detailed line surveys in which any 
fracture with a trace length greater than 1 m that crosses a tape line at the tunnel 
springline has been mapped. Data collected from the detailed line surveys include dip, 
dip direction, fracture trace length, spacing and position (offset of fracture centroid from 
the line survey position), and small and large scale roughness, using the U.S. Bureau of 
Reclamation (USBR) roughness scale. Barton’s “Q” classification for the rock mass and 
joints were also recorded in conjunction with this work. 

Lithophysae mapping and description has been performed as part of the lithophysae 
study as reviewed earlier. This study provides data on the variability of porosity, size 
and shape of lithophysae and their distribution within the Tptpll. 

Inter-lithophysal fracture density is available from the detailed lithophysal panel maps 
constructed within the ECRB Cross-Drift across the Tptpll and from the “small-scale” 
fracture mapping study. 

These data are currently being used for three purposes associated with RDTME KTI resolution: 

Development of representative fracture geometry and characteristics within a rock 
volume that reasonably represents the variability of those fractures with trace lengths of 
1 m or more. This work is being performed for the Tptpmn, Tptpll and Tptpul. 

Development of an estimate of the range and variability of lithophysae shapes, sizes, and 
porosity within the Tptpll. 

Development of an estimate of the small-scale fracture fabric, density, and length within 
the Tptpll. 

The results of the work described below will be described in a Science and Analysis Report, 
authored by USBR and U. S. Geological Survey staff, covering the geometric characteristics of 
fractures and lithophysae, to be released in January 2004. Data from this study will also be 
described and used in the revision of Drift Degradation Analyses (BSC 2001) to be completed in 
FY 2003. 
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6.1.2 Generation of a Representative Fracture Volume for Ground Support and Rockfall 
Studies 

6.1.2.1 Fracture Data Base and the FracMAN Program 

Seismic analyses in the nonlithophysal rocks will be performed using a three-dimensional 
discontinuum modeling approach since it is assumed that its stability response will be controlled 
by the fractures. Therefore, a fracture model that reasonably represents the field geometry of the 
fractures and the rock blocks is essential. The FracMAN program is used here for generation of 
fracture patterns in three dimensions for use as input to the discontinuum modeling (Figure 22). 
FracMAN is a special-purpose fracture modeling tool that was developed for creation of 
synthetic fracture representations for use in hydrologic modeling, reservoir engineering and rock 
mechanics applications. 

The detailed line survey data base is first subdivided by rock unit-the Tptpmn, Tptpul, Tptpll 
and Tptpln. The approach here is to use the detailed line survey statistics (Le., dip, dip direction, 
fracture trace length, spacing and position [offset of the fracture centroid from the detailed line 
survey line]) to generate a statistically equivalent set of fractures in a volume of rock that can be 
sampled for the numerical modeling. The fracture set descriptive data are generally described by 
FracMAN as a form of power law (the proper form of law is determined initially). The fractures 
are then distributed within the volume assuming a Poisson process. A cubic volume is generated 
that has sufficient edge length to allow a large number of randomly located tunnels and the 
volume surrounding them to be developed for the ground support or seismic sensitivity 
simulations. The total number of tunnels and their associated rock volumes will be determined 
iteratively as the variability in rockfall introduced by the fracture geometry becomes apparent. 

FracMAN has numerous capabilities that can be used to verify the generated fracture geometry. 
These include the ability to create detailed fracture statistics that can be compared to those from 
the actual detailed line surveys to make certain the populations have similar geometric and 
statistical characteristics. Also, synthetic h l l  periphery maps can be created from the FracMAN 
results for a comparison to actual tunnel observations to make certain that the results make 
practical geological sense. Numerous index values related to fracture density and fracture 
surface area for the overall volume for each joint set can also be made within FracMAN to 
establish that the correct numbers, spacings and lengths of fractures are being generated. The 
generation of the fractures is somewhat of an iterative process, particularly establishing the 
fracture length (or radius, since the base case assumes circular disks to describe the fractures) 
and spacing. Due to the finite continuity of the fractures, the trace length distributions derived 
from the detailed line surveys are used as an initial guide to selection of fracture length. The 
length is iteratively adjusted to achieve a reasonable estimate to the in situ trace length 
distribution as seen from the detailed line surveys and on the full periphery maps. Since the 
detailed line survey values may show bias against structures whose dip is subparallel to the 
tunnel, correction factors are necessary. Mauldon corrections, which accommodate the finite 
size/persistence of the fractures, will be used instead of Terzaghi corrections that assume infinite 
persistence. 
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Figure 22. Methodology for Generation and Verification of Fracture Geometries in Nonlithophysal Rocks 

6.1.2.2 Treatment of the “Intensely-Fractured Zone” Within the Tptpmn 

Within the Tptpmn, the region termed the “intensely-fractured zone” (encountered from 
Station42+50 to 52+50 along the ESF Main Drift) is an area of intense fracture frequency 
(fracture spacing of approximately 0.25 m or less) which is uncharacteristic of the remainder of 
the Tptpmn. These fractures, which are high-angle and sub-parallel to Set 1, create thin, platy 
blocks. The origins of this zone, which lies along the Ghost Dance fault, is uncertain, and could 
be either related to the shear on this structure, or to the presence of a lithophysal-rich subzone 
within the Tptpmn. In any case, the lateral extent of this zone is not known, but it is not seen in 
the ECRB Cross-Drift, surface-based boreholes or surface outcroppings. This zone lies adjacent 
to Panel 5 (the possible expansion panel in Figure 14), and to the south of the area proposed to 
meet the 70,000 MTHM requirements (Panels 1 to 4). Therefore, the extent to which this zone 
actually impacts the base repository emplacement drifts is unknown at present, but is probably 
not particularly significant. The block sizes created in this zone are clear in the tunnel itself, 
where the intense fracturing results in small (about 0.25 m or less) block dimensions. Since this 
zone clearly represents a separate fracture population from the general Tptpmn, it will therefore 
be treated separately from the population used for the FracMAN and 3DEC rockfall analyses. At 
the current time, the plan is to empirically estimate the rock block size that can be created from 
this zone by examining the fracture spacings. The amount of rock that can fall due to seismic 
loading will be estimated from three-dimensional models in a conservative fashion. 
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6.1.2.3 Lithophysae Characteristics 

The panel mapping within the ECRJ3 will be used to generate the following information: 

Lithophysal porosity as a function of depth within the Tptpll 
0 Description of alteration rims and spots and their contribution to porosity 
0 Variability of lithophysal shape and size 
0 Distribution of lithophysae within the rock mass and the thickening “webbing” between 

lithophy sae. 

These data will provide the basis for estimating variability of porosity and its impact on the 
distribution of thermal and mechanical properties within the Tptpll. 

6.2 PROGRAM ELEMENTS B-&SUPPLEMENTAL MATERIAL PROPERTIES 
TESTING AND NUMERICAL MODEL VALIDATION 

6.2.1 Introduction 

As discussed previously, KTI resolution requires developing a detailed understanding of the 
thermal and mechanical constitutive behavior of lithophysal rocks. The approach shown in 
Figure 22 involves use of laboratory and in situ testing to calibrate and validate a numerical 
model that can be used to understand the basic mechanisms of behavior of the lithophysal rocks, 
and as a test-bed for estimating rock mass properties through numerical extrapolation. 

6.2.2 Laboratory Testing 

A laboratory testing program has been designed to provide mechanical and thermal properties, 
primarily on lithophysal rocks. Additionally, long-term static fatigue of lithophysal and 
nonlithophysal- rocks will be determined. The proposed testing can be subdivided into 
four areas: 

Compression testing of lithophysal rocks 
0 Thermal testing of lithophysal rocks (thermal expansion) 

Static fatigue testing of lithophysal and nonlithophysal rocks 
0 Direct shear of fractures from nonlithophysal and lithophysal rocks. 

Due to the lithophysal porosity and size-dependence, it is necessary to test large sample sizes. 
Therefore, 12 in. (30.5 cm) diameter cores, containing approximately 5 or more lithophysae 
across a given sample diameter, are used for testing purposes. Table 3 reviews the primary test 
types and the environmental conditions to be applied. The majority of the compression and 
thermal testing will be completed at Sandia National Laboratories, while the joint direct shear 
and static fatigue testing will be accomplished at the USBR laboratories in Denver. The USBR 
has the capability to conduct shear tests on large diameter cores, and has extensive thermal creep 
testing facilities. 

Coring of the Tptpll is difficult due to the presence of larger lithophysae and inter-lithophysal 
fracturing, making it quite difficult to obtain standard 2: 1 1ength:diameter ratio samples. 
Lithophysal rock testing will therefore be centered on tests of the more easily cored Tptpul with 
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a fewer number of Tptpll tests. In situ testing of the Tptpll will be necessary to determine the 
differences in behavior of these two lithophysal units. Additionally, the compression testing of 
lithophysal rocks will necessarily be in uniaxial compression due to difficulties in jacketing 
samples for triaxial compression. 

6.2.3 In Situ Compression Testing 

Due to the size dependence of the rock mass properties in lithophysal rocks and the difficulties in 
coring of the Tptpll, some in situ compression tests driven to rock mass failure will be necessary. 
A number of different in situ testing techniques were considered in the planning stages. In 
particular, in choosing the proper testing technique, it is necessary that the test not only obtain a 
measure of the deformation modulus of the lithophysal rocks, but that it also obtain data on the 
rock mass strength. These objectives can most easily be accomplished by conducting “slot” 
tests. The slot test involves cutting long, thin, parallel slots approximately 1 m apart in the wall 
or floor of the drift to create a “sample” whose length is greater than its width and is attached on 
three sides and free on three sides (Figure 23). Load is applied to the parallel slots through use 
of aluminum or steel flatjack bladders that are inflated in the slots, compressing the sample. 
Instrumentation for monitoring the deformation of the block is typically installed from the block 
surface as well as through boreholes drilled into the block. The flatjacks are capable of applying 
pressures up to about 30 to 40 MPa. To ensure that failure is achieved, a larger (approximately 
12 in. [30.5 cm]) central hole can be drilled into the block to provide a means of achieving higher 
stresses and failure, as well as providing easier access for instrumentation and viewing inside the 
block. 

Table 3. Testing Parameters and Conditions 

Test Type 
Temperature to roughly 200°C 

Uniaxial Compressive Strength Unconfined Modulus Saturation - room dry and saturated 
Spatial Variabilitylporosity variation 

Thermal Expansion Spatial Variability/porosity variation 

Parameters and Environmental Conditions 

Normal stress 
Variability - Various joint sets from nonlithophysal rocks Joint Shear Strength 

Uniaxial compression-Static Fatigue Strength (time to 
failure) strength) 

Function of applied stress (50 to 90 percent peak 

It is proposed that three tests be conducted that span the best to poorest quality of the lithophysal 
rocks (Figure 24). To this end, the first test would be conducted in the uppermost portion of the 
Tptpll which, in general, has the poorest geotechnical quality of the various repository rocks. 
This upper 10 m or so of the Tptpll is characterized by large, irregular lithophysae and intense 
inter-lithophysal fracturing. The second test is planned for what may be considered the highest 
quality lithophysal rock located within the Tptpul, in uniformly sized and distributed, small (less 
than 10 cm diameter) lithophysae, with minimal inter-lithophysal fracturing. The third test is to 
be located within the central area of the Tptpll, characteristic of the bulk of the emplacement 
areas of the repository. 

The basic testing strategy is to load the rock mass in a series of load cycles at increasing peak 
pressure levels. The deformation modulus of the rock mass is determined on loading, with a 
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measure of the “intact” rock block modulus determined on unloading. The central hole allows 
both access for internal measurement as well as providing stress concentrations sufficient for 
failing the rock. It is planned to hold the load at constant pressure at each of the load peaks to 
examine time-dependent deformation of the rock mass. If time-dependence is present, the load 
will be held until steady conditions are reached. In at least one of the latter two tests, borehole 
heaters will be used to raise the temperature of the block to approximately 100°C to examine 
thermal expansion and temperature effects on deformation modulus and time-dependency. 

At the completion of the test, the applied stresses will be raised to fail the rock in compression 
(Le., shear). The failure mechanism will be observed on the block surface as well as in the 
central hole. A thorough video taping and geological mapping will be made of the surface, slots 
and central hole of the test before and after the testing. 

Back-analysis of ongoing thermal conductivity tests as well as additional tests in the Tptpll are 
anticipated. Additional tests will include monitoring of pretest and posttest saturation conditions. 
The goal of this work is to produce a relationship of thermal conductivity to porosity and 
saturation for lithophysal rocks. The current approach uses a three-dimensional cubic model of 
the lithophysal rock mass for assessing the thermal conductivity. Rock mass conductivity is 
calculated based on the matrix thermal conductivity, the matrix saturation, and lithophysal 
porosity. A volume averaging procedure discussed in Thermal Conductivity of the Potential 
Repository Horizon Model Report (BSC 2002) is used to estimate the rock mass thermal 
conductivity from these parameters. The analytical model of porosity dependence is examined in 
light of the field tests described in Section 5 of this report. Further work will include 
extrapolation of the thermal conductivity based on lithophysal porosity. 

6.2.4 Model Calibration and Determination of a Rock Mass Mechanical Constitutive 
Model for Lithophysal Rocks 

The basic strategy for laboratory and field testing discussed above provides data from large cores 
and field sites at a number of locations within the ESF and the ECRB Cross-Drift. Due to the 
limited areas where samples can be taken, and to the general effort and cost necessary to prepare 
and conduct such large-scale tests, it is impractical to conduct a typical “statistically based” 
testing approach. As discussed previously, in the nonlithophysal rocks, the intact rock strength is 
significantly higher than the anticipated induced stresses. Non-linearity occurs due to the 
presence of the jointing along which slip and separation can occur. Typically, the blocks are 
represented as elastic materials and the joints as interfaces corresponding to a Mohr-Coulomb 
slip condition. Modeling of the nonlithophysal rocks can be represented using a discontinuum 
model in which the joints are given proper friction, cohesion and dilation angle. 

This approach is reasonable for the nonlithophysal material, but cannot reliably be used for the 
lithophysal rocks due to the unknown impact of lithophysae and fractured matrix material on the 
shear failure criteria and possible volumetric compaction response. The only recourse in 
determining material response is to perform testing of samples large enough to encompass the 
non-linearities. 
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of small spherical grains that are bonded together at their contacts with a shear and tensile 
strength, as well as a grain to grain friction angle after the “contact bond” has been broken. If 
cementing exists between grains, it can be represented with a “parallel bond” that provides a 
rotational resistance as well. The deformability of the contacts between particles is represented 
by normal and shear stiffness at the contact point. Porosity is developed naturally in the model 
by control of the shape and size of void space between chains of bonded grains. Thus, the input 
assumptions necessary for the model are very simple: contact strength and stiffness. 
Constitutive behavior may develop naturally based on porosity and the few input properties. 
Calibration of the model against laboratory testing is necessary via sensitivity studies in which 
the contact strength and stiffness values are varied. A range of contact property values that 
reproduce the range of lithophysal rock properties will be developed and verified against lab and 
field test results. 

An example of this approach on the existing laboratory testing of the solid samples of Tptpmn 
and Tptpul is given here. Figure 26 shows a PFC model of a uniaxial compression test of 
nonlithophysal rock that has been calibrated to produce the same modulus and strength 
properties as typical 1-in. diameter Tptpmn samples (about 200 MPa compressive strength). The 
PFC sample is compressed by a velocity applied to the “sample” ends, as is the case in a 
laboratory. A picture of the sample in postpeak failure is superimposed by the stress-strain 
curve. The “calibration” is achieved by simply setting the contact stiffnesses and strength 
properties so that a match is achieved between test and model. The PFC model is able to 
spontaneously produce a macroscopic shear failure mechanism composed of coalescing tensile 
fractures that is quite realistic in comparison to typical laboratory behavior. Without changing 
the calibrated bond properties, porosity is then added to the PFC model by removing particles to 
form circular cavities. In this case, a total void porosity of approximately 20 percent is 
developed more-or-less uniformly across the sample (Figure 27). Compression of this sample 
leads to a completely different internal failure and deformation mechanism. The cavities provide 
internal holes that promote extensional fracture development between them, leading to a 
macroscopic shear failure mechanism that occurs at much lower peak stresses. In this case, a 
reduction in the uniaxial compressive strength of over 5 times results, even though the particle 
bond strength is the same as in the previous, nonlithophysal example. An actual test on a sample 
of Tptpul is shown in this figure, with similar results. Obviously, detailed examination of PFC 
strength and stiffness parameters will need to be examined for both Tptpul and Tptpll “samples” 
to reproduce the range of strength and moduli observed in the laboratory data, but even at the 
simplest level, this approach appears to yield considerable promise in understanding how 
porosity and inter-lithophysal fracturing impacts rock properties. 

After calibration is achieved at the laboratory scale, validation will be explored through 
comparison to the in situ slot tests. The in situ testing will be conducted in the Tptpul and Tptpll, 
so comparison of size effect and rock quality (in the form of inter-lithophysal fracturing) will be 
possible. The ultimate goal is to develop a validated model for a range of rock types and 
qualities that can reproduce the general deformability and failure mechanisms for lithophysal 
rocks. Although only the PFC model is discussed here, it is probable that other modeling 
approaches, including the UDEC and FLAC programs will be used for comparison to lab and 
field data. A more traditional approach, which is fitting of standard material models, such as 
elastic-perfectly plastic models with shear and volumetric failure envelopes will be used to 
supplement the PFC modeling. 
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6.2.4.2 Extrapolation of Lithophysal Material Behavior Using Numerical Model 

Assuming validation, the PFC model (as well as others, if necessary) will be used as a numerical 
“laboratory” for extrapolation to obtain estimates of lithophysal rock mass properties and 
response mechanisms. Studies will be performed to examine mechanical response for the range 
of lithophysal porosity, sizes, shapes and distribution as determined from the lithophysal 
mapping study described in Section 6.1. Figure 28 shows a schematic of what these studies hope 
to accomplish. The uniaxial compressive strength (as an example) is shown plotted against 
porosity for all welded and non-welded tuffs. The existing large-scale tests from Busted Butte 
Tptpul samples area shown as open circles. This data base will be supplemented with the new 
laboratory and insitu tests on lithophysal rocks, further extending the knowledge of size 
effect/porosity on properties. The validated PFC model will then be used to examine the 
property range variations based on the estimated range of variability of lithophysal porosity, 
shape, and size as determined from the geologic mapping studies. 

6.2.4.3 Long-term Strength Degradation 

An additional issue that will need to be addressed is the long-term strength degradation of the 
lithophysal rocks. A number of samples of non-lithophysal tuff will be subjected to static fatigue 
testing. This testing will involve producing many cores from closely spaced blocks of material 
obtained in either the ECRB or ESF. A number of samples will be tested to determine their 
UCS. These data will provide an average value of the UCS for the ensuing static fatigue tests. A 
number of samples will then be loaded in uniaxial compression to a target stress that will range 
from about 70 to 95 percent of the average UCS value. These samples will be held at constant 
stress until the sample fails. This may require times from a few seconds to months. The 
time-to-failure at that load level will be plotted against the relative stress level and a relationship 
established between the ratio of stress to strength and time-to-failure (e.g., Figure 29, Lajtai et al. 
1987). For typical hard rocks, significant time-dependence does not occur until stress levels of 
approximately 80 percent of the uniaxial compressive strength are achieved. 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects 6-12 Rev. 00 April 2003 



1 



Physics of BFC Model for Rmk 



This testing will supply needed information on non-lithophysal rocks, but will also be used as the 
basis for estimating time-dependency in the lithophysal rocks as well. Why do we not simply 
conduct a similar testing program for lithophysal rocks? Due to the general difficulty in 
obtaining significant numbers of large diameter samples, and due to the inherent variability of 
the strength due to local sample porosity, it is difficult to accurately judge the compressive 
strength of any individual lithophysal sample. Therefore, the “target” stress levels for every 
sample will vary and one would never be certain of the relationship between time-to-failure and 
stress to strength ratio, as the strength would be unknown. To overcome this difficulty, we make 
use of the understanding that the matrix material of the lithophysal and non-lithophysal rocks is 
the same, and therefore the non-lithophysal static fatigue testing applies to the lithophysal matrix 
as well. The PFC program provides a platform by which the impact of static fatigue can be 
accounted for. The particle bonding strength of the matrix material can be adjusted to account 
for the time-to-failure derived from the laboratory testing in a manner consistent with a fracture- 
mechanics-based stress corrosion mechanism. The PFC model without lithophysal cavities is 
calibrated against the static fatigue behavior of non-lithophysal core samples. Then, lithophysae 
are added to the PFC model and numerical “lab tests” are performed. The model will account 
correctly for the stress concentration effect of the lithophysae, and allow numerical construction 
of time-to-failure plots for lithophysal rocks. A parametric study will allow the impact of 
porosity on time-to-failure in the same manner as a laboratory program if it were possible to 
control porosity from sample to sample. A level of validation of this approach will be achieved 
by PFC back-analysis of a limited number of progressive loading fatigue tests conducted on large 
lithophysal samples at the USBR laboratories in Denver. A series of approximately 10 uniaxial 
compression tests will be conducted on 6- to 12-in. (15.2- to 30.5-cm) diameter cores of 
lithophysal rock. The samples will be stressed to increasing levels of the axial load, which will 
be held constant while the axial strain is monitored. The load will be increased in increments 
until the samples indicate strain and failure. The stress level, sample porosity and time-to-failure 
will be recorded. This test is not a static fatigue test in the strict sense in that the complex load 
path could induce damage in the sample that could impact its time-to-failure. However, the test 
data can be used as a means of validation of the PFC model. 
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7. GEOMECHANICAL DESIGN AND PERFORMANCE 
ASSESSEMENT-PRECLOSURE GROUND SUPPORT 

AND POSTCLOSURE DRIFT DEGRADATION ANALYSES 

As the rock mass material models and property ranges are defined, numerical models can be used 
for design and sensitivity studies to examine two major issues addressed in the RDTME KTI 
agreements. The first issue is the postclosure drift degradation resulting from thermally induced 
stresses, seismically induced rockfall, and possible static fatigue mechanisms. The second is the 
preclosure ground support design and evaluation as well as an inspection and maintenance 
strategy. Each of these issues is discussed here. 

7.1 

The potential exists for rockfall to occur as a result of shaking induced by earthquakes. The 
current emplacement drift concept calls for waste packages to be placed on a metal pallet 
structure that will rest on an engineered, compacted fill in the invert of the 5.5 m diameter 
emplacement drifts. At postclosure, current design calls for the waste package to be covered 
with a continuous “drip shield” constructed of titanium that will act as both a seepage cover and 
a rockfall shield. 

ANALYSIS OF ROCKFALL UNDER POSTCLOSURE SEISMIC SHAKING I 

7.1.1 General Methodology 

It is the intent of the rockfall analyses to quantify possible seismically induced rockfall (and, 
ultimately, drip shield and waste package mechanical damage) over the 10,000 year regulatory 
postclosure period. A general methodology for conducting these studies is given in Figure 3 1. 
Geologic mapping will be used to define a “synthetic” or representative rock mass that can be 
sampled randomly to create possible rock masses in which the tunnel can be simulated. 
Numerical models (two- or three-dimensional, depending on the lithology in question), with 
input geometry and properties based on the geologic variability, will be used to make rockfall 
estimates for seismic events whose magnitude is based on the probability of occurrence in terms 
of annual exceedance frequency. For each annual exceedance frequency, a number of 
probabilistically determined, site-specific ground motions will be developed and used to provide 
the transient boundary conditions to the models. The resulting rockfall, in terms of the tonnage 
of the maximum size rock particle, total tonnage for a given simulated length of tunnel, and the 
velocity of rock particles, will be determined. A number of simulations will be conducted for 
each annual exceedance probability in which the rock mass geology and site-specific ground 
motion will be randomly sampled. The ultimate goal will be to conduct sufficient simulations to 
produce a probability density fbnction of rockfall as a function of peak ground velocity level 
such that a mean and standard deviation can be defined. The rockfall is then used as input to the 
structural analysis of impact loading on the drip shield. 

7.1.2 Site-Specific Ground Motions 

Site-specific ground motions will be determined based on the estimates of peak ground 
acceleration or peak ground velocity obtained from the seismological expert elicitation process 
conducted previously (CRWMS M&O 1998a). The probabilistic seismic hazard assessment 
process resulted in an estimate of the earthquake source characteristics and source locations as a 

* 
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function of their probability of occurrence, expressed in terms of peak ground acceleration or 
peak ground velocity for a given annual exceedance probability (probability of occurrence per 
year). The resulting relationship of annual probability and peak ground velocity is termed the 
hazard curve. 

For each annual hazard level, a number of ground motions (15 are currently anticipated) 
representing characteristics from distinct actual earthquakes are compiled with magnitude, focal 
distances and frequency characteristics consistent with Probabilistic Seismic Hazard Analyses 
for Fault Displacement and Vibratory Ground Motion at Yucca Mountain, Nevada (CRWMS 
M&O 1998a). The ground motions are selected to represent the variability of the potential 
ground motions. Each ground motion consists of three time history components: one vertical 
and two horizontal. These ground motions are scaled to the peak ground velocity for a given 
annual exceedance frequency derived from the hazard curve. 

7.1.3 Numerical Modeling Approach 

As discussed in depth earlier, it is anticipated that the lithophysal and nonlithophysal rock 
masses will respond in distinctly different fashion from the seismic shaking. The modeling 
assumptions and methods to be used for each of these rock types are discussed below. 

7.1.3.1 Nonlithophysal Rocks 

Due to the high intact strength and fracture-controlled nature of the nonlithophysal rocks, the 
following preliminary conclusions can be drawn: 

1. 

2. 

The problem is three-dimensional and anisotropic in nature. 

Failure and rockfall response is a function of fracture orientation, continuity, the 
resulting block geometry, fracture properties and ground motion characteristics. 

As a result of the above, the 3DEC program is used for modeling of nonlithophysal rocks. This 
program is fully dynamic in nature, with provision for applying transient boundary conditions, 
and allows non-reflecting and free-field dynamic boundaries. The rock mass is represented as a 
number of intact rock blocks that are separated by interface planes whose mechanical behavior 
are represented by a standard Mohr-Coulomb slip condition. The intact blocks are subdivided 
into tetrahedral finite difference zones, and can be assigned any desired mechanical constitutive 
law. Here, due to the high strength of the rock mass, it is assumed that the blocks behave 
elastically. 

The most important aspect of the 3DEC modeling is implementing the field fracture geometric 
data into the model, followed by the subsequent formation of blocks. This is particularly 
important since the fractures within the Tptpmn are non-persistent in nature, with mean trace 
lengths smaller than the diameter of the tunnel (i.e., many of the fractures are of insufficient 
length to form a regular block geometry). The fracture geometries used as input to 3DEC are 
derived from the FracMAN simulations as discussed in Section 6.1.2. Modifications to the 
3DEC program have been made to accommodate the FracMAN output; namely, the 
discontinuous nature of the fractures. Previously, 3DEC had assumed that fractures are 
continuous in nature, and thus it was impossible to have a fracture that ends in solid rock. The 
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The total number of runs to be made (probably greater than 50) is unknown at present, and can 
only be determined once the rockfall statistics are compiled and its variability determined. The 
output of the runs, as mentioned earlier, will be in terms of the mass and velocity of each block 
that is ejected and strikes the drip shield as well as the total mass of blocks. The location of each 
impact will be defined for ease of input to the structural analysis of the drip shield. After these 
initial runs are completed, which examine the variability of rockfall as a function of fracture 
geometry and ground motion, a series of simulations with selected models that span the range of 
greatest to least rockfall, will be run to examine the impact of the following items: 

Fracture properties-friction angle, dilation angle, cohesion, and fracture stiffness. 

0 Thermally induced stresses-thermal stresses derived from the regional topographic 
analysis described earlier will be applied as initial conditions. A number of points in 
time such as the peak stress condition and the equilibrium state after cool-down will be 
used. 

The results of these runs will be compared to the compiled base case statistics to identifL the 
impact of environment or properties variations on rockfall. 

7.1.3.2 Lithophysal Rocks 

Modeling Assumptions 
The basic assumptions regarding lithophysal rocks include: 

Mechanical constitutive response is controlled by lithophysal porosity and 
inter-lithophysal fracture density. Constitutive behavior is determined by calibrating 
discontinuum model to lab and in situ testing data. 

0 Rock mass can be considered isotropic and homogeneous. 

0 Block size distribution a hnction of inter-lithophysal fracture density and lithophysae 
spacing. 

0 Amount of rockfall can be estimated from sensitivity analyses using bounding properties 
based on laboratory and in situ testing results. 

Two-dimensional modeling is adequate. 

Modeling Methodology 
The methodology proposed to perform the rockfall estimates within the lithophysal units is given 
in Figure 33. This flow diagram indicates that the UDEC program will be the primary modeling 
tool used to conduct parametric analyses of the range of assumed lithophysal rock properties 
derived from the large core testing of the Tptpul and Tptpll. As shown, the size of rock particles 
that are created from the lithophysal rocks will be estimated from geologic and empirical 
evidence and will not be calculated from the numerical modeling. As described previously, the 
Tptpll has a ubiquitous, short length interlithophysal fracturing fabric with spacing on the order 
of 1 to 2 in., while the large trace length, natural joints are widely spaced and discontinuous. The 
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ubiquitous fractures, combined with the relatively abundant uniformly spaced lithophysae (that 
also provide natural breaking surfaces), the result is block sizes on failure that are on the order of 
a few inches in diameter. There is significant observational information in the tunnel that 
supports this assumption. For example, rock yield along the ribs of the ECRB indicates the rock 
tends to break into very small block sizes when stressed. Large-core drilling in the ECRB for the 
purpose of obtaining test samples shows abundant natural fractures between lithophysae 
(Figure 34). As seen in this photo, the fractures and lithophysae result in intact blocks that are a 
few inches across. This natural fracturing has resulted in significant difficulty in obtaining intact 
core lengths greater than a foot in length. 

Calibration of the UDEC Model to Represent an Equivalent Lithophysal Rock Mass 
The issue of numerical representation of lithophysal rocks and how this is used in a seismic 
analysis is documented here. It is numerically too large of a problem for a model such as PFC be 
used to attempt to represent the lithophysae structure and fractures in a tunnel-scale model. A 
method needs to be devised to represent a “mechanical equivalent” lithophysal material that 
incorporates the lessons learned from the testing and PFC modeling into a simpler numerical 
tool. Typically, a continuum constitutive model based on some form of shear and perhaps void 
compaction yield surfaces would be derived from the laboratory and in situ test data. This model 
would be embedded within a suitable dynamic numerical approach and used to estimate the 
failure mode and extent resulting from the earthquake excitation. The problem with a 
continuum-based approach is that it does not allow estimation of how much rock actually 
detaches itself from the rock mass, and bulks in the excavation. To overcome this problem, we 
propose here to calibrate a mechanically equivalent discontinuum model within the UDEC 
program. This model will provide the lithophysal rock mass yield behavior, but will also allow 
the rock mass to break into small blocks under the action of the dynamic stresses. The process of 
calibration of the model is described in detail below. 

UDEC is a two-dimensional large-displacement discontinuum program. To determine the 
overall damage zone around the tunnels and the portion of that zone that is expected to dislodge 
and fall, the rock mass is subdivided into many small, irregularly shaped blocks that are much 
smaller in dimension than the tunnel diameter (Figure 35). The contacting surfaces between 
blocks have normal and shear stiffnesses that are matched to the elastic properties of the blocks 
themselves, thus creating a mass with isotropic elastic behavior. The contacting surfaces are also 
bonded with a shear and tensile strength to provide the overall rock mass shear and tensile failure 
characteristics. The overall behavior of this system-its elasticity and failure characteristics-is 
calibrated to laboratory and in situ testing. 

Thus, this approach is similar to development of a continuum-based mechanical constitutive law 
with one important difference-the discontinuum method provides for discrete fracture or failure 
networks to develop when stressed, thereby providing realistic failure mechanisms and the 
ability to form detached blocks. The detached blocks may consist of one or more of the basic 
unit blocks within the model. Of course, the primary limitation of this method is the block size 
needs to be smaller than the expected size of the detached blocks. The size of the unit blocks 
that make up the model will be verified during calibration and testing. 
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7.2 THERMAL LOADING EFFECTS AND LONG-TERM STRENGTH 
DEGRADATION 

7.2.1 Discussion 

The rock mass surrounding the excavations may undergo damage from thermally induced 
stresses and/or time-dependent damage associated with static fatigue resulting from stress 
corrosion mechanisms. This damaged material may result in a slow unraveling (Tptpll) or block 
fallout (Tptpmn) mode of failure with some extent of drift filling. The effect of thermal stress on 
rock failure extent can be examined using the numerical techniques discussed in the previous 
section. Time-dependent degradation-rockfall from a tunnel or other unsupported excavation 
over long time periods-is currently not well understood, particularly in hard, strong rocks. It 
certainly seems reasonable that time-related rockfall would be a greater issue in the more heavily 
fractured rocks such as the Tptpll, and will be related to the ratio of induced stress to rock mass 
strength. The goal here is to provide a reasonable estimate of the propensity for yield and 
rockfall as a function of the induced stress levels and time. 

Assume that, over time, the yielded rock surrounding the tunnels (particularly within the Tptpll) 
begins to ravel and fall as ground support corrodes and loses effectiveness. As fallen rock 
accumulates on the excavation floor and drip shield, it will increase in volume due to volumetric 
bulking. Also, the crown of the tunnel would extend vertically in an elliptical fashion. 
Two mechanisms will eventually arrest the raveling response. First, the confinement at the 
crown would increase as the excavation becomes more elliptical. Second, the bulking rock 
volume (which forms a backfill that eventually will choke itself off) will arrest the failure as the 
confinement supplied by the bulked rock to the excavation walls tends to provide a reinforcing 
backpressure. 

Since the current repository concept involves a drip shield, the fallen rock could eventually build 
up around the drip shield. It is relevant to examine the time and volume of rock ultimately 
produced from this degradation process since the settled rock could have impacts on: 

Seismically induced rockfall (non-seismic degradation could reduce or prevent 
seismically induced rockfall in the lithophysal rocks if it occurs early enough and with 
enough volume). 

Igneous intrusion mechanisms (it could prevent magma intrusion into tunnels). 

Waste package temperatures and seepage mechanisms. 

It would seem reasonable to assume that the mechanism of time-related degradation could be a 
result of either thermally induced stresses or static fatigue via a stress corrosion mechanism. In 
the nonlithophysal rocks, static fatigue failure of asperity-related roughness along fracture 
surfaces is possible, and could result in gravitationally induced block failures through reduction 
in dilation. Static fatigue of hard rocks typically is associated with stress levels on the order of 
80 percent or greater of the uniaxial compressive strength. In the case of the lithophysal rocks, 
the compressive stress concentrations along the immediate rib springline of the emplacement 
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drifts is locally near the uniaxial compressive strength at repository depth in the Tptpll, making 
long-term static fatigue mechanisms of importance. 

7.2.2 Approach 

7.2.2.1 Thermal Stress Degradation 

It is planned to investigate possible thermal stress-induced degradation effects using the same 
general UDEC model and property ranges described previously for rockfall studies 
(Section 7.2.3.2). Predicted temperature profiles around emplacement drifts will be predicted 
using other numerical approaches as part of the waste package and ventilation aspects of the 
project. The rock mass temperatures from these models for preclosure and postclosure times will 
be interpolated at gridpoint locations in the UDEC model. These temperatures will then be used 
to develop the associated thermally induced stresses and produce yield and failure within the 
fracture network that comprises the equivalent rock mass as described previously. Calculations 
will be made of the depth of yield, the characteristics of the failing rock mass (Le., the strains as 
a function of depth from the tunnel surface), and an estimate of the amount of rock that can 
potentially detach and fall into the tunnel. These calculations will be done for the range of 
probable rock mass properties of Tptpll. A validation of the thermal fracturing predictive 
capability of this approach through back-analysis of the thermally induced roof spalling observed 
in the Drift Scale Test recently conducted in the ESF. In this test, the room temperature was 
overdriven (to about 2OO0C), with resulting minor levels of thermal stress-driven slabbing of the 
crown of the drift. A UDEC equivalent Tptpmn rock mass will be developed and calibrated 
against large core compression testing results as discussed in Section 7.2.3.2 (see Section 2 for 
discussion of size effect on compressive strength in the Tptpmn). The UDEC model will be 
subjected to the measured temperatures and predictions made of the development of slabbing for 
the estimated in situ strength of the Tptpmn. 

Thermal stress-induced degradation calculations will also be performed for the general Tptpmn 
case using the 3DEC and UDEC programs to examine the potential for both slabbing and block 
displacement during heating and cooling. 

7.2.2.2 Modeling Approach for Time-Dependent Degradation 

Time-Dependency of Fractures in Tptpmn 
Fractures under constant shear and normal loads will develop stress concentrations in the 
asperities that comprise the joint roughness. It is conceivable that, over time, these asperities 
could undergo stress corrosion cracking, and shear, thereby reducing the roughness on the joint 
and its dilation. Therefore, in the worst case, the joint surfaces would be reduced to their 
condition of residual friction. A second mechanism may be shearing of solid rock bridges 
between non-persistent fracture branches, also due to a stress corrosion mechanism. 

It is proposed that fracture degradation be addressed in the following ways: 

0 The potential for stress corrosion cracking and shearing of roughness and/or solid rock 
bridges from the joints will be examined through numerical analysis with the PFC 
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program. Static fatigue results from Tptpmn testing (see Section 6.2.4.3) will be used as 
a basis for a stress corrosion model. 

0 Worst case assumptions will be examined in the models-Le., fractures will be assumed 
to be planar (no roughness) and will assume to completely cut the block in which they 
would normally terminate (i.e., no solid rock bridges). 

Comparison of the above two methods should give a picture of the conservatism 
inherent in worst case assumptions. 

The data fiom static fatigue testing of the Tptpmn will be used as a basis for examination of 
time-dependency of roughness failure and its impact on the shear strength of discontinuities. To 
assess the likelihood of significant time-dependency of joint shear strength, the stress 
concentrations in roughness asperities, and its relation to their strength, needs to be examined for 
the major joint sets in the Tptpmn. Recall that there are four basic sets: two subvertical sets, the 
subhorizontal vapor phase partings, and the random set with intermediate dip. Of these sets, only 
the vapor phase partings are highly rough, with joint roughness coefficient values around 15 
to 18. It is logical that only these joints would be particularly susceptible to strength 
degradation. 

The PFC program will be used to conduct numerical shearing tests on simulated joints with 
roughness profiles derived from the Tptpmn mapping. Figure 37, Figure 38, and Figure 39 show 
a series of examples of simulated shearing tests on a rough joint using PFC, and the comparison 
of this model to the empirical joint shear behavior developed by Barton and Choubey (1977). 
Time-dependency in the PFC model can be examined using techniques similar to that discussed 
previously for modeling static fatigue in the Lac duBonnet granite, in which the particle bond 
strength is a function of the bond stress and time (as derived from calibration against lab static 
fatigue tests). The long-term shear and normal stress conditions existing on fractures will be 
estimated from the predictions of mining and thermally induced stresses. 

The PFC modeling, including time dependence of the Tptpmn will be used to conduct a 
sensitivity study in which various levels of shear and normal stress are applied and held constant. 
The fracturing can assume both inherent roughness on the fracture surfaces as well as intact rock 
bridges between fracture segments. The potential for time-dependent damage will occur as a 
result of stress concentrations within the asperities along the fracture surface. The sensitivity 
study will identify what ratios of shear to normal stress will result in significant time-dependent 
damage. This will be used for comparison to the predicted stress conditions that have been 
calculated by regional thermomechanical modeling as discussed previously. If the models 
indicate a significant time dependence in the Tptpmn, then greater reliance will need to be placed 
on the base case of the seismic rockfall studies in which joints are assumed to be planar with no 
dilation on shearing. It is emphasized that the base case for rockfall simulations in the Tptpmn 
assumes planar joints with no short trace length roughness. 

Time-Dependency in Lithophysal Rocks 
The effect of time-dependent strength reduction in lithophysal rocks will be addressed through 
progressively detailed calculations as more data are obtained from laboratory testing. 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects 7-12 Rev. 00 April 2003 



Initial Bounding Analysis 
Initial, worst-case analyses will examine the possible extent of caving and drip shield loading 
assuming the rock mass reaches its residual frictional strength. The most simplistic assumption, 
in the absence of any time-related strength degradation data are to assume that strength reduction 
can be related to a loss of cohesion of the material. The time-dependency aspects of this strength 
loss can eventually be related to static fatigue testing; however, it is initially instructive to simply 
determine how much strength loss is significant to rockfall. A parametric analysis can be 
conducted in which the cohesion is incrementally reduced while monitoring the resulting failure 
and rockfall. In this manner, it is possible to provide an initial bounding analysis that addresses 
the following points: 

1. How much strength reduction (as a percentage of preexisting strength) is necessary for 
rockfall to occur - how does this relate to the results of laboratory static fatigue 
testing? How much time is expected for this process to occur? 

2. What is the ultimate shape of the excavation when equilibrium is achieved? How is 
the bulking of the broken rock related to the shape of the blocks produced (Le., the 
bulking factor), and the strength of the rock mass. 

3. The static load on the drip shield or waste package, in absence of a drip shield. 

Rigorous Approach 
A second, and more rigorous approach to the problem was described previously in 
Section 6.2.4.3 in which a combination of laboratory static fatigue testing on Tptpmn and the 
PFC program to develop an understanding of static fatigue in lithophysal rocks. The strength 
time-dependency gained from this approach will be embedded within the PFC or other programs 
such as UDEC for parametric studies of the impact of static fatigue on tunnel failure mechanisms 
and the time for failure. It is envisaged that the impact of porosity on static fatigue will be used 
as the basis for the parametric studies. Predictions can be made as to the progression of damage 
and its impact on gravity-induced groundfall, with ultimate prediction of the equilibrium shape 
of the excavations and the static load distribution on the drip shields and waste packages. 
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Furthermore, ground support needs to function throughout a repository preclosure period that 
could range from 50 to perhaps as high as 300 years. It is desired that the ground support require 
little of no maintenance due to the special requirements introduced by nuclear materials. 

The following section describes the general methodology being developed for design of the 
ground support, and definition of support observation and maintenance over the retrieval period. 
This logic is currently under development and will be described in greater detail in a hture 
Technical Data Report. 

7.3.1 Current Drift Stability and Ground Support Function Under Gravitational Loading 
at Repository Depths-Predictions and Correspondence to Observations in the ESF 
and the ECRB Cross-Drift 

7.3.1.1 Stress State 

It is instructive to first examine the current stress conditions at the Yucca Mountain site, and 
their relation to the estimated rock mass strength and observations, particularly in the Tptpll 
within the ECRB, as a guide to ground support requirements. 

The estimated stress conditions at the repository level are given in Table 4. The current 
repository design calls for emplacement drifts at a depth of approximately 300 my oriented at 
N72"E. This orientation results in maximum and minimum stresses in the plane perpendicular to 
the axis of the drifts of about 7 MPa vertical and 3 MPa lateral. With these stress levels, the 
stress concentrations (assuming elastic behavior) at the springline will be approximately 18 MPa, 
and will be about 2 MPa at the crown (Figure 40). The stress levels at the floor will be the same. 

7.3.1.2 Observations of Stability of the Tptpmn in the ESF and the ECRB 

Due to the high uniaxial compressive strength of intact blocks of the Tptpmn, these stress 
concentrations will not result in any intact rock failure mechanisms. However, the fractured 
nature of the ground, and the presence of multiple joint sets, including a sub-horizontal set, 
results in the potential for gravity-induced wedge-type failures. In the ECRB Cross-Drift 
excavations, only a small number (less than 10) of wedge-type failures have occurred, with 
wedge sizes being roughly on the order of 1 ton or less. A larger number of loosened wedges 
(not fully documented) can be seen in the ESF, particularly in the area of the highly fractured 
zone. These wedges are formed by fracture sets 1 and 2 and the sub-horizontal vapor phase 
partings. These wedges were removed by the TBM during the excavation process, or by 
subsequent scaling operations; there are no known failures that have occurred at a later date. In 
the case of the Tptpmn, it appears reasonable that the primary function of the ground support is 
to prevent gravity fall of relatively small wedge sizes. Rockbolts of suitable length and spacing, 
supplemented by wire mesh perform well under these circumstances. 
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Table 4. In Situ Stress Estimates at Yucca Mountain Site 

Stress Component Magnitude Direction 
(31 -0.023*depth (m) Vertical 
(32 0.61 7*01 N15’E 
(33 0.361*01 N 105’E 

Source: WBS 1.2.3.2.7.3.4, WA-0065:QA:L 

7.3.1.3 Observations of Stability in the Tptpll in the ECRB 

Portions of both the ESF main tunnel and the ECRB are excavated in lithophysal rocks, and are 
generally quite stable using only rockbolts (SwellexTM and split sets) and wire mesh in the crown 
and walls as support. Observations in the Tptpll show obvious or intense small-scale fracture 
development at the tunnel springline, with the tunnel crown having less obvious fracture 
development. The origin of these fractures and the hackly appearance of the tunnel walls 
appears to be largely related to the action of the TBM cutters during the excavation process. 
However, observation of large (12 in. [30.5 cm]) diameter cores and the core hole walls drilled 
into the side walls of the tunnels indicate that there is a ubiquitous, natural fracture “fabric” 
within the Tptpll, with closely spaced (a few inches), irregular inter-lithophysal fractures of 
various orientations. These small-scale fractures often have vapor phase alteration on their 
surfaces, indicating their origin during the cooling process. A number of the large core holes 
drilled in the springline area show mining-induced, wall-parallel fractures that extend to a depth 
of about 12 to 18 in. (30.5 to 45.7 cm) from the tunnel wall. These fractures are not observed in 
similar holes in the Tptpul or Tptpmn. 

The ground support function within this rock can be estimated from practical observation of the 
fracture density, as well as examination of the stress state in relation to the estimated rock mass 
strength. A simple parametric analysis of the yield zone around a tunnel in lithophysal rocks at 
300 m depth can be conducted assuming the range of compressive strength data from the large 
core (10.5 in. [27 cm] diameter) Tptpul testing at Busted Butte. The relationship between 
uniaxial compressive strength and Young’s modulus for this rock was shown in Figure 20. 
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7.3.2 Ground Support Design and Assessment Methodology 

During the preclosure period, heat production from the emplaced waste packages will slowly 
raise the drift temperature and elevate the surrounding rock temperature, resulting in small stress 
changes around the excavations. The stress change will be dependent on a number of factors, 
including the initial waste canister heat output, the canister spacing, drift spacing, age of waste 
package, the amount of forced ventilation to be used, and the rock mass moduli. In any case, 
thermally induced stresses in the rock mass and ground support system are time-dependent. The 
current design basis for the preclosure ground support calls for a standard support of 
cement-grouted rockbolts and wire mesh with the potential for steel sets to be used where ground 
conditions dictate. It is recognized that: 

0 The current preclosure period of 50 to possibly as much as 300 years is a considerable 
length of time in terms of underground construction practice, 

Corrosion of the ground support will likely occur, and 

Depending on the length of the preclosure period, the type of ground support, and the 
degree of forced ventilation (to remove heat and moisture from the rock mass) the 
ground support may need to be maintained or supplemented at appropriate intervals. 

The approach to preclosure ground support design and specification can be defined by the 
following methodology (Figure 43): 

I .  Deflne the Support Operational Requirements - Determine the requirements of the 
ground support during the preclosure period, including: 

a. 

b. 

C. 

d. 

Tunnel deformation limits (Le., ensuring an operational envelope) for passage of 
vehicles and equipment, tilt limits for waste canisters and rails for remote 
retrieval, etc. 

Maximum rock particle size that can fall from in situ, thermal or seismically 
induced stresses and either strike the waste package and/or lie on rail or roadbed 
without compromising the ability to retrieve 

Support corrosion and degradation requirements, 

Impact of ground support on performance (Le., the support may impact overall 
performance of the system). Preclosure use of ground support materials (cement 
and steel) depends on the postclosure effects of these materials on waste package 
corrosion and radionuclide transport. As currently planned, use of cementitious 
materials (e.g., concrete or shotcrete linings in emplacement drifts) will be 
minimized, use of exposed steel components (e.g., steel sets with steel lagging) 
will be also minimized, and loss of grout to fractures and lithophysae during rock 
bolt installation needs to be minimized. 
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2. Define In Situ Conditions - Includes rock mass in situ stresses, rock mass geotechnical 
characterization and properties. A detailed review of the rock mass characterization in 
the ESF and ECRB was given by Barton (2000). 

3. Initial Design of Suitable Ground Support Methods Under In Situ Conditions - Use 
industry practice and empirical techniques (e.g., Barton 2000) to identify potentially 
suitable support methods. 

4. Detailed Mechanical and Environmental Examination of Support Suitability Under In 
Situ and Repository Loading Conditions - Detailed design analysis of the deformation 
and possible failure extent and failure mode of the excavations considering range of 
input rock mass properties for the lithophysal and nonlithophysal rocks. Account for 
proper combinations of in situ, thermal, and seismic loads. Account for practical 
considerations in support design such as the fracture density and block sizes and the 
practicality of installation and servicing of the support methods. Consider 
environmental conditions including temperature, humidity and seepage. Consider the 
bounding scenarios and estimate the support loads and deformations and verify it 
fulfills operational requirements. Design calculations and considerations will be based 
on multiple approaches: computer modeling, empirical estimation, ESF and the ECRB 
experience, and drift scale testing and observation. 

5 .  Compare Proposed Support Methods to Repository Operational Requirements - 
Identify possible support methods that fulfill the basic repository operational 
requirements. The operational requirements include definition of those structures, 
systems and components important to safety. Determine practicality of 
implementation of the support on a standard basis, including cost and maintainability. 
Estimate corrosion potential and life expectancy of support. 

6. Monitoring, Inspection and Maintenance Program - Details of monitoring, 
inspection, and maintenance programs for the emplacement drifts will be developed as 
the program progresses from the conceptual design to the detailed design phase. DOE 
will specifL structures, systems and components important to safety and natural and 
engineered barriers important to waste isolation. These structures, systems and 
components will be compatible with the risk-informed, performance-based approach 
embodied in 10 CFR Part 63. Parameters, measurements, and observations that are 
appropriate for inclusion in the performance confirmation program will be included in 
the detailed emplacement drift design based on their importance to repository 
performance and to addressing the detailed functional and quality level requirements 
of the ground support systems. 

7.3.3 Methodology for Use of Numerical Models in Determining Ground Support 
Functions Under Repository Loading 

A discussion is given below on possible ground support evaluation methods using numerical 
models. Why will numerical models be used for support evaluation? Normally, ground support 
is defined empirically. Rock mass classification schemes (e.g., the Q system) are used to define 
initial support methods and the tunnel construction management and engineer use observation, 
instrumentation, and practical judgment to adjust methods as necessary to fit actual conditions as 
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they unfold. Due to the obvious extenuating factors in the project (the thermal and seismic 
loading, the long time periods of support function, and the inability to easily observe and rehab 
the ground support) there is a greater reliance on detailed calculation and conservatism in the 
design. This implies the use of validated numerical modeling tools for examining rock mass 
yield and deformation, and the impact of rock mass variability on design requirements. As was 
shown in the overall resolution strategy diagram (Figure 22), the goal, prior to the ground 
support final specification, is to have a reasonable understanding of the in situ rock mass 
properties and their variability as input to numerical modeling. In this way, one can perform 
performance calculations that will predict rock mass response to the average and bounding rock 
quality conditions. 

In Situ Conditions 

In Situ stress 
Rock mass strengthlquality 
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Figure 43. Ground Support Design and Assessment Methodology 
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7.3.3.1 Numerical Modeling of Rock Reinforcement 

Numerical analyses of reinforced and unreinforced excavations will be performed for both the 
fracture-controlled Tptpmn as well as the lithophysal rocks. 

Non-Lithophysal Rock 
The design of rock support in the non-lithophysal rocks is based primarily on the geometric and 
surface properties of the fracturing. As discussed above, empirical methods (the Q system) will 
be used for the initial support specification in the Tptpmn. This support (which may consist of 
grouted or frictional bolts, wire mesh and perhaps fiber-reinforced shotcrete) will then be 
subjected to parametric numerical analysis using discontinuum numerical methods. Both the 
two-dimensional UDEC and three-dimensional 3DEC programs will be used for analysis of the 
support loads and rock mass yield and deformation when subjected to in situ, thermal and 
possible seismic loading over the preclosure period. The parametric analysis will include 
variation of fracture geometry and fracture properties, including cohesion, friction and dilation 
angles. It is convenient to utilize the three-dimensional synthetic fracture geometries 
(FracMAN) developed for the Tptpmn postclosure analysis as a basis for the ground support 
calculations. Here, a sensitivity study using various fracture realizations from this model can be 
used as input to the 3DEC program in the same way as discussed in Section 7.1. The models can 
be used to directly represent the ground support (Itasca 2002) and the application of transient 
loading from thermal and seismic sources. The rock mass temperature variation around the 
emplacement drifts with time during ventilated periods is obtained directly from the 
three-dimensional regional thermomechanical modeling. These temperatures will induce 
transient thermal stresses in the rock and expansion of support elements. The deformation of the 
rock and support loads can be determined directly from the model, and the factor of safety 
against failure for rock blocks determined in an automated fashion. It is possible that 
deterioration of the support elements due to corrosion can be included in the analyses through 
reduction of strength properties. 

Lithophysal Rocks 
As discussed previously, the lithophysal rocks are represented numerically using the UDEC 
program with mass properties calibrated to laboratory and in situ testing. The strength and 
stiffness properties of the rock mass are porosity dependent, resulting in a range of values that 
covers the range of in situ porosity variability. These properties provide the basic input data for 
thermomechanical sensitivity studies using the UDEC approach as described. As a secondary 
check on the analysis method, a more traditional continuum-based FLAC analysis assuming 
standard Mohr-Coulomb strength parameters will also be run. 

A parametric analysis will be conducted in which various proposed rock support methods will be 
examined for the range of rock mass strength and stiffness properties. As with the 3DEC 
program, UDEC and FLAC allow various forms of rock support to be modeled directly within 
the analysis. The support load and deformation will be determined from the model as a function 
of time in the transient analyses. It is probable that both UDEC and FLAC approaches will be 
used here to define the general yield depth and deformation of the rock mass, and the expected 
overbreak or loosened zone and size of rock fragments that will need to be supported. This 
information will provide the performance requirements (load, deformability and block size to be 
supported) of the ground support. 
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The above calculations define the general operational conditions of the ground support based on 
the expected rock mass yield and deformation. This information is used as basic input to the 
final design of the ground support. The final design of the ground support is performed taking 
into account the results of these analyses and is combined with practical experience gained from 
working in the various rock units on site as well as similar conditions elsewhere. The experience 
to date has shown that excavations are quite stable with a minimum of ground support, as 
discussed previously. Experience has shown that in the nonlithophysal rocks (Tptpmn and 
Tptpln), the rock is moderately fractured but strong, with failure limited to the formation of an 
occasional small, removable wedge. Here, rockbolts are used to prevent loosening of wedges. 
In the Tptpul, the rock is weaker due to the uniformly distributed lithophysae, but only sparsely 
fractured, resulting in no observable yield and stable conditions under mining stress conditions. 
The Tptpll is heavily fractured with short length fractures between lithophysae, but with only 
widely spaced and relatively discontinuous fractures with lengths greater than a meter. The 
excavations are currently stable with support required only for retention of small pieces of 
loosened rock from the excavation periphery. In all of these rock types, the primary role of the 
support is a retention function under low stress conditions, and standard rockbolts and mesh 
prove successful. Ideal long-term support methods in ground such as the Tptpll would be those 
that provide a continuous lining and retention function such as fiber-reinforced shotcrete and 
bolts plated on the exterior surface. After selection of a number of alternative support methods, 
final selection will be based on the additional factors of the impact of support on postclosure 
performance and longevity of the support method. 

7.3.3.2 Support Longevity and Other Items 

An important aspect that will receive significant attention is the longevity of support elements. 
Currently, testing is underway to examine the general corrosion rates of steel support elements 
including rockbolts and steel sets subject to Yucca Mountain water chemistries. Additionally, 
grout-water interaction experiments relating to chemical effects on seepage water from rockbolt 
grouting are also underway. Additional aging studies on shotcrete including determination of 
carbonation rates may be conducted. This information will assist in understanding the longevity 
of ground support and its potential impacts on in-drift chemistry. Testing will also be performed 
on grout loss and rockbolt pull strength in lithophysal rocks. 

Future examinations will include performance confirmation activities that will be conducted 
during construction of the repository. This will include geotechnical mapping and classification 
and determination of in situ property variability in the repository emplacement drifts. Testing of 
the mechanical properties of ground support and observation of performance during the 
preclosure period will be an integral part of performance confirmation. 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects 7-25 Rev. 00 April 2003 



INTENTIONALLY LEFT BLANK 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects 7-26 Rev. 00 April 2003 



8. SUMMARY 

This document provides an approach to resolution of the geomechanically-related RDTME KTI 
agreements. The primary geomechanical issues are identified, and a program of geotechnical 
mapping and analysis, laboratory and in situ testing, in combination with numerical modeling are 
proposed for issue resolution. 

Geomechanically-related KTI agreements (Appendix A) can be subdivided into five primary 
areas: 

A. Rock mass properties and geotechnical characterization 

1. Development of a basic understanding of how the structural characteristics of the 
repository host horizon impacts rock mass behavior and, consequently, the design 
and performance properties. This work can be used to establish a connection 
between geologic characteristics and their use in models and calculations. 

2. Develop an understanding of the variability of geologic structure and, using the 
developments of the above item, identi@ how variability affects rock mass 
thermomechanical behavior. 

3. Enhance the database of thermomechanical materials properties of repository rock 
units, including mechanical and thermal testing of lithophysal rocks, estimation of 
the mechanical properties of rock fractures, and determination of the 
time-dependent response of lithophysal rocks. Development or choice of proper 
constitutive models for the different distinct rock units is a portion of this effort. 

B. Modeling 

1. Determination or development of the proper type of modeling tools to use for 
sensitivity studies of excavation stability under gravitational, thermal and seismic 
shaking. Specific agreements cited in the KTI include: 

a, Under what circumstances are continuum and discontinuum models 
appropriate? 

b. Under what circumstances are two- and three-dimensional models 
appropriate? 

c. Under what circumstances are assumptions of rock mass homogeneity or 
anisotropy appropriate? 

2. Determination of the proper model boundary and initial conditions 

a. Need to address the initial stress state for models and inclusion of thermally 
induced stress history from regional models applied to local scale models for 
problems such as rockfall 
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b. Need to address special boundary conditions for dynamic analyses, including 
.non-reflecting and free-field boundaries 

c. Need for development of preclosure and postclosure site-specific ground 
motion time histories 

C. Seismic Stability 

1. Use of site-specific ground motions 

2. Use of appropriate dynamic models for estimation of rockfall induced by seismic 
shaking 

3. Methodology for inclusion of geologic structure and its variability into models for 
estimation of rockfall 

D. Thermal and Long-term Degradation 

1. Need to examine potential for thermal-stress induced rockfall 

2. Need to examine impact of long-term static fatigue of the rock mass and its 
impact on drift degradation and rockfall 

E. Ground Support and Drift Degradation 

1. Verification of the functional and operational requirements and specification of 
ground support during the preclosure period. 

2. Development of a plan for observation and maintenance of the ground support. 

3. Estimation of the effect of postclosure in situ, thermal and seismically induced 
stresses on the degradation and potential rockfall of the emplacement drifts. 
Included here is the potential effect of time-related static fatigue mechanisms in 
intact rock and joints. 
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APPENDIX A: OVERVIEW OF THE RESOLUTION STRATEGY FOR EACH 
GEOMECHANICALLY-RELATED KTI AGREEMENT 

The relevant geomechanically-related KTI agreements and an overview of the resolution strategy 
for each of the agreements covered by this document are listed below. Details of the overall 
resolution strategy are given in Sections 5 and 6 of this report. 

RDTME 3.02 

Provide the critical combinations of in-situ, thermal, and seismic stresses, 
together with their technical bases, and their impacts on ground support 
performance. The DOE will examine the critical combinations of in-situ, thermal, 
and seismic stresses, together with their technical bases and their impacts on 
preclosure ground support performance. These results will be documented in a 
revision to Ground Control for Emplacement Dr@s 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. 

General Approach: 

Numerical sensitivity studies will be conducted using continuum and discontinuum methods that 
examine the combined effect of preclosure stress conditions. The following work will be used to 
address this issue. 

0 Laboratory and in situ testing will be used to define strength and deformability property 
ranges for lithophysal rocks. Lithophysal mapping and numerical extrapolation will be 
used to define impact of lithophysal variability on rock mass properties. 

0 Field mapping of joint geometry and roughness characteristics will be used to define 
rock block geometries. Laboratory testing will be conducted to determine joint surface 
characteristics using direct shear testing. Fracture geometries will be developed using 
FracMAN fracture modeling program. 

Numerical modeling sensitivity studies will be performed using 3DEC, UDEC, and 
FLAC programs to examine yield and deformation in lithophysal and non-lithophysal 
tunnels. Models will use thermal, in situ, and seismic stresses in preclosure to examine 
effectiveness of ground support in preventing rockfall. Models will account for range of 
estimated properties of rock mass and fractures, as well as variability in joint geometries. 

RDTME 3.04 

Provide in the Design Parameter Analysis Report (or some other document) site- 
specijk properties of the host rock, as a minimum those included in the NRC 
handout, together with the spatial and temporal variations and uncertainties in 
such properties, as an update to the information contained in the March 1997 
Yucca Mountain Site Geotechnical Report. ( I )  evaluate the 
adequacy of the currently available measured and derived data to support the 
potential repository licensing case and identifi areas where available data may 

The DOE will: 
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warrant additionalJield measurements or testing to reduce uncertainty. DOE will 
provide a design parameters analysis report (or other document) that will include 
the results of these evaluations, expected to be available to the NRC in FY 2002; 
and (2) acquire data and/or perform additional analyses as necessary to respond 
to the needs identi$ed in 1 above. The DOE will provide these results prior to 
any potential license application. 

General Approach: 

0 The current rock properties data base is reviewed in Appendix By and an assessment of 
thermomechanical data needs made. 

0 Areas identified that require additional data include: 

- Thermomechanical properties of the lithophysal rocks, including strength, 
deformability and thermal properties 

- Static fatigue properties of lithophysal and non-lithophysal rocks 

- Shear stress-displacement behavior of joints in the non-lithophysal units 

- Description of large-scale roughness in joints in the non-lithophysal units and 
variation of lithophysae shape, size and porosity in the lithophysal rocks. 

A laboratory and field testing program and an additional geological characterization 
program have been developed to gather these data. Underground and surface mapping 
will be combined with borehole logging to define the variability of geologic structure 
within the repository block. A laboratory and field testing program for lithophysal rocks 
is underway at Sandia National Laboratories. Tests include large (12-in. [30.5-cm]) 
diameter core and in situ slot compression testing to obtain compressive strength and 
deformability. Direct shear testing on 12-in. (30.5-cm) core fractures is underway at the 
United States Bureau of Reclamation (USBR) laboratories in Denver to obtain shear 
constitutive behavior. Static fatigue testing of a small number of lithophysal and 
non-lithophysal samples is also planned at the USBR laboratories. Calibration of the 
PFC model is planned to allow exploration of impact of lithophysae variability on 
properties. 

Design parameters sensitivity analyses will be used to examine effects of property 
variations on ground support and drift degradation. A revision of DriJ Degradation 
Analyses (BSC 2001) will be completed in FY 2003, and Ground Control Analysis for 
Emplacement Drifts will be completed in the first quarter of FY 2004. 

RDTME 3.05 

Provide the Rock Mass Classijkation Analysis (or some other document) 
including the technical basis for accounting for the eflects of lithophysae. The 
DOE will provide a rock mass classijkation analysis (or other document), 
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including the technical basis for accounting for the effects of lithophysae, 
expected to be available to NRC in FY 2002. 

General Approach: 

The effect of lithophysae on rock mass properties will be determined directly via: 

0 Testing of large cores in the laboratory 

0 In situ compression testing in Tptpul and Tptpll 

0 Validation of the PFC numerical model against these data to provide a predictive tool 
capable of modeling the stress-strain response of lithophysal rock. Geologic mapping 
and geometric description of the lithophysae as a function of depth in the ECRB will 
provide direct descriptions of lithophysal porosity, shape and size variability. This 
mapping will provide basis of extrapolation of lithophysal variability impacts on rock 
properties via PFC. 

0 Testing, supplemented by model extrapolations will be used to define the variability of 
properties of the lithophysal rocks. 

0 This analysis will be included in two documents: a revision of Drift Degradation 
Analyses (BSC 2001) in FY 2003, and Fracture and Lithophysae Characteristics of the 
Repository Host Horizon in the first quarter of FY 2004. 

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 signijkance of the 
input parameters for review by NRC staff by August 2002. Once an agreed set of 
signijkant parameters has been determined by the DOE and NRC sta& 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 Drijh 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. 

General Approach: 

Sensitivity studies of ground support will be conducted for non-lithophysal and lithophysal rocks 
using continuum and discontinuum numerical methods. 

0 Ground support requirements (maximum rockfall size, environmental conditions, 
longevity, etc.) developed as part of project System Design Description. 

0 Initial ground support methods will be defined empirically. Value Engineering studies 
will be used to determine candidate support methods for further analysis. 
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0 Input rock mass, fracture and support data parameters are derived from lab and in situ 
testing and numerical extrapolation, geologic mapping, in situ support testing, and 
literature - see discussion for RDTME 3.04 for a discussion of rock properties. 

Modeling sensitivity studies will be primarily discontinuum modeling using range of 
input properties and stress conditions in preclosure. Several methods will be used to 
examine support design, including direct modeling of the ground support, and use of the 
ground reaction curve method. 

Loading conditions in preclosure will include in situ, thermal and seismic stresses. 

Scoping analyses will be presented in Ground Control Analysis for Emplacement Drifts 
in the first quarter of FY 2004. 

RDTME 3.07 

The DOE should account for the effect of sustained loading on intact rock 
strength or provide justijkation for not accounting for it. The DOE will assess 
the effects of sustained loading on intact rock strength. The DOE will provide the 
results of this assessment in a design parameters analysis report (or other 
document), expected to be available to NRC in FY 2002. 

General Approach: 

The effect of sustained loading will be addressed through a combination of rock mechanics 
testing and numerical modeling. The following work is planned: 

0 Estimates of static fatigue strength of non-lithophysal and lithophysal rock samples will 
be determined from laboratory and limited time-scale in situ tests. Lab tests on 6 to 
12 in. (15.2 to 30.5 cm) diameter cores tested at about 90°C. Load developed in steps 
from approx. 50 percent peak strength to 90 percent. 

Estimated time-to-failure will be determined as a function of percent of the uniaxial 
compression strength and will be used with modeled stresses to determine estimated 
time to failure for rock mass. Estimated time-to-failure can be incorporated into simple 
constitutive model to allow time-related degradation to occur. 

Joint shear strength degradation will be developed using static fatigue testing of 
non-lithophysal cores. The PFC model will be used to conduct numerical shear loading 
in which time-to-failure as a function of stress is accounted for in strength logic in 
model. Will estimate whether this mode of failure could have impact on long-term 
degradation in non-lithophysal materials. 

0 Will be addressed in the revision of Drift Degradation Analyses (BSC 2001) as long- 
term fatigue data becomes available. 
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RDTME 3.08 

Provide the design sensitivity and uncertainty analyses of the fiacture pattern 
(with respect to Subissue 3, Component 1). The DOE will provide sensitivity and 
uncertainty analysis offiacture 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. 

General Approach: 

A detailed analysis of the fracture patterns in the non-lithophysal and lithophysal rocks will be 
performed. Work effort will include: 

Data base will include existing ECRB and ESF detailed line surveys and full periphery 
mapping. These data include 1 m or longer trace lengths. 

0 Fracture geometry will be analyzed by using the FracMAN program to develop 
structural input to rockfall analysis and by creating a 100-m cube representative 
fractured rock mass. Tunnel centroids within representative volume will be determined 
randomly. 

Back-checking output from FracMAN against actual detailed line survey statistics. 
Creating full periphery trace maps from FracMAN to check against actual maps for 
practical geologic check. 

Fracture geometries will be input to 3DEC discontinuum modeling package that defines 
block geometries from non-persistent fracture systems. 3DEC will be used to determine 
rock mass stability. Many runs with various fracture geometries will be conducted to 
determine sensitivity of preclosure response to fracture patterns. 

0 This work will be documented in two places: the revision of Drift Degradation Analyses 
(BSC 2001) in FY 2003, and Fracture and Lithophysae Characteristics of the 
Repository Host Horizon in the first quarter of FY 2004. 

RDTME 3.09 

Provide appropriate analysis that shows rock movements in the invert are either 
controlled or otherwise remain within the range acceptable to provide for 
retrieval and other necessary operations within the deposal drifts. DOE will 
provide appropriate analysis that shows rock movements in the $00. of the 
emplacement drift are within the range acceptable for preclosure operations. The 
analysis results will be provided 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. 
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General Approach: 

0 Numerical modeling of excavation stability under in situ, thermal and seismic loading 
will examine deformation of the tunnel. 

0 An output of these studies will be drift periphery deformations, which will be examined 
with reference to opening performance specifications for emplacement operations and 
retrieval. 

0 Work will be documented in Ground Control Analysis for Emplacement Drijh in the 
first quarter of FY 2004. 

RDTME 3.10 

Provide technical basis for the assessment that two-dimensional modeling of 
emplacement drifts is considered to be adequate, considering the fact that neither 
the in-situ stress field nor the principle fiacture orientation are parallel or 
perpendicular to emplacement drift orientation. The DOE will provide the 
technical bases for the modeling methods used in ground control analysis 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. 

General Approach: 

0 This assessment will be provided as part of the revision of Drift Degradation Analyses 
(BSC 2001) in FY 2003. 

0 Three-dimensional modeling will be used for rockfall and ground support studies in the 
non-lithophysal rocks as the mechanical response is expected to be fracture controlled, 
and thus three-dimensional and anisotropic. 

It will be justified that the lithophysal rock is effectively isotropic and homogenous due 
to the roughly uniform distribution of lithophysae within the unit. This results in ability 
to use two-dimensional models in this case. 

RDTME 3.11 

Provide continuum and discontinuurn analyses of ground support system 
performance that take into account long-term degradation of rock mass and joint 
strength properties. The DOE will just& the preclosure ground support system 
design (including the effects of long-term degradation or rock mass and joint 
strength properties) 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. 
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General Approach: 

0 Both two-dimensional and three-dimensional discontinuum and continuum models will 
be used for rockfall and long-term strength degradation studies. It is questionable if the 
preclosure period (50 to perhaps as much as 300 years) is considered “long-term” in 
terms of strength degradation. 

0 See RDTME 3.07 above for description of strength degradation measurement strategy. 

0 The 3DEC, UDEC and PFC discontinuum programs and FLAC continuum programs 
will be used for thermomechanical calculations. Estimates of static fatigue effects on 
joint and rock mass strength will be accounted for in constitutive models for joints and 
the rock mass. It is assumed that ground support systems have preclosure functionality, 
and therefore long-term degradation does not necessarily impact ground support unless 
static fatigue testing indicates exceptionally short times to failure. 

0 Work will be documented in Ground Control Analysis for Emplacement Dr@s in the 
first quarter of FY 2004. 

RDTME 3.12 

Provide dynamic analyses (discontinuum approach) of ground support system 
performance using site-specijk ground motion history as input. The DOE will 
provide appropriate analyses to include dynamic analyses (discontinuum 
approach) of preclosure ground support systems, using site-specijic ground 
motion time histories as input, in a revision to Ground Control for Emplacement 
Dr@s 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. 

General Approach 

0 Approach to dynamic analysis of rockfall documented in the RDTME KTI Agreement 
Resolution Document. 

Both two-dimensional (UDEC, discontinuum, lithophysal) and three-dimensional 
(3DEC, discontinuum for non-lithophysal) dynamic analysis methods will be used for 
preclosure and postclosure rockfall analyses. 

Site-specific ground motions developed from Probabilistic Seismic Hazard Analyses for 
Fault Displacement and Vibratory Ground Motion at Yucca Mountain, Nevada 
(CRWMS M&O 1998). The Appendix 7 meeting with NRC in August of 2002 
described ground motion development methodology. 

0 Dynamic analyses will be completed for preclosure and postclosure time histories. 
Rockfall documented in terms of rock particle size distribution, velocity and impact 
location. 
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The results will be documented in the revision of Drift Degradation Analyses (BSC 
2001) in FY 2003 and in Ground Control Analysis for Emplacement Drqts in the first 
quarter of FY 2004. 

RDTME 3.13 

Provide technical justijication for boundary conditions used for continuum and 
discontinuum modeling used for underground facility design. The DOE will 
provide the technical justijkation for boundary conditions used in modeling for 
preclosure ground control analyses, 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. 

General Approach: 

Ground Control Analysis for Emplacement Drifts and the revision of Drift Degradation 
Analyses (BSC 200 1) will have justification for boundary and initial conditions used in 
all modeling. 

0 Dynamic analyses will use site-specific ground motions as well as free field and non- 
reflecting boundaries. 

Initial conditions to dynamic analyses will include temperature from heating. Mountain- 
scale three-dimensional topographic thennomechanical models will be used to define the 
thermally induced stress state for postclosure analyses. 

Temperature input to preclosure mechanical and ground support models will be derived 
from NUFT ventilation and thermal analysis programs used for LA thermal analysis. 

RDTME 3.15 

Provide field data and analysis of rock bridges between rock joints that are 
treated as cohesion in DRKBA modeling together with a technical basis for how a 
reduction in cohesion adequately accounts for thermal effects. The DOE will 
provide clarijication of the approach and technical basis for how reduction in 
cohesion adequately accounts for thermal effects, including any additional 
applicable supporting data and analyses. Additionally, the adequacy of the 
cohesion reduction approach will be verijied according to the approach described 
in Subissue 3, Agreement 22, of the Repository Design and Thermal-Mechanical 
Effects Technical Exchange. This will be documented in a revision to the Dri$ 
Degradation Analysis, ANL-EBS-MD-00002 7, expected to be available to NRC in 
FY 2003. 

General Approach: 

0 Analyses of non-lithophysal rocks will be conducted with three-dimensional 
discontinuum analyses. 
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0 The fracture input to these models will be derived from simulated fracture networks 
developed from the FracMAN program. FracMAN will be used to develop statistically 
equivalent synthetic fracture networks based on field detailed line surveys and full 
periphery mapping in the ESF and ECRB. This method will automatically include non- 
penetrating fracture planes, and thus the solid rock between joints will be defined 
statistically. 

0 3DEC parametric analyses will be used to model and test assumption of both solid rock 
bridges and fully penetrating fractures to determine the level of non-conservatism in 
assuming solid, non-failing rock bridges. 

0 Laboratory shear tests on simulated non-lithophysal rock bridges will be conducted by 
USBR as a means of calibration of numerical models of rock bridge shear strength. The 
PFC and UDEC programs will be used to identi@ impact of rock bridges on shear and 
tension behavior of joints. The assumed shear strength derived from these studies will 
be used in numerical analysis for comparison to assumed partially penetrating and fully 
penetrating joints. 

The level of conservatism will be documented in the revision of Drij Degradation 
Analyses (BSC 2001), to be completed in FY 2003. 

I 

RDTME 3.16 

Provide a technical basis for the DOE position that the method used to model 
joint planes as circular discs does not under-represent the smaller trace-length 
j-actures. The DOE will analyze the available small trace-length fracture data 
from the Exploratory Studies Facility and Enhanced Characterization of the 
Repository Block, including their effect on block development. This will be 
documented in a revision to the Drift Degradation Analysis, ANL-EBS-MD- 
000027, expected to be available to NRC in FY 2003. 

General Approach: 

0 As discussed in RDTME 3.08, FracMAN will be used for developing fracture 
geometries based on 1 m and greater trace length joints. Data for FracMAN is derived 
from fractures data base in ESF and ECRB. 

The FracMAN approach currently provides a centroid and radius of the fracture plane. 
The 3DEC model that utilizes this information allows the fractures to fully penetrate the 
block that it cuts (i.e., conservative assumptions can be made that over-estimate the trace 
length of the fractures). 

Parametric studies will be conducted to examine the level of non-conservatism that 
arises from the assumption of fractures with disc shapes. Additionally, synthetic 
full-periphery structure maps will be created from the FracMAN circular disc models 
and compared, empirically, to actual full periphery maps to ensure the fracture patterns 
are geologically reasonable. 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects A-1 1 Rev. 00 April 2003 



Rockfall analyses in lithophysal rocks will determine block sizes empirically based on 
the density of ubiquitous, short trace length interlithophysal fracturing and the spacing of 
lithophysae. Density will be described in terms of fractures per cubic meter, leading to 
relatively small rock sizes. It will be established that the major large trace length 
fractures in the lithophysal rocks will not control block sizes. 

0 Documentation will be provided in the revision of Drift Degradation Analyses (BSC 
2001) to be completed in FY 2003, and in Fracture and Lithophysae Characteristics of 
the Repository Host Horizon in the first quarter of FY 2004. 

RDTME 3.17 

Provide the technical basis for effective maximum rock size including 
consideration of the effect of variation of the joint dip angle. The DOE will 
provide the technical basis for effective maximum rock size including 
consideration of the effect of variation of the joint dip angle. This will be 
documented in revisions to Drift Degradation Analysis, ANL-EBS-MD-00002 7, 
and Rocwall on Drip Shield, CAL-EBS-ME-000001, expected to be available to 
NRC in FY 2003. 

General Approach: 

0 The maximum rock size in the non-lithophysal rock will be determined directly from the 
3DEC model, whose block geometry is determined from FracMAN simulated fracture 
networks. A large number of simulations will be conducted from probabilistically 
determined fracture networks that will be based on the mapped variability of fracture 
characteristics, including: dip and dip direction, trace length, centroid location, and 
spacing. 

0 Directional bias for dip of fractures will be accounted for in FracMAN simulations using 
Mauldon correction for non-persistent fractures. 

Maximum block sizes in the Tptpll will be determined empirically using observational 
data from the ECRB and ESF. These data will include: 

- Density of ubiquitous fractures in terms of fractures per cubic meter 
- Observations of block sizes during large diamond coring operations in ECRB 

Documentation will be provided in the revision of DriJ Degradation Analyses (BSC 
2001) to be completed in FY 2003. 

RDTME 3.19 

The acceptability of the process models that determine whether rockfall can be 
screened out @om performance assessment abstractions needs to be substantiated 
by the DOE by doing the following: (1) provide revised DRKBA analyses using 
appropriate range of strength properties for rock joints @om the Design Analysis 
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Parameters Report, accounting for their long-term degradation; (2) provide an 
analysis of block sizes based on the full distribution ofjoint trace length datafiom 
the Fracture Geometry Analysis Report for the Stratigraphic Units of the 
Repository Host Horizon, including small joints trace lengths; (3) veri& the 
results of the revised DRKBA analyses using: (a) appropriate boundary 
conditions for thermal and seismic loading; (b) critical fiacture patterns fiom the 
DRKBA Monte Carlo simulations (at least two patterns for each rock unit); 
(c) thermal and mechanical properties for rock blocks and joints fiom the Design 
Analysis Parameters Report; (d) long-term degradation of rock block and joint 
strength parameters; and (e) site-specijk ground motion time histories 
appropriate for postclosure period; provide a detailed documentation of the 
analyses results; and (4) in view of the uncertainties related to the rocwall 
analyses and the importance of the outcome of the analyses to the performance of 
the repository, evaluate the impacts of rockfall in performance assessment 
calculations. DOE believes that Dr f t  Degradation Analysis is consistent with 
current understanding of the Yucca Mountain site and the level of detail of the 
design to date. As understanding of the site and the design evolve, DOE will: 
( I )  provide revised DRKBA analyses using appropriate range of strength 
properties for rock joints @om a design parameters analysis report (or other 
document), accounting for their long-term degradation; (2) provide an analysis of 
block sizes based on the full distribution of joint trace length data from the 
Fracture Geometry Analysis for the Stratigraphic Units of the Repository Host 
Horizon, ANL-EBS-GE-000006, supplemented by available small joint trace 
length data; (3) verih the results of the revised DRKBA analyses using: 
(a appropriate boundary conditions for thermal and seismic loading; (b) critical 
fracture patterns @om the DRKBA Monte Carlo simulations (at least two patterns 
for each rock unit); (c) thermal and mechanical properties for rock blocks and 
joints fiom a design parameters analysis report (or other document); 
(d) long-term degradation of joint strength parameters; and (e) site-specijk 
ground motion time histories appropriate for postclosure period. This will be 
documented in a revision to Dr f t  Degradation Analysis, ANL-EBS-MD-0002 7, 
expected to be available to NRC in FY 2003. Based on the results of the analyses 
above and subsequent drip shield calculation revisions, DOE will reconsider the 
screening decision for inclusion or exclusion of rocwall in performance 
assessment analysis. Any changes to screening decisions will be documented in 
analyses prior to any potential license application. 

General Approach: 

The keyblock approach is no longer being used as the primary method for drift degradation and 
rockfall analysis. Following is the revised methodology for rockfall analyses and drift 
degradation (details provided in Appendix B): 

0 3DEC, three-dimensional discontinuum analyses (non-lithophysal rocks) will be 
conducted for the combination of in situ, thermal and seismic loading over the 
preclosure and postclosure periods. 
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The 3DEC analyses will be based on fracture and block geometries defined by analysis 
of the detailed line surveys and full periphery mapping from the ESF and ECRB. These 
data will feed the FracMAN program that will be used to define statistically equivalent 
rock mass fracture geometries that are, in turn, used as data input to the 3DEC, 
three-dimensional discontinuum program that will generate the block geometries. 

Fully dynamic analyses will be used to conduct a large number of probabilistic analyses 
(in which fracture geometry, site-specific ground motions, joint properties and trace 
length characteristics are varied) to derive a probability density function of rockfall sizes 
and shapes. 

UDEC, two-dimensional discontinuum analyses will be used to conduct rockfall and 
degradation studies resulting from in situ, thermal and seismic loading in the lithophysal 
rocks. 

An equivalent mechanical material model, using a finely discretized UDEC block 
geometry will be calibrated to the range of lithophysal rock mass properties as 
determined from laboratory and in situ compression testing. Mechanical properties will 
be directly related to lithophysal porosity and its variability. Model will allow rock mass 
failure, fracturing and rockfall. 

Parametric studies will be conducted for the full range of variability of the lithophysal 
rock mass properties. 

0 Site-specific ground motions will be applied to the models, based on hazard curves 
derived from Probabilistic Seismic Hazard Analyses for Fault Displacement and 
Vibratory Ground Motion at Yucca Mountain, Nevada (CRWMS M&O 1998). 

These studies will provide rock size, shape and velocity to analyses of the drip shield as 
a function of time. 

All of this work will be documented in the revision of Drft Degradation Analyses (BSC 2001), 
to be completed in FY 2003. 
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APPENDIX B: THERMAL AND MECHANICAL ROCK PROPERTIES DATA BASE 

B.l LABORATORY PROPERTIES DATA BASE 

Over the past 22+ years a vast amount of data has been collected on the mechanical properties of 
the intact rock within Yucca Mountain, Nevada (Table B-1, Table B-2, and Table B-3). All of 
the studies were performed under the existing guidelines at the time, and, therefore, not all of the 
data were gathered under a qualified QA program (Table B-1). No matter what the pedigree of 
the data, we can, however, gain much insight from all of the data. 

B.l. l  MECHANICAL DATA 

In the late 1970’s and through the mid-l980’s, many samples were tested from units extending 
from the upper-most parts of the Paintbrush Tuff down through the lower regions of the Crater 
Flat Tuff. From the beginning, an approach was adopted to assign a baseline set of conditions 
and then study the effects of all other conditions (i.e., sample related, environmental and inherent 
rock characteristics) relative to that standard. Initially, samples were difficult to obtain, so the 
baseline conditions were defined as: each test specimen was machined as a 
right-circular-cylinder, with a nominal diameter of 25 mm (1 in.) and a 2: 1 1ength:diameter ratio, 
and tested in a water-saturated state at room temperature, atmospheric pressure, and a nominal 
axial strain rate of s-’. The results from these test series (Olsson and Jones 1980; Nimick 
et al. 1985; Price and Jones 1982; Price, Jones, and Nimick 1982; Price and Nimick 1982; Price, 
Nimick and Zirzow 1982; Price, Spence, and Jones 1984) revealed that there is some lateral 
(Le., within a unit) and vertical (i.e., unit to unit) variability. However, the variabilities in the 
elastic and strength properties of the tuffs (all having similar chemical constituents) are 
predominantly a function of the tuff porosity (Figure B- 1, Price 1983 and Price and Bauer 1985). 
In addition, while it is not a significant factor within the Topopah Spring Member tuffs, in a 
broader sense the relationships were found to be stronger when the properties were fit to 
functional porosity-defined as pore space plus the volume fraction of montmorillonite, a very 
low strength clay mineral (Price and Bauer 1985) illustrates this relationship. In addition, some 
of the data also helped in the early understanding of the effects of changes in saturation, 
temperature, pressure, and rate (Price 1983). 

Beginning in the mid-l980’s, effort was concentrated on the Topopah Spring Member tuff, and 
specifically on the unit referred to today as the middle Tptpmn, which was considered at that 
time to be the target horizon for the potential repository. Because of the larger inhomogeneities 
in the welded tuffs of the Topopah Spring Member, the size of the baseline samples was 
increased to nominally 51 mm (2 in.) in diameter. The remainder of the baseline conditions 
remained the same. The studies also began to incorporate some detailed information on the 
petrology and pore distribution of both the lithophysal and nonlithophysal zones (Price et al. 
1985 and Price, Connolly, and Keil 1987, respectively). These studies determined that the most 
predominant secondary factor in the scatter of the plots of strength or Young’s modulus vs. 
porosity is the distribution of the porosity. In Busted Butte samples of the middle nonlithophysal 
zone, the vast majority of pores were found to be intergranular openings (usually less than 5 pm 
across) (Price, Connolly and Keil 1987). In general for the welded tuffs, a study on Busted Butte 
samples of the upper lithophysal zone found that there are four size classes of pores (Figure B-2). 
They are: large lithophysal cavities (few millimeters on up), small pores in the 

Resolution Strategy for Geomechanically-Related 
Repository Design and Thermal-Mechanical Effects B-3 Rev. 00 April 2003 



i 



I -  

- 
I 

'i 



et al. 1992), which is a relatively minor effect with respect to the natural scatter in the tuff data, 
in general. 

The attenuation properties of the nonlithophysal tuffs were also examined (Haupt et al. 1992; 
Price, Martin and Haupt 1994). Extensional attenuation was found to be virtually unaffected by 
frequency (for dry samples) or strain amplitude changes (for both dry and saturated samples). 
However, attenuation did increase with increasing frequency for the saturated samples. 

The collecting of CT scans has provided information in addition to that collected in the 
mid-1980’s for the study on the distribution of porosity within the Topopah Spring tuffs. An 
initial analysis (Price, Martin and Boyd 1993) relating qualities observed on the CT scans to the 
Young’s modulus and ultimate strength of nonlithophysal tuff samples produced good 
correlations. 

Many studies have shown strong relationships between static Young’s modulus and effective 
porosity and ultimate strength and effective porosity. In order to investigate whether the 
dynamic properties showed the same types of relationships or not, the results from a series of 
samples were analyzed (Price et al. 1994). Initially, velocity measurements were taken, dynamic 
Young’s moduli were calculated, and then the samples were tested at the baseline set of 
conditions. Both the P-wave velocities and the dynamic Young’s moduli showed similar 
correlation with porosity, as do the static Young’s moduli. Furthermore, in a direct comparison 
of the static and dynamic Young’s moduli, the dynamic moduli are consistently higher in value 
than the static moduli. This result was not surprising, because this is the normal relationship 
between static and dynamic moduli for brittle materials. 

Several studies (Martin et al. 1993a, 1993b, 1995; Martin, Noel, Boyd, and Price 1997b and 
1997c) have produced indications that the strength properties of the tuffs are somewhat time 
dependent. Except at very fast rates of deformation (i.e., an axial strain rate of 10 s ), the 
strengths of the tuffs were found to decrease with decreasing strain rate (from s-’ to lom9 s-’), 
although the average change was relatively minor (about a 10 percent decrease in strength per 
decade change in strain rate). In addition, constant stress (creep) experiments at fairly high 
stresses (most tests at 100 MPa and higher) resulted in very little strain accumulating after 
several million seconds. In one study on Topopah Spring tuffs from Busted Butte (having an 
average quasi-static, unconfined compression strength of nearly 150 MPa), the fit of the data 
from static fatigue tests .predicts that under a constant load of 100 MPa, the rock would fail in 
7.1 x lo9 years. 

-3 -1 

In summary, a large amount of data has been collected to date on tuffaceous samples from Yucca 
Mountain at a baseline set of conditions. These data have shown that the variabilities in elastic 
and strength properties are not a function of lateral or vertical position, but primarily a function 
of porosity. In stratigraphic zones that contain montmorillonite (a very weak clay material), the 
fits are improved by adding the volume of this mineral to the porosity and calling this quantity 
functional porosity. Even though there are excellent trends in the Young’s modulus, strength, 
and compression velocity data when plotted against porosity, the data has a significant scatter to 
it. The secondary effect that is creating the scatter is the distribution of the porosity. Other 
investigations have examined the effects of many other conditions (Le., sample related, 
environmental and inherent rock characteristics); for example, sample size, saturation, pressure, 
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temperature, deformation rate, attenuation, anisotropy have all been studied. In conclusion, the 
intact rock mechanical property information collected over the last two decades has provided a 
good understanding of many aspects of the behavior of Yucca Mountain tuffs. However, the 
data set available for licensing type activities would be more complete with the collection of 
some additional data on several issues within the requirements of a qualified QA program. 
Afew of the major issues needing additional data include studying the effects of lithophysal 
cavities, sample size, and constant stress loading. 
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Source: Price 1986. 

Figure B-3. Effect of Sample Size on the Uniaxial Compressive Strength of Welded Tuff from the Middle 
Nonlithophysal Zone (Tptpmn) 
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Figure B-4. Modulus (a), Compressive Strength (b), and Tensile Strength (c) as Functions of Porosity 
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B.1.2 THERMAL DATA 

A significant amount of thermal properties data have also been collected since the early 1980’s. 
Primary parameters of interest are thermal conductivity, thermal capacity, and thermal 
expansion. Thermal properties are largely a fknction of mineralogy, and so a phenomenological 
understanding of these properties requires that mineralogy be determined. The most complete 
data sets of thermal properties data from the repository horizon as well as units above and below 
were developed from specimens taken from four boreholes drilled along the North Ramp of the 
Exploratory Studies Facility (boreholes UE25 NRG-4, UE25 NRG-5, USW NRG-6, and 
USW NRG-7/7A). A total of 143 thermal conductivity tests, 132 thermal expansion tests, and 
10 specific heat tests were conducted from specimens taken from various horizons in theses 
boreholes. Thermal expansion and thermal conductivity tests were also performed on test 
specimens taken from Alcoves 5 and 7 within the Exploratory Studies Facility (ESF). In these 
tests, specimens were oriented orthogonally and so anisotropy as well as lateral variability of 
thermal properties could be measured. Results from all thermal tests show very limited evidence 
of lateral variability and anisotropy within each tuff unit. 

Standard test conditions for thermal conductivity measurements included four saturation levels: 
vacuum saturated, partially saturated, air-dried (no effort was made to preserve or alter the 
moisture content), and oven-dried. Thermal expansion test specimens were either air-dried, 
oven-dried, or vacuum saturated. All specific heat measurements were made on air-dried 
specimens. Tests were conducted at room pressure and at temperatures between 25°C and 
300°C. Because many specimens were tested at multiple saturation states, there are more tests 
than test specimens. Thermal conductivity, thermal expansion, specific heat, and X-ray 
diffraction measurement methods are discussed in detail in Brodsky et al. 1997. The thermal 
properties measurements were made by the Testing Services Division of Holometrix, Inc. and 
the X-ray diffraction measurements were conducted at the University of New Mexico. 

The thermal conductivity data from the NRG boreholes are summarized in Table B- 1. Data are 
consistent with previous values reported in Nimick ( 1989) which includes both published and 
previously unpublished results. Thermal conductivities measured on saturated specimens 
exceeded those measured on dried specimens. For dried specimens, conductivity is essentially 
constant with increasing temperature. For saturated specimens, conductivities sometimes 
increased and sometimes decreased with increasing temperature. Decreases in thermal 
conductivity in specimens containing moisture may be affected by specimen dehydration. There 
were no consistent differences in thermal conductivities among the boreholes and so the data 
were averaged together. PTn consistently shows the lowest conductivities while the TCw and 
TSw2 units have the highest conductivity values. TSwl specimens span a larger range of 
thermal conductivity and are intermediate in value. These data show that there is no substantial 
temperature dependence. 
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Table B-I . Low Temperature ( 4  OOOC) Rock Thermal Conductivities‘a) 

Thermal/ 
Mechanical 

Unit 

TSw 1 
TSw2 

Sample 
Mean 

1.89 
0.92 
1.70 
2.29 

Saturated 

Sample 

0.42 

Thermal Conc 

Sample 

0.46 

(a) ND: No Data. “Sample” refers to the number of test measurements, not the number of specimens tested. 
Measurements were made during both heating and cooling for some specimens. 

Table B-2. High Temperature (>I OOOC) Rock Thermal Conductivities (a) 

I Thermal Conductivity (W/mK) 
Dry 

Thermal/ Sample 
Mechanical Standard Sample 

Unit Sample Mean Deviation count 

TCw 1.53 0.17 57 
PTn 0.42 0.14 102 
TSwl 1.15 0.15 173 
TSw2 1.59 0.10 125 

“Sample” refers to the number of test 
measurements, not the number of specimens 
tested. Measurements were made during both 
heating and cooling for some specimens. 

Attempts have been made to correlate thermal conductivity with an easily measured physical 
property such as porosity. Figure B-5 shows thermal conductivities obtained at 30°C on oven 
dry specimens plotted vs. porosity. Both the Woodside and Messmer (1961) and the Brailsford 
and Major (1964) equations, which predict this relationship, are shown. The models were fitted 
to the data as follows. Based on the measured saturation and porosity of each specimen, the 
matrix conductivity (i.e., conductivity at zero porosity) for each specimen was calculated for 
each model. These matrix conductivities were then averaged for each model to obtain the 
conductivity at zero porosity. The change in conductivity with increasing porosity was then 
calculated directly from each model. Unfortunately, lithologies also change with increasing 
porosity and so it is difficult to isolate the effects of changing one variable. The TSw2 data 
appear to cluster into three groups. The high and low thermal conductivity groups are both from 
NRG-5 and include the Tptpmn lithostratigraphic unit (Buesh et al. 1996). The intermediate 
thermal conductivity group is from NRG-6 and includes both the Tptpmn and Tptpln 
lithostratigraphic units. 

The mean coefficients of thermal expansion (MCTE) are summarized in Table B-3 for heating. 
Similar data exist for the cooling cycles. Within each table, the information is grouped 
according to T N  unit and moisture content. 
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Figure 8-51. Thermal Conductivity vs. Porosity for Oven-Dried Specimens from NRG Boreholes 

As shown in Table B-3, MCTEs are highly temperature dependent. The strains increase 
(expansion is positive) for both tuffs until a “transition temperature” of approximately 150” to 
225°C is reached. In both cases, the strain-versus-temperature curves then become more highly 
nonlinear; however, the slope increases for the welded specimen while it decreases for the 
nonwelded specimen. For the welded specimens, thermal expansion was independent of 
saturation state; however, thermal strains did depend upon saturation for the nonwelded rocks 
(Brodsky et al. 1997). 

The increase in thermal strains between 150°C and 225°C (the “transition temperature” range) 
observed for many of the welded devitrified specimens is likely to be due to phase transitions in 
the constituent minerals of tridymite and cristobalite. These minerals occur, with or without 
quartz, as primary devitrification products in many samples of Yucca Mountain welded tuffs. 
Phase transitions in synthetic tridymite occur at approximately 117°C and 163”C, and in 
synthetic cristobalite at approximately 272°C (Papike and Cameron 1976), and involve notable 
changes in volume. Phase transition temperatures have been shown to vary significantly due to 
lattice variations found in natural occurrences of these minerals which are usually mixed phase 
material (Thompson and Wennemer 1979). Previous and current work on the mineralogy of 
welded tuff from TCw, TSwl, TSw2, and TSw3 suggest that these mixed phase assemblages are 
dominant. Hysteresis is associated with the phase. changes because the phases invert at higher 
temperature during heating than during cooling. The irreversible expansion may be a 
consequence of incomplete phase inversion on cooling. 

For the nonwelded specimens, some of the strain decrease (near 100°C) is attributable to loss of 
pore water, but most of the irreversible strain is probably a consequence of dehydration of 
perlitic volcanic glass and clay minerals at elevated temperatures which results in a permanent 
volume decrease. 

Some specimens that displayed sensitivity to transition temperature were analyzed to assess the 
role of the maximum test temperature. Specimens from approximately the same depth (Le., from 
the same piece of original core) were tested to different temperatures. The results showed that as 
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All of the thermal expansion data presented in Table 4-3 were obtained at ambient pressure. 
Mineralogical phase changes are pressure sensitive and the temperatures at which these 
transitions occur increase with pressure. Additionally, pressure will suppress volume expansion 
within fractures and voids. A suite of confined thermal expansion tests was therefore conducted 
to determine if strain hysteresis and transition temperature effects would be suppressed by 
elevated pressures. These tests are discussed in detail in Thermal Expansion of the Paintbrush 
Tuff Recovered fiom Borehole USW SD-12 at Pressures 30 MPa: Data Report (Martin et al. 
1997). This report concluded that pressure effects for specimens tested between 1 and 30 MPa 
were very small, so data from these pressures were averaged together. 

Thermal capacitance data from the NRG boreholes are summarized in TableB-4. Thermal 
capacitance is higher for TSw2 than for TSwl . All specimens show a localized peak in thermal 
capacitance at 150°C - 170°C. In general, thermal capacitance increases monotonically until this 
temperature range is reached. For all TSwl specimens and some TSw2 specimens, thermal 
capacitance then decreases slightly with increasing. Above 150°C - 170"C, other TSw2 
specimens show initial decreases in thermal capacitance followed by nearly constant values. 

Table B-4. Thermal Capacitance (pCp) of Topopah Spring Tuff 

It is believed that the peaks in specific heat shown in Table B-4 are related to phase changes; 
however, the data presented here are insufficient to correlate these peaks more specifically with 
mineralogy. It is worth noting that the peaks in specific heat at 150°C - 170°C occur at a 
temperature range associated with the phase change in tridymite (1 63°C). It is also evident that 
there were no significant changes in specific heat for these air-dried specimens at lOO"C, 
indicating that dehydration effects were minor. 

Values of thermal capacitance were calculated by Nimick and Connolly (1991) from chemical 
and mineralogical data and published heat capacity data for the constituent minerals. For both 
the theoretical and experimental data, values for TSw2 are higher than for TSwl. The two sets 
of data roughly coincide, which is very encouraging considering that there were many 
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assumptions inherent in Nimick and Connolly's work. Measurements of specific heat are very 
sensitive to moisture content and to the types of water present. The experimental data were 
obtained on air-dried specimens containing 0.3 percent to 0.7 percent water by weight, whereas 
the calculated data were based on a water content of 5.5 percent by weight. Additionally, 
Nimick and Connolly (1991) believed that calculated values above 100°C would probably be 
high because they assumed that all H20' remained in the glass during heating. Calculated values 
near 100°C were omitted from the plot because they were highly influenced by heat of 
vaporization of water. 

Mineralogies were examined to determine if correlations exist between thermal properties and 
the presence of certain minerals. Thermal conductivity data did not indicate any dependence on 
apparent mineral phase changes. The thermal expansion test results showed temperatures over 
which MCTEs increased steeply and hysteresis was observed. These characteristics of the 
thermal expansion curves were discussed in light of phase changes expected in tridymite and 
cristobalite. 

In summary, a very extensive data set for thermal conductivity and thermal expansion exists, 
primarily from boreholes UE25 NRG-5, UE25 NRG-5, USW NRG-6, and USW NRG-7/7A; but 
supplemented by data from Alcoves 5 and 7. For the NRG test series, a total of 143 thermal 
conductivity tests were conducted on 95 test specimens, 132 thermal expansion tests were 
conducted on 120 specimens, and 10 specific heat tests were conducted on 10 specimens. 
Specimens were tested at several saturation states, at room pressure, and at temperatures up to 
300°C. Petrologic data were obtained from 97 NRG-6 samples. 

Thermal conductivities are highest for saturated specimens and lowest for dried specimens. 
Thermal conductivities, averaged over all boreholes, ranged (depending upon temperature and 
saturation state) from 1.2 W/m"K to 1.9 W/m"K for TCw, from 0.4 W/m"K to 0.9 W/m"K for 
PTn, from 1.0 W/m"K to 1.7 W/m"K for TSwl, and from 1.5 W/m"K to 2.3 W/m"K for TSw2. 
Thermal conductivity results showed that for oven dried specimens, thermal conductivities 
increased slightly or remained constant as temperature increased from 25°C to 300°C. The PTn 
T/M unit consistently showed the lowest thermal conductivities while the TCw and TSw2 units 
had the highest conductivity values. TSwl specimens spanned a large range of thermal 
conductivities and were intermediate in value. 

Mean coefficients of thermal expansion were highly temperature dependent and values, averaged 
over all boreholes, range (depending upon temperature and saturation state) from 6.6 x 10- C 
to 49 x 10-6"C-1 for TCw, from the negative range to 16 x "C-' for PTn, from 6.3 x 10-6"C-' 
to 44 x 10-6"C-' for TSwl, and from 6.7 x 10-6"C-' to 37 x 10-6"C-1 for TSw2. Thermal 
expansion coefficients showed substantive differences between welded and nonwelded 
specimens. Moisture effects were apparent in nonwelded specimens. Even for oven dried 
specimens, the nonwelded PTn T/M unit showed dehydration and volume loss at 100°C. At 
more elevated temperatures, these specimens generally continued to shorten as bound water was 
released. Thermal expansion of the welded specimens showed no moisture dependence. At 
temperatures near 200"C, hysteresis in the strain-versus-temperature curves became apparent in 
most specimens. Most of this was probably caused by phase changes in trydimite and 
cristobalite; however, this was not clear from comparison of thermal expansion and 
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mineralogical data. Although most expansion reversed during cooling, substantial permanent 
elongations (up to 200 microns or 0.4 percent strain) were observed. 

Thermal capacitance values are lower for TSwl specimens from NRG-4 than for TSw2 
specimens from NRG5. Mean values of thermal capacitance (averaged over all specimens) 
ranged from 1.6 J . c ~ ' ~ . K - '  to 2.1 J . c ~ - ~ . K - '  for TSwl and from 1.8 J . c ~ - ~ - K - '  to 2.5 J - c ~ - ~ - K - '  
for TSw2. The irregular slopes of the specific heat-versus-temperature curves are most likely 
related to phase changes. No mineralogical data were obtained for NRG-4 and NRG-5 
specimens. 

There is very little evidence of lateral variability of thermal properties within units. There is also 
very little data to suggest thermal properties show any degree of anisotropy (vertical vs. 
horizontal). 

B.2 IN SITU THERMAL AND MECHANICAL PROPERTIES 

The Yucca Mountain Project has supported collection of information on in situ 
thermomechanical properties since the mid- 1990's. In situ thermal conductivity, thermal 
expansion, and rock mass modulus were estimated in the Single Heater Test and in the Drift 
Scale Test. From the Single Heater Test, the rock mass thermal expansion was estimated from 
displacement and temperature measurements to be between 2.5 x 10-6/"C to 6 x 10-6/"C for 
temperatures up to about 160°C (DTN: SNF35 1 1069500 1.009), although analyses of the test 
suggest that intact thermal expansion coefficients provide a better match to the overall measured 
displacements and temperatures. Likewise, the thermal conductivity (of matrix materials) 
derived from back-fitting in situ data and numerical modeling suggest thermal conductivities of 
2.1 W/(m.K) for wet and 1.67 W/(m.K) for dry conditions respectively 
(DTN: SNF35 1 1069500 1.009). For rock mass modulus, the Plate Loading Test conducted as 
part of the larger Drift-Scale Test estimated rock mass modulus from 11.4 GPa to 29.5 GPa for 
ambient and thermally perturbed fractured tuffs in the vicinity of the Drift-Scale Test (George 
et al. 1999). A later test conducted in the same location showed higher general modulus 
recommended values ranging from 17.3 GPa to 43 GPa (Williams 2001). It is also possible to 
garner information about the rock mass strength by estimation of the stresses surrounding the 
Drift-Scale Test, and by estimating the strength to be some value greater than the estimated stress 
(by virtue of no known major rock mass failures surrounding the Drift-Scale Test). 
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