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Note Regarding the Status of Supporting Technical Information

This document was prepared using the most current information available at the time of its development.  This
Technical Basis Document and its appendices providing Key Technical Issue Agreement responses that were
prepared using preliminary or draft information reflect the status of the Yucca Mountain Project’s scientific
and design bases at the time of submittal.  In some cases this involved the use of draft Analysis and Model
Reports (AMRs) and other draft references whose contents may change with time.  Information that evolves
through subsequent revisions of the AMRs and other references will be reflected in the License Application
(LA) as the approved analyses of record at the time of LA submittal.  Consequently, the Project will not
routinely update either this Technical Basis Document or its Key Technical Issue Agreement appendices to
reflect changes in the supporting references prior to submittal of the LA.
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APPENDIX I

THE EFFECT OF SUSTAINED LOADING ON INTACT ROCK STRENGTH
(RESPONSE TO RDTME 3.07)

This appendix provides a response to Key Technical Issue (KTI) agreement Repository Design
and Thermal-Mechanical Effects (RDTME) 3.07.  The agreement relates to the impact of
potential long-term strength changes of the repository host horizon on stability of emplacement
drifts.  The drifts will be subjected to sustained in situ and thermal stress, and related time
dependency of rock strength could result in drift degradation over time.

I.1 KEY TECHNICAL ISSUE AGREEMENT

I.1.1 RDTME 3.07

Agreement RDTME 3.07 was reached during the U.S. Nuclear Regulatory Commission
(NRC)/U.S. Department of Energy (DOE) Technical Exchange and Management Meeting on
Repository Design Thermal-Mechanical Effects held February 6 to 8, 2001, in Las Vegas,
Nevada (Reamer and Williams 2001).  This KTI agreement response is Appendix I of Technical
Basis Document No. 4: Mechanical Degradation and Seismic Effects, Revision 1.  The technical
basis document, including Appendices A to H, was previously submitted to the NRC on June 17,
2004.

The wording of the agreement is as follows:

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.

The agreement is concerned with the estimation of the impacts of time-dependent strength
changes in repository host rocks due to sustained stresses from in situ and thermal loading and
from environmental influences, such as wetting and drying.  The impact of these strength
changes on emplacement drift stability needs to be accounted for in the assessment of
postclosure performance.  The concern is further elaborated in Integrated Issue Resolution Status
Report (NRC 2002, Section 2.1.7.3.3.2, pp. 2.1.7-19 and 2.1.7-20).  The NRC concerns are
paraphrased as follows:

• Emplacement drift degradation over time can be expected due to coupled
thermal-hydrologic-mechanical processes (Brekke et al. 1999) and needs to be accounted
for in analysis of time-dependent degradation modes.  Thermally induced fracturing, rock
loosening, and cyclical evaporation and condensation of water may drive degradation
mechanisms.
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• Geochemical alteration of the rock mass resulting from elevated temperatures in the
presence of saturated rock conditions could impact mineral chemical stability, driving
rock weathering alteration processes that could lead to degradation.  This effect could be
most pronounced for fracture and lithophysae coatings, affecting the shear strength of
joints or strength of the lithophysal rock mass.

I.1.2 Related Key Technical Issue Agreements

RDTME 3.02–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix D to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement requires that drift degradation and ground support analyses be conducted for
critical combinations of in situ, thermal, and seismic stresses.

RDTME 3.04–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix E to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement involves providing a geotechnical parameters report that includes rock-mass
property estimates of the subunits of the Topopah Spring Formation.  RDTME 3.07 deals
specifically with providing estimates of time-dependent strength changes of repository host
horizon rocks, which is included in the geotechnical parameters report.

RDTME 3.05–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix A to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement requires that the methodology for estimation of rock mass properties for
lithophysal rock be described.

RDTME 3.10–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix D to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement requires verification of the adequacy of the use of two-dimensional models
for analysis of drift degradation.  Sections 4.2.2.2 and 5.2.3.1.2 of this technical basis document
discuss the use of two- and three-dimensional models for drift degradation analysis.

RDTME 3.11–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix H to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement requires examination of the long-term degradation of the rock mass in
lithophysal and nonlithophysal rocks, particularly as it affects ground support. Section 5.2.3.2.4
of the technical basis document summarizes the specific approach to accounting for long-term
strength degradation of material properties via use of static fatigue testing of tuffs.

RDTME 3.12–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix F to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
This KTI agreement requires a dynamic analysis of ground support systems during the
preclosure phase using site-specific ground motions and discontinuum numerical modeling.  The
technical basis document centers on the postclosure dynamic analysis of lithophysal and
nonlithophysal rocks using discontinuum methods.

RDTME 3.13–This KTI agreement response was submitted to the NRC on June 17, 2004, as
Appendix D to Technical Basis Document No. 4: Mechanical Degradation and Seismic Effects.
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This KTI agreement requires technical justification for boundary conditions for models used in
drift degradation and ground support analyses.  Section 5 of this technical basis document
discusses static and dynamic mechanical and thermal boundary and initial conditions.

TSPAI 2.02, Items 58 and 62–TSPAI 2.02, Items 58 and 62 are related to the inclusion of
rockfall and its potential mechanical impacts on engineered barriers and on the
thermal-mechanical impacts of long-term rock-mass degradation on engineered barriers and
potential hydrologic changes in the rock mass.  RDTME 3.07 deals specifically with the
estimation of time-dependent degradation of emplacement drifts subjected to in situ and thermal
loading.  The estimates made for long-term degradation and change of opening shape feed
performance assessment studies of the engineered barriers.  Section 1 of this technical basis
document describes this integration in more detail.

I.2 RELEVANCE TO REPOSITORY PERFORMANCE

Agreement RDTME 3.07 deals with examination of time-dependent effects on emplacement drift
degradation.  Time-dependent degradation, as opposed to possible drift instability induced by a
seismic event, is envisioned to be a relatively slow process involving sequential dislodging of
blocks from the excavation periphery, which then fall into the drift and build up around the drip
shield.  This process is referred to as a raveling mode of rock failure.  The root causes of
time-related degradation are either changes in loading conditions around the drifts, geochemical
alteration of the rock matrix or fracture fillings, or time-dependent changes in rock or fracture
strength resulting from coupled thermal-hydraulic-mechanical effects.

Time-dependent degradation of emplacement drifts may have an important impact on repository
performance.  Appendix H (the response to RDTME 3.11) addresses the issue of the effect of
time-dependent degradation in the preclosure (i.e., 100 year) time frame and the impact this
could have on ground support.  It was concluded that time dependency in fracture or rock-mass
strength is insignificant in the preclosure period, and that ground support is properly designed to
account for potential rock-mass loosening and raveling mechanisms and uses materials that have
sufficient longevity to function over this time period.  In the postclosure period, ground support
will eventually degrade, leaving unsupported drifts.  The impact of drift degradation modes,
which could lead to partial or complete drift collapse, could be important to performance in the
following areas:

1. Partial or complete drift collapse would result in rubble within the drift, which could
create an insulating blanket surrounding the drip shield and waste package.  This
could, in turn, affect in-drift temperature and humidity conditions.  The importance of
this effect is dependent to some extent on the timing of the degradation (i.e., the
number of years after waste emplacement).  If it happens more than a few hundred
years after closure, drift collapse has a relatively small effect on waste package peak
temperature.  Drift collapse is also accompanied by a decrease in drift relative
humidity as a result of the enlargement of the emplacement drift, the overall
temperature rise in the drift, and the increased temperature gradient from the waste
package to the solid drift wall.
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2. Drift degradation could result in an enlargement of the emplacement drift over time.
Change in drift footprint (i.e., plan view dimension), shape, and the presence of rubble
could impact seepage to the drift in the postboiling time frame.

3. Rubble accumulation in the drift will result in static loading to the drip shield.  These
potential loads are required as input to the evaluation of drip shield performance.

This appendix summarizes the results of analyses of time-related drift degradation in the
nonlithophysal and lithophysal rocks that comprise the repository host horizon.  A detailed
description of the analyses can be found in Section 5.3 of this technical basis document and in
Drift Degradation Analysis (BSC 2004a, Appendix S).  Drift degradation resulting from seismic
events is also described in Section 5.3 of this technical basis document.

I.3 RESPONSE

Long-term response of excavations depends on a number of factors, including:

1. Degradation due to time-dependent fracture development in the rock matrix or along
joint (or existing fracture) surfaces in the presence of water vapor and driven by
mechanical and thermal stresses.  Large-span excavations initially created with low
factor of safety against collapse and using poorly controlled excavation methods
increase degradation potential.

2. Degradation due to time-dependent alteration of rock matrix or joint-filling materials
due to rock mass thermal and moisture conditions.  Water sensitive minerals, such as
clays, increase degradation potential.

General understanding of the time dependency of tunnels in hard rocks is subject to a high
degree of uncertainty because most engineered excavations are designed for a relatively short
life-span or are typically heavily supported to provide safe access for personnel.  Although it is
well known that many unsupported mining excavations deteriorate within years of initial
excavation, there are also many examples of man-made excavations and natural underground
openings hundreds to millions of years in age that have suffered little deterioration.  A detailed
database of the long-term stability of unsupported man-made excavations and natural
underground openings is not readily available.  Therefore, it is difficult to develop general rules
for time-dependent degradation based purely on empirical observations. The approach used here
for estimation of time-dependent degradation effects is based on development of a mechanistic
understanding of the time dependency of strength change of Yucca Mountain site-specific rocks.
The approach is based on development of a database of laboratory test results defining time-
related strength changes of tuff, followed by application of these data within numerical models
of drift stability.  This analysis accounts for the site-specific, time-evolving stress conditions
over the postclosure time period, as well as environmental effects on rock strength change.
Uncertainty in the rock mass properties is accounted for through use of appropriate ranges of
estimated rock mass strength and time-dependent variability.

Due to the general lack of water-sensitive in-filling materials on natural fractures or within the
rock matrix, the impact of environmental effects on rock strength as a function of time is
expected to be inconsequential.  The primary driving mechanism for time dependency is
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expected to be strength loss of the matrix material due to subcritical microcrack growth resulting
from a stress corrosion mechanism (e.g., Potyondy and Cundall 2001).  This mechanism results
in time-dependent crack growth due to stress, temperature, and the partial pressure of water at
the tips of microcracks.  These microcracks may begin as flaws in the rock or grain-boundary
contacts.  A crack grows either through grains or along grain boundaries due to the hydration and
breaking of silicon–oxygen bonds at the tip of the crack.  The rate at which the crack grows is
controlled by the diffusion of water to the crack tip, which is, in turn, dependent on the crack
geometry, which is stress-dependent.  The overall impact of these factors is a logarithmic form of
crack growth as a function of time and stress.  This mechanism is commonly termed stress
corrosion cracking.  Experimental data on single crystals of quartz, as well as in rocks, have
validated these mechanisms (e.g., Martin 1972; Kranz 1979).  Laboratory testing has been
performed to define the rate at which this stress corrosion mechanism occurs in Yucca Mountain
tuff under saturated and heated conditions (Martin et al. 1997; DTN: SN0406L0212303.002).
The results of this testing have been used to develop a time-dependent strength model that has
been implemented within a drift-scale stability model.  This model was then used to examine
time-dependent drift degradation for the postclosure in situ and thermal stress history.

The analyses described in the technical basis document (Section 5.3.2.2.4), and summarized
here, indicate that in situ and thermal stressing result in only minor damage and degradation
around the tunnels and that time-dependency of the strength change in tuff provides a more
important mechanism, particularly in high porosity lithophysal rock.  A range in drift
degradation conditions is expected to occur in lithophysal rocks as a result of variability of rock
porosity, which, in turn, affects rock-mass strength.  In general, the analyses indicated that:

• A small percentage of emplacement drifts—those located in the highest porosity/lowest
quality areas of the Tptpll—are expected to show significant degradation over time.
These constitute less than about 10% of the emplacement drift length based on the
mapped lithophysal cavity data described in Section 4.2.2.1.

• In the average quality rock conditions, little drift deterioration is expected from
time-dependent effects.

• Analysis of drip shield stability, based on a conservative assumption of rubble loading
from complete collapse of the emplacement drifts, indicates that the drip shield is
structurally stable.

• Analysis of the effects of drift degradation on in-drift temperature and relative humidity
conditions shows that little impact on maximum waste package temperatures are
expected for partial or complete collapse, if it occurs more than a few hundred years after
repository closure.  Significant decrease in drift humidity can occur as a result of collapse
due to the enlargement of the emplacement drift, the overall temperature rise in the drift,
and the increased temperature gradient from the waste package to the solid drift wall.

• Collapse and accompanying increase in drift plan-view footprint can result in impact to
seepage flux into the tunnel.
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Finally, evidence from observations of drift collapse in mining is used to verify that
emplacement drifts in lithophysal and nonlithophysal rocks have dimensions that are well below
those known to induce collapse.  The field observations are obtained from experience in caving
mines in which the span of excavations is increased to induce collapse.  Additionally, the
emplacement drift tunnels are developed with a stable circular shape and are driven using a
non—rock-damaging mining technique using tunnel boring machines.  Observations of tunnels
in the existing ESF and ECRB Cross-Drift show stable conditions with no observed time-related
damage in the repository host horizon units.  Evidence of large, unsupported tunnels in similar
rock at Hoover Dam is presented.  These tunnels, which have been in continuous service for
worker access for over 70 years, are stable and have shown little deterioration.

The information in this report is responsive to agreement RDTME 3.07 made between DOE and
NRC.  This report contains the information that DOE considers necessary for NRC review for
closure of this agreement.

I.4 BASIS FOR THE RESPONSE

I.4.1 Introduction

As demonstrated by the ESF and ECRB Cross-Drift, excavations in the repository host horizon
are currently stable under the existing conditions of in situ stresses and rock mass strength with
only light1 ground support.  However, it is expected that the ground support will completely lose
its integrity during the 10,000-year regulatory period and, to some extent, drift degradation will
occur due to increased stress from thermal loading and due to strength decay of the rock mass.
Drift degradation is an important issue for repository design and performance because drifts must
remain stable during the preclosure operational period and, eventually, rubble resulting from
degradation could impact in-drift environmental conditions, seepage, and the integrity and
performance of the drip shields.  Estimation of the rate of drift degradation for the duration of the
10,000-year regulatory period is, therefore, required.

I.4.2 Empirical Observations of Degradation and Collapse of Excavations

I.4.2.1 Unsupported Excavation Spans and Stand-Up Time

There is currently no accepted methodology for estimating the time-dependent degradation
behavior of tunnels in hard rocks.  However, a number of empirical correlations have been
developed for providing a means of estimating maximum stable spans of unsupported
excavations and the length of time that an unsupported excavation may remain open and still
provide a safe working environment2 (termed stand-up time) (Bieniawski 1989).  Because these
correlations are often used in estimating the time of instability of excavations and could be used
for estimation of long-term degradation response, this appendix discusses their applicability to
the postclosure stability of emplacement drifts at Yucca Mountain.

                                                
1 Current ground support in 5 m and 7.62 m diameter tunnels in the repository host horizon includes friction rock
bolts on nominal 1.25 m centers and light wire mesh on the crown of the excavations.  In some locations, bolting
and meshing of the sidewalls was also performed.

2 A safe working environment here means that there is minimal danger of rockfall from loose pieces of surface rock
created by blast damage or unstable blocks formed by fracture planes.
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Emplacement Drifts Act As Isolated Excavations–Emplacement drifts for the repository,
5.5 m in diameter, are separated from one another by a center-to-center distance of 81 m and are
located at a nominal depth of 300 m below ground surface.  The large ratio of drift diameter to
spacing and diameter to depth means that the emplacement drifts are mechanically isolated from
one another and from the effects of the ground surface.  There is, eventually, thermal interaction
between tunnels, but the local mechanical effects related to isolated tunnels is of greatest
importance to stability.  As discussed in Section I.4.2.2, the span of the emplacement drifts is
well below the critical span for collapse of unsupported excavations as observed in mining
practice.

Empirical Correlations for Unsupported Spans and Standup Time—As the span of an
excavation is made larger, there eventually comes a point when instability and unsafe working
conditions result. Empirical correlations (e.g., Hoek and Brown 1980, p. 287) of the maximum
safe unsupported span and the time that this span may remain unsupported have been developed
to assist tunneling engineers in planning excavations that provide a safe working environment for
tunnel construction workers.  These correlations, which are typically based on some measure of
rock mass quality, are inherently conservative in nature due to their primary purpose, which is to
ensure the safety of construction personnel from rockfall hazard (not necessarily from general
collapse).  It is important to note that these correlations are not based on case histories of actual
collapse.

Stand-up time curves (e.g., Hoek and Brown 1980, Figure 6) provide an estimate for potential of
safe unsupported tunnels and are expressed in terms of span versus stand-up time for various
rock-mass qualities (as determined by a geotechnical rock mass quality rating).  For a given span
of a tunnel, the stand-up time decreases as the quality of the rock mass becomes poorer.  The
stand-up time is a crude measure of unsupported span stability in that it does not account for
opening shape, tunneling method, or, most importantly, the stress state around an excavation
(e.g., depth of the excavation).  For excavations whose span is well below the critical collapse
span, the ratio of the stress concentration around the excavation to the short-term strength of the
rock mass is one of the most important factors controlling stability and its evolution as a function
of time.  Stand-up time curves were developed based on empirical evidence of instability of
excavations in particular stress conditions (e.g., deep South African mines), and their application
to completely different conditions is questionable.

Stand-up time is typically projected to be on the order of hours or days, even for good quality
rock masses and may be only on the order of years.  The long-term stability of existing lightly-
supported or unsupported tunnels in mechanically-similar tuffs and rhyolite at the Yucca
Mountain site and Hoover Dam (described in Section I.4.2.3) is evidence that stand-up time is a
worker-safety-related indicator and is not relevant to predictions of degradation or true collapse
time.  These remarks indicate that construction-related span and stand-up time correlations have
only limited application to postclosure predictions of drift degradation at the Yucca Mountain
site.  Therefore, as described in Section I.4.3.1, an analytical approach, based on the mechanics
of time-dependent fracture growth in brittle rocks, is used for estimation of long-term
degradation response rather than reliance on existing empirical estimations.
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I.4.2.2 Evidence of Maximum Unsupported Span from Mining Case Examples

The mining industry, on the other hand, routinely drives unsupported excavations to large spans
with the express purpose of inducing collapse for caving of ore bodies.  Therefore, empirical
evidence of maximum unsupported spans from mining case examples is more relevant to the
estimation of the actual spans of excavations that induce degradation and ultimate collapse.  The
span of an excavation required to induce caving and collapse has been the topic of extensive
study in the mining industry because certain types of mining methods (e.g., block and panel
caving) are predicated to induce caving when a rock mass is undercut.  Brown (2003) provides a
summary of worldwide caving operations and the spans of excavations necessary to induce
collapse as a function of the rock mass quality (i.e., strength).  Figure I-1 provides a summary of
worldwide experience in excavation span and collapse potential for cave mining.  The plot
provides an experience-based correlation between rock mass quality rating (in terms of rock
mass rating) and the ratio of the plan view area of the excavation to its perimeter (A/P)3 for
excavations that produce: (1) stable spans, (2) transitional excavations in which instability may
begin but caving is not yet occurring, and (3) caving.  As the rock mass quality rating decreases,
the spans at which collapse occurs also decrease.  To apply these data to emplacement tunnels at
Yucca Mountain, an estimate of the rock mass quality is required.  The case of lithophysal rock
is presented here because it is the weakest of the host horizon units.  As described in Subsurface
Geotechnical Parameters Report (BSC 2003, Section 9.2.5), the estimated rock mass quality
rating in terms of Geologic Strength Index or Rock Mass Rating (GSI or RMR) for the
lithophysal rocks at Yucca Mountain is in the range of approximately 50 to 60.  For this range of
RMR, the hydraulic radius of a flat-roofed excavation required for caving is in the range of
approximately 25 to 35 m.  A transitional zone between stable excavations and caving for the
lithophysal rock RMR range occurs for A/P ratios of 15 to 20 m.  For the proposed 5.5-m
diameter emplacement drifts, the hydraulic radius is simply equal to the radius (2.75 m).
Therefore, field practice indicates that the stable to transitional caving–stable state is
characterized by a hydraulic radius for lithophysal tuff in the range of 15 to 20 m.  The boundary
between transitional stable/caving to a caving state is characterized by an A/P ratio in the range
of approximately 25 to 35 m.  Note that the typical mining undercut has a flat roof, which
promotes instability, while the shape of the emplacement drifts is circular, which promotes
stability.  The emplacement drift A/P ratio is, therefore, approximately 5 to 7 times below what
would be considered to be a transitional state between stable and caving conditions.  Based on
field experience in caving, the A/P ratio of the emplacement drifts is well below the level of the
A/P ratio estimated to be in a transitional state of collapse and even further below the level for
assurance of complete collapse.  Therefore, it is not surprising that the existing ESF and ECRB
Cross-Drift (7.62 and 5 m diameter, respectively) are stable and show no evidence of degradation
nearly a decade after excavation, even though the ground support is minimal.

                                                
3 The plan view area of an excavation divided by its perimeter is termed hydraulic radius in the mining industry, and
is typically used as a parameter for estimation of caving potential or roof instability because it takes into account
the span and shape of excavation.  This term is not to be confused with the hydraulic diameter, which typically is
used in fluid mechanics calculations and is 4 times the cross-sectional area of a conduit divided by the perimeter.
For a long tunnel of constant cross section, such as an emplacement drift, the hydraulic radius is simply equal to the
tunnel radius.
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I.4.2.3 Observations of Yucca Mountain Tunnels and Excavations at Hoover Dam

Unsupported or lightly supported tunnels (although perhaps not considered safe from a personnel
standpoint) can stand in a stable condition for long time periods, particularly in good quality rock
masses.  For example, the ESF (7.62 m diameter) and ECRB Cross-Drift (5 m diameter) tunnels
at the Yucca Mountain site were constructed in 1995 to 1997 and in 1998, respectively.
Although the ESF main loop is located largely in the Tptpmn, the ECRB Cross-Drift cuts
through and exposes all of the repository host horizon units.  The tunnels are, in general, lightly
supported with friction rock bolts and light wire mesh in the tunnel roof, with occasional friction
bolts in the tunnel walls.  There is no evidence of significant deterioration or degradation of the
rock mass, and no significant episodes of rockfall have occurred.

Source: Brown 2003.

NOTE: Caving potential is expressed in terms of the modified rock mass rating and the ratio of the excavation’s plan
view area to its perimeter.  Modified rock mass rating is equivalent to rock mass rating in the case of Yucca
Mountain excavations.  Stable and caving regions are separated by a transition zone.

Figure I-1. Excavation Dimensions Required for Caving Gained from Field Experience in Block and
Panel Caving Mines
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An external review panel convened to examine Yucca Mountain drift stability (Brekke et al.
1999) found that excavations of the north ramp through the upper lithophysal zone and the
ECRB Cross-Drift through the lower lithophysal zone show that both zones have properties that
are favorable for stability with minimum ground support.  The panel also found that rock
conditions in the lower lithophysal zone in the ECRB Cross-Drift were similar to those observed
in the upper lithophysal zone in the north ramp; that continuous joints were not apparent, and
there was almost no overbreak or loosening of the slabs or blocks; and that zones with more
frequent short fractures were present and could be described as fracture zones, but even in these
areas, overbreak and block loosening were largely absent.  Tunnel deformation measurements
have been regularly monitored since excavation, showing stable conditions.  The conclusion is
that the tunnels in both the lithophysal and nonlithophysal rock masses are obviously in a stable
and self-supporting mode with no obvious deterioration in 5 to 8 years.  Additionally, the Drift
Scale Test involved heating a representative repository-scale tunnel in the nonlithophysal rock
mass, first, to postclosure temperature distributions, followed by a thermal overdrive experiment
to test rock strength limits.  The experiment, now well into its cooldown phase, showed stable
and predictable conditions at expected repository peak temperature conditions.  Overdrive to
approximately 200°C drift-wall temperatures showed predictable, minor spalling of a small
portion of the center of the crown of the drift (BSC 2004a, Section 7.7.7.5.3).  Cooldown has
showed no observable loosening or instability of the tunnel.  This experiment confirmed
modeling estimates of stable drift conditions for expected repository temperature and combined
in situ and thermal stress conditions.

The Hoover Dam, with abutments excavated in Tertiary pyroclastic flows, was completed by the
Bureau of Reclamation in 1936. Along with the construction of the dam itself are a series of
tunnels and adits (Figure I-2) that were excavated to accommodate the various penstocks, valves,
access ways, spillways, and river bypasses.  With the exception of the visitor center elevator
shaft (completed in the 1990s), all the excavations were completed with simple drill and blast
methods (“simple” meaning here that no smooth-wall blasting techniques were used).  Some of
the larger openings, generally those more than 6 m (20 ft) high, were excavated using heading-
and-bench methods (i.e., the tunnel is mined in two passes with the upper portion excavated first,
followed by bench blasting of the lower portion) to develop the full size of the openings.  Many
of the tunnels and adits were excavated to greater than 12 m (40 ft) in diameter.  While some of
the penstock and spillway tunnels were lined with concrete, many of the adits4 and access ways
remain unlined.

The rock at the site is the tuff of Hoover Dam, a fairly localized unit composed of andesitic to
dacitic pyroclastic flows and breccias.  At the dam, the volcanics are slightly to densely welded,
and slightly weathered to unweathered.  At the penstock adits, the rock is moderately hard to
hard and contains abundant lithic fragments and occasional corroded pumice fragments.  The
rock is slightly to moderately fractured, with most fractures devoid of fracture filling.  Many of
the discontinuities exposed in the adits are frequently shears and small faults displaying distinct

                                                
4 An adit is a term for a tunnel with one end that daylights.
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slickensides5.  Where the adits extend below the phreatic surface, occasional calcium carbonate
precipitate is present adjacent to active or old seeps.

The adits were excavated downstream of the power plant to allow insertion of large, steel
penstock sections into tunnels that paralleled the canyon walls.  The adits are still in use, housing
the sewage treatment system and other support utilities necessary to the function of the dam. The
adits are approximately 40 ft (12 m) high by 35 ft (10.7 m) wide (Figure I-3)  becoming slightly
taller with depth.  After the drill and blast excavation, the adits were left unlined and
unsupported, and continue to be unsupported to the present time.  Rock fall in the adits has been
limited to very occasional centimeter-size fragments, even without ground support.

                                                
5 A slickenside is a striated, polished fracture surface resulting from shear displacement.  Typically, the slickensided
surface has low friction angle.
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NOTE: Construction adit, shown at right, is approximately 40 ft high.

Figure I-2. Excavation for Nevada Canyon Wall Outlet Works (Top) Showing Construction Adit in 1933
and (Bottom) in 2004
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NOTE: Irregular tunnel walls resulting from drill-and-blast excavations (top) and close-up view of the tunnel crown
showing evidence of drill half-barrels (bottom).

Figure I-3.  2004 Photographs of Unsupported Construction Adit at Hoover Dam, Excavated in 1931
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Additionally, there are numerous access ways throughout the lower canyon walls in and around
the Hoover Dam power plant.  These smaller tunnels, 6 to 15 ft (1.8 to 4.6 m) in diameter, allow
access by personnel and tourists to various areas of the power plant and penstocks.  Few of these
tunnels are supported either by rock bolts or mesh.  No steel supports are visible in the Hoover
excavations.  As with the adits, rock in the access ways and tunnels has been limited to rare
centimeter-size fragments that are removed by the janitorial staff.

I.4.2.4 Summary of Empirical Observations

The safety-related empirical correlations for maximum unsupported span and stand-up time of
excavations developed for the tunneling industry are not relevant for prediction of long-term
response of repository excavations.  The span of the emplacement drifts is significantly less than
that required to initiate collapse, as indicated by practice in the mining industry.  The excavations
will be developed using nonblasting methods (i.e., using a tunnel boring machine) and with a
circular shape that minimizes overbreak and promotes stability.  Observations of existing tunnels
in the repository host horizon at the Yucca Mountain site as well as in similar rock at Hoover
Dam show stable conditions with minimal or no ground support.

I.4.3 Potential Mechanisms of Time-Related Degradation of Emplacement Drifts

During the postclosure period, the following mechanisms (excluding seismic events) of time-
dependent degradation could be important:

1. Degradation due to time-dependent fracture development in the rock matrix or along
joint surfaces in the presence of water vapor and driven by mechanical and thermal
stresses.  Large-span excavations, initially created with a low factor of safety against
collapse using poorly controlled excavation methods, increase degradation potential.

2. Degradation due to time-dependent alteration of rock matrix or joint filling materials
due to rock mass thermal and moisture conditions.  Water sensitive minerals, such as
clays, increase degradation potential.

Each of these issues is addressed below.

I.4.3.1 Degradation Due to In Situ, Thermal, and Thermal-Hydraulic Stress Conditions
and Time-Dependent Fracture Development

I.4.3.1.1 Emplacement Drift Degradation from In Situ and Thermal Stress Change

The nominal preclosure time period is assumed to be 100 years and will be followed by closure
of the facility.  Closure of the repository will involve emplacement of drip shield structures over
the waste packages, cessation of forced ventilation of emplacement drifts, and backfilling of the
ramps, shafts, access mains, and exhaust mains with crushed tuff.  With the cessation of forced
ventilation, the emplacement drifts and surrounding rock mass temperature will rise, as shown
nominally in Figure I-4 (BSC 2004b).  Here, the average drift wall and waste package
temperature is shown as a function of time for a range of waste package types that spans the
temperature range for locations within an emplacement drift in the lower lithophysal unit
(designated Tptpll) emplacement area.  The drift temperature rapidly rises, resulting in a peak
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21-PWR waste package temperature of approximately 170°C approximately 30 years after
cessation of forced ventilation.  The temperature then undergoes a slow cooling over time, with
the waste package surface remaining above the boiling point for approximately 1,000 years.  In
this nominal scenario, it is assumed that forced ventilation of the waste packages has occurred
for 50 years.

Source: BSC 2004b, Figure 6.3-14.

NOTE: These waste packages bracket the range of temperature within a centrally located emplacement drift.

Figure I-4. Drift-Wall Temperature (a) and Waste Package Temperature (b) as a Function of Time for
Three Waste Package Types, Emplacement Drift in the Tptpll, Mean Seepage Infiltration
Case

This temperature history will result in transient, thermally induced stresses in the emplacement
drift walls that are superimposed on the preexisting excavation-induced stresses to obtain the
total wall stress.  A complete discussion of the transient, thermally induced stresses around
emplacement drifts in nonlithophysal and lithophysal rocks is given in Drift Degradation
Analysis (BSC 2004a, Sections 6.3.1.3 and 6.4.2.3).  The combined in situ and thermally induced
stresses result in no predicted yield in the stronger, nonlithophysal rock mass (in agreement with
observations from the Drift Scale Test) and result in only minor yield at the springline
(sidewalls) of emplacement drifts in lithophysal rock.  Figure I-5 shows that less than 0.5 m of
the immediate springline area of the drift is expected to yield in any rock mechanical properties
quality category6

 of the lithophysal rock mass.  The predicted sidewall shear failure would be
observed as spalling of the sidewalls of the tunnels.  In summary, parametric analyses of the

                                                
6 A discussion of the rock mass mechanical property ranges for lithophysal rocks can be found in Section 4.2.2 of
this technical basis document or in Appendix A.  The lithophysal rock mechanical properties have been subdivided
into a series of five strength categories that span the range of expected in situ porosity conditions, with category 1
being the lowest quality, highest porosity case, and category 5 being the highest quality, lowest porosity condition.
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effect of combined in situ and thermally induced stresses (in the absence of time-dependent
effects on material properties) are predicted to result in only minor drift degradation.

Source: BSC 2004a, Figure 6-142.

NOTE: 80 years (i.e., 30 years after cessation of nominal 50 years of forced ventilation) is the time of maximum drift
wall temperature and thermally induced stress.  Yield at springline can be seen (c) as that region that has
failed and unloaded (destressed) due to shear fracture development.

Figure I-5. Thermally Induced Rockfall and Stresses after 80 and 10,000 Years of Heating in Rock
Mass for Poorest Quality Tptpll Strength
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I.4.3.1.2 Impact of Thermal-Hydrologic Effects on Emplacement Drift Degradation

Estimates of the coupled thermal-hydrologic behavior of the rock mass in the near vicinity of the
drifts is examined in Multiscale Thermohydrologic Model (BSC 2004b).  Numerical parameter
analyses of the impact of waste heating on fluid pressures on fractures and infiltration into the
emplacement drifts were conducted using the multiscale thermal-hydrologic model.  For the
range of hydrologic properties of the four host-rock units, the fracture permeability is sufficiently
large and fractures are sufficiently well connected to allow gravity-driven drainage of water to
occur in an unrestricted fashion.  Thus, percolation flux, not fracture permeability, is the rate-
limiting quantity governing the magnitude of gravity-driven liquid-phase flow to the boiling–
dryout zone.  Additionally, the analyses show that potential pressure buildup along fractures due
to vapor pressure from boiling of water is also negligible due to the free-draining nature of the
fractured rock mass.  From a mechanical stability standpoint, this means that fluid pressure on
fractures during the drying and rewetting phases of the postclosure period has a negligible effect
on drift stability.  These predictions are borne out by the Drift Scale Test in which no mechanical
drift instabilities occurred for thermal conditions representative of repository postclosure
conditions.

In summary, the conjecture in the Drift Stability Panel Report that postclosure temperature
coupled with hydrologic effects in fractures will inevitably lead to collapse of some of the drifts
(Brekke et al. 1999, p. 3-13) is not supported by either the results of the Drift Scale Test or the
coupled thermal-hydrologic or coupled thermal-mechanical analyses.

I.4.3.2 Degradation Due to Time-Dependent Fracture Development in the Rock Matrix
in the Presence of Water Vapor and Driven by In Situ and Thermal Stresses

As stated in Section I.3, time-dependent strength loss in the rock mass was examined using a
mechanics-based approach in which laboratory testing is combined with numerical model
extrapolations for prediction of the drift stability.  The following section summarizes this work.
A detailed description can be found in Drift Degradation Analysis (BSC 2004a, Appendix S).

I.4.3.2.1 Background on Time Dependent Characteristics of Brittle Rocks

One of the most striking characteristics of brittle rocks is that at temperatures well below the
melting point, a rock subjected to a constant load exhibits a continuous increase in strain with
time.  This time-dependent deformation is termed creep.  Studies on creep indicate that the
observed strain depends upon the applied stress, the temperature, the partial pressure of water,
and the confining pressure (e.g., Martin 1972).  Moreover, the same mechanism responsible for
the strain of brittle rocks in constant strain-rate tests is also operative in creep.  That is, cracking,
both along grain boundaries and through individual grains, produces the observed strain (e.g.,
Brace et al. 1966).  Above approximately one half to two-thirds of the compressive strength, the
dominant mode of deformation for brittle rocks is the opening and growth of cracks parallel to
the major principal stress direction or axial orientation in unconfined compression.  It is typically
assumed that the strain rate of hard rocks in creep is related to the time-dependent growth of
these cracks.
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Verification of the relationship between time-dependent crack growth and creep strain rate in
brittle rock is performed through laboratory testing.  Experimental results indicate that stable
time-dependent crack growth at a constant compressive load or at a constant stress intensity
factor occurs in quartz and glass in the presence of water vapor.  Moreover, the rate of crack
growth depends on the applied stress, the temperature, and the partial pressure of water in the
atmosphere surrounding the crack.  The relative weakening of quartz or silicate glass, reflected
by an increase in the rate of crack growth with an increase in any of the three variables, is
consistent with the general theory of stress corrosion in silicates proposed by Charles (1959).  He
postulated that the velocity of a slowly propagating crack with a high tensile stress at the crack
tip is proportional to the rate of the hydration reaction at the crack tip.  The following equation
(Martin 1972) quantifies the general relationship for environment-sensitive crack growth.
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where ν is the rate of crack growth, ν0 is the initial flaw size, P is the partial pressure of water,
∆F is the activation energy for the process, T is temperature, R is the universal gas constant, V*
is the activation volume, σ is stress, γ is the surface energy of the solid, Vm is the molar volume
of the solid, ρ is the radius of curvature of the crack tip, and β and n are constants.

If the partial pressure of water, the temperature, and the applied stress are constant, a constant
crack propagation velocity will be observed.  When any one of the thermodynamic variables is
increased, the crack velocity increases.  This expression has been verified with experimental
studies (Wiederhorn 1968; Martin 1972; Scholz 1972).

The validation of Equation I-1 is extremely important.  First, it establishes a rate-dependent
process for the propagation of cracks in quartz and silicate glass.  If the same behavior is
observed in rocks then it implies that time can be scaled from very short times to extremely long
times in the absence of other competing mechanisms.  Specifically, if moisture-assisted stable
crack growth is the primary mechanism of creep in brittle rocks, measurements made at
laboratory scales of up to 106 seconds can be extrapolated to much longer scales on the order of
1011 to 1014 seconds.  Presently there are no other independent data that suggest other competing
mechanisms for time dependent deformation in brittle rocks at temperatures below 300°C.
Based on these results, there is confidence that Equation I-1 accurately represents the behavior of
the rate of crack growth at the crack tip for brittle silicate materials at temperatures below 300°C.

Next, the behavior of brittle rocks can be examined during creep and compared to the
observations of stable, time-dependent crack growth gained from tests on quartz and glass.  A
creep test is conducted by rapid application of uniaxial or triaxial load to a rock sample to a
given differential stress, followed by holding the load constant while monitoring the longitudinal
and lateral strains.  Typically, creep is reported in terms of three distinct phases: (1) primary or
transient creep, (2) secondary or steady-state creep, and (3) tertiary or accelerating creep
(Figure I-6).
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Source: Martin et al. 1997, Figure 4.

NOTE: Specimen failed at tertiary creep phase.

Figure I-6. Example of Creep Strain Plotted as a Function of Time for a Static Fatigue Test Conducted
on a Sample of Topopah Spring Tuff at a Constant Differential Stress of 132.8 MPa, a
Confining Pressure of 5.0 MPa, a Pore Pressure of 1 MPa, and a Temperature of 150°C.

Transient creep has been reported for a variety of rock types over a wide range of temperatures
and pressures.  The strain in this region decelerates rapidly under static load and is often reported
as proportional to the logarithm of time.  Moreover, both the lateral and the longitudinal strains
exhibit this logarithmic time dependence.

At low stresses, transient creep may account for the observed strain.  However, at high stresses,
secondary creep is often observed.  Generally, in secondary creep, often called steady-state
creep, the strain is proportional to time.  The total strain caused by both primary and secondary
creep is often represented by an equation of the form

CttBA ++= log ε (Eq. I-2)

where ε is strain, t is time, and A, B, and C are constants.

If secondary creep is allowed to continue, eventually the strain rate increases (tertiary creep) and
the rock fails.  All three stages of creep have been observed in granite, quartzite, and tuff (Martin
1972; Martin et al. 1997).  A typical creep curve for a specimen of welded tuff from the middle
nonlithophysal unit of the Topopah Spring (Tptpmn) is shown in Figure I-6.  All three stages of
creep are clearly evident.
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Stable crack growth in quartz reported by Martin (1972) and Martin and Durham (1975),
illustrated specific characteristics that are related to creep deformation.  In these studies, the
specimens were loaded to a fixed compressive stress and the growth of a crack parallel to the
applied load was observed.  Each specimen was tested in a controlled environment and the
change in crack length was noted as a function of time.  A typical data set obtained on a single
specimen of quartz tested at a temperature of 241°C and a partial pressure of water of
4.5 × 10−2 kPa is shown in Figure I-7.  The test specimen geometry is shown in the upper left
portion of the graph. At a stress of 66 MPa, the change in crack length with time is very similar
to that observed in the creep of brittle crystalline rocks.  The crack exhibits an initial period of
rapidly decelerating growth followed by a quasi-linear or secondary segment.  After 6.3 × 104

seconds, the stress was increased to 74 MPa.  Immediately, the rate of crack growth increased.
The same characteristics observed at the lower stress were exhibited for the 74 MPa segment.
There was a strong transient followed by a secondary or quasi-linear crack growth segment.  At
approximately 8 × 104 seconds, the stress was increased to 83 MPa.  The rate of crack growth
increased dramatically; and the experiment was terminated when the crack length reached
3.7 mm.  These data are consistent with Equation I-1; that is, the rate of crack growth increased
with increasing stress and nearly vanishes at low stresses.  Additional experiments showed that
increasing either the partial pressure of water surrounding the crack or the temperature also
results in an increase in the rate of crack growth.

Source: Martin et. al. 1997, Figure 1.

NOTE: The experiment was conducted at 241°C and a partial pressure of water of 4.05 × 10−2 kPa.

Figure I-7. Crack Length as a Function of Time for an Axial Crack Growth Experiment in Single Crystal
Quartz
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The above discussion points out that creep experiments with complex, silicate rocks display the
same basic time-dependent response as demonstrated by crack-growth studies in single crystals
of quartz and glass.  From a practical standpoint, it is advantageous to define the ultimate time-
to-failure in terms of the stress, temperature and partial pressure of water, rather than in terms of
crack growth.  Time-to-failure is typically defined using the creep test to determine the static
fatigue of a material.  Static fatigue refers to the failure time of a rock or single crystal at
constant stress, temperature, confining pressure, and partial pressure of water without regard to
the strain history.  Scholz (1972) conducted a series of static fatigue tests in compression on
single crystal quartz.  He observed that the mean time to failure, 〈t〉, depended on the partial
pressure of water, P, stress, σ; the activation energy, F; and temperature, T, according to:

⎟
⎠
⎞

⎜
⎝
⎛ −

∆
= − σ'a K

RT
FPtt exp0 (Eq. I-3)

where a and K′ are constants.

The foregoing discussion demonstrates that:

• The strength of brittle silicate rocks such as tuff is not a single-valued function of any
parameter, but is a complex continuum that depends on the state of stress, the saturation
(pore pressure), the temperature, and the time (including strain rate).

• Studies of the basic growth of single fractures and the creep strain resulting from
microcrack growth in complex silicate rocks demonstrate that the same basic stress
corrosion mechanism is responsible for time-dependent crack growth and the ultimate
time-to-failure of the material.

• The stress corrosion mechanism gives rise to a logarithmic relationship of time-to-failure
as a function of the state of stress, the temperature, and the pore pressure.

• As a result of the basic understanding of the static fatigue mechanism in brittle rocks, it
is possible to extrapolate long-term failure response from relatively short-term static
fatigue experiments in the laboratory.

Since the effects of time-dependent fracture development on weakening of tuff and its impact on
drift degradation may be important in the postclosure repository environment, creep experiments
on tuff samples have been conducted to determine its static fatigue response under appropriate
environmental conditions.

I.4.3.2.2 Static Fatigue Testing to Define Time-Dependent Behavior of Welded Tuff

The typical way to define the time-dependent strength of rock is to establish the time required for
failure of heated, saturated rock samples that are subjected to an applied constant axial stress.
Creep test experiments are conducted to determine the static fatigue strength of the rock
associated with tertiary creep rupture.  These tests, typically conducted in uniaxial or triaxial
compression, involve rapidly increasing the applied axial stress to a given percentage of the
estimated compressive strength of the same size rock samples.  The stress is then held constant
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until the sample spontaneously fails due to time-dependent rupture.  A plot of the logarithm of
the time-to-failure versus the ratio of the applied stress to the unconfined compressive strength is
developed.  The plot is typically linear, reflecting the basic mechanisms of stress corrosion as
described above.  Rock samples subjected to stress levels that are small in comparison to the
compressive strength (i.e., below about 50% to 60%) result in excessively long times to failure
and cannot be tested practically in the lab due to the long test duration.  However, these loading
conditions are not of interest for drift stability in the postclosure time frame of hundreds to
thousands of years.  The loading conditions of interest to time-dependent degradation at Yucca
Mountain are those in which the applied stresses from in situ and thermal loading in the drift
wall periphery are a high percentage of the rock strength (e.g., greater than approximately 60%
to 70%).  Here, the time to failure may result in significant degradation in hundreds to thousands
of years.  In this case, relatively short-term laboratory experiments (on the order of days to
weeks) can supply time constants capable of describing the stress corrosion process.

A series of triaxial static fatigue experiments were conducted on heated and saturated
nonlithophysal cores from the Tptpmn in 1997 (Martin et al. 1997) and in 2004 (DTN:
SN0406L0212303.002).  Triaxial experiments on 50.8 mm diameter cores with a confining
pressure of 5 MPa and pore water pressure of 4.5 MPa were conducted so that pore water of the
saturated samples would remain in a liquid state as the temperatures were increased over boiling
(125°C and 150°C).  The resulting effective stress (the confining pressure minus the pore water
pressure) was approximately 0.5 MPa, or essentially a state of uniaxial compression.  This
procedure was used to ensure a conservative state in which saturated samples were maintained at
postclosure rock temperatures.  Figure I-8 shows a typical specimen ready for testing.

Figure I-8. Triaxial Static Fatigue Experimental Setup and Posttest Sample for Heated, Saturated,
50.8 mm Diameter Samples of Tptpmn

The results of the testing on nonlithophysal cores of Tptpmn, as well as those from similar
testing of Lac du Bonnet granite performed for the Canadian high-level radioactive waste
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program (Schmidtke and Lajtai 1985; Lau et al. 2000) are given in Figure I-9.  Granite results are
included as a means of comparing the effects of rock type and for demonstrating the similarity in
the general nature of the time-to-failure data for different rock types.  Scatter in the data is due to
sample heterogeneity, as well as the fact that the driving stress ratio (the horizontal axis) uses an
estimated value for the unconfined compressive strength (adjusted for sample porosity) for
normalizing the applied stress level.

Since there is significant variability in the unconfined compressive strength of each sample, there
will be a scatter in the resulting plot of time-to-failure versus driving stress ratio.  As seen in
Figure I-7, the welded tuff has a significantly slower time static fatigue failure than granite, as
evidenced by the steeper slope of the linear fit to the data.  This slower time-to-failure is
presumably a result of the relatively homogeneous, fine-grained, high silica content nature of the
tuff, as opposed to the heterogeneous nature of the grain structure of granite.

Source: BSC 2004a, Figure S-1 (Lac du Bonnet data); Martin et al. 1997 (tuff 1997 data); DTN:
SN0406L0212303.002 (tuff 2004 data).

NOTE: Tests of Lac du Bonnet granite were conducted at 25°C.  The driving stress ratio is defined as the ratio of
applied constant test stress to the estimated unconfined compressive strength.  1997 tuff tests were
conducted at 150°C, 2004 tuff tests were conducted at 125°C.  LdB = Lac du Bonnet.  Linear fits to 1997
Lac du Bonnet only and 1997 and 2004 tuff tests are shown.  Samples that did not fail are also shown but
not used in developing linear fits to data.

Figure I-9. Static-Fatigue Data for Unconfined and Triaxial Compression of Heated, Saturated Welded
Tuff and Lac du Bonnet Granite

Linear fits to the unconfined compression data of Lac du Bonnet granite and to the 1997 only
and to all (1997 and 2004) welded tuff data are given.  The fits to both sets of welded tuff data
are given because the analysis of drift degradation presented in the following section was
conducted based on fits to only the 1997 data.  After these analyses were completed, the
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additional 2004 data were collected.  The linear fits to the data sets show the general consistency
of the overall slope of the fits, although there is considerably more scatter in the 2004 test results.
Due to data uncertainty, a lower bound for the slope of the time-to-failure curve based on the Lac
du Bonnet data, was also used in numerical modeling estimates.  The static fatigue testing was
performed on saturated tuff cores at elevated temperature, ensuring that the impact of water on
time-dependent yielding was accounted for in the estimation of time-dependent effects on drift
stability.

I.4.3.2.3 Development of a Mechanical Model for Simulating Time-Dependency in
Nonlithophysal and Lithophysal Rock

After an estimate of the relationship of stress level to time-to-failure for nonlithophysal tuff has
been defined through testing, it is necessary to establish the impact of lithophysal porosity on the
time dependence and to generalize the results into a time-dependent strength model that can be
used to estimate drift stability.  The methodology for development of a mechanical model for
representing time-dependent degradation effects in welded tuff is described below.

The particle flow code (PFC2D (BSC 2002a) and PFC3D (BSC 2002b)) discontinuum numerical
modeling tools were used for understanding the impact of lithophysal porosity on time-to-failure
as a function of applied stress.  The particle flow code represents rock as a packed assemblage of
small, rigid, grains that are bonded together at their contact points with shear and tensile strength.
Porosity is developed naturally in the model by control of the shape and size of void space
between chains of bonded grains.  The macroscopic deformability of the assemblage is governed
by the normal and shear stiffness at the contact points.  Shear or tensile fracture between grains
can form in a physically realistic manner as dictated by applied stresses, resulting in deformation
and fracture of the rock mass.  Quasi-static or dynamic stresses may be applied to the simulated
rock for the solution of general boundary value problems.  Details on the mechanics of the
particle flow code program are provided in Itasca Software–Cutting Edge Tools for
Computational Mechanics (Itasca Consulting Group 2002).  A modification to the basic particle
flow code program was developed for simulation of time-dependent, stress corrosion cracking of
rock.  This model, termed the particle flow code stress corrosion model, was used for simulating
time-dependent tunnel fracturing of Lac du Bonnet granite for the Canadian waste disposal
research program.  In this model, time-dependent intergranular bond fracture strength was
developed based on the general concept of a stress corrosion mechanism.  The long-term
behavior is controlled by three particle flow code stress corrosion model parameters, β1,  β2, and
σa.  The terms β1 and β2 (rate constants) and σa (microactivation stress) do not affect short-term
material properties.  These material parameters are derived from calibration against the time-to-
failure data supplied by static fatigue testing (e.g., Figure I-9).  The particle flow code stress
corrosion model has been extensively documented and calibrated against static fatigue testing of
Lac du Bonnet granite and validated against time-dependent tunnel breakout observed at the
Underground Research Laboratory in Manitoba, Canada (Potyondy and Cundall 2001).  Details
of the stress corrosion model in particle flow code and its calibration can be found in Drift
Degradation Analysis (BSC 2004a).

Prior to representing time dependency, it was necessary to demonstrate that the particle flow
code model can reproduce the basic, non-time-dependent mechanical behavior of nonlithophysal
and lithophysal tuff.  The calibration of the model against laboratory compression data from
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small cores of nonlithophysal tuff and from large cores of lithophysal tuff from the Tptpul and
Tptpll was described in Section 4.2.2.3 of the technical basis document and in Appendix A.  The
same basic particle flow code model, incorporating a time-dependent particle bonding strength,
was then calibrated to reproduce the time-to-failure dependent response of nonlithophysal tuff
determined from the static fatigue testing.  The calibration of the model is carried out by
conducting simulated creep tests on nonlithophysal samples in exactly the same way they are
performed in the laboratory.  Figure I-10 presents a typical simulated creep test in which axial
load is applied to the particle flow code sample and held constant at 80% of its unconfined
compressive strength.  Tensile fractures (cracks) develop spontaneously in the model as a
function of time based on the time-dependent bond strength of the constituent grains.  The plot
shows the development of a network of tensile stress corrosion cracks that accumulate and
propagate within the sample until a macroscopic shear failure mechanism develops with resulting
brittle rupture during the tertiary creep stage.  The simulated creep test shows all three stages of
creep: transient, secondary and tertiary, and reproduces the typical response of creep experiments
in tuff (e.g., Figure I-6).

Source: BSC 2004a, Figure S-12.

NOTE: Numerical simulation of creep test run by holding applied axial stress constant at 0.8 times the unconfined
compressive strength.  The damage, in terms of new crack growth, is displayed at various times along the
creep curve.  Brittle failure of the sample occurs when sufficient time-dependent crack growth results in
failure mechanism.

Figure I-10. Example of Simulated Creep Curve and Brittle Rupture Calibration for Nonlithophysal Tuff,
(in This Case, Providing a Lower-Bound Estimate by Using Lac du Bonnet Granite Time-to-
Failure Curve) Static-Fatigue Test at Driving-Stress Ratio (Ratio of Applied Stress to
Unconfined Compression Strength) of 0.8

A large number of particle flow code simulations of static fatigue tests of nonlithophysal rock
was run at a wide range of driving stress ratios, and two particle flow code stress corrosion
parameters were calibrated, so that the model was able to reproduce the basic time-to-failure fits
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shown in Figure I-9 for tuff and granite.  The third stress corrosion parameter, the activation
stress, was conservatively assumed to be 0.  The consequence of this assumption is that the long-
term strength of the particle flow code synthetic material is 0.  It is well known that real rocks
have long-term (true) strength that is on the order of 50% of the short-term strength.  In other
words, if the load is less than long-term strength, the rock will never fail, irrespective of duration
of the load.  The model was then used to investigate the impact of lithophysal porosity on the
rate of time dependence.  It is assumed that time-dependent behavior of the matrix is the same
for both lithophysal and nonlithophysal rocks.  A series of simulated creep experiments for
lithophysal porosities of 11% and 20% were conducted, resulting in the generation of a set of
time-to-failure versus driving stress ratio plots for various levels of lithophysal porosity
(Figure I-11).

I.4.3.2.4 Drift-Scale Model for Simulation of Time-Degradation of Emplacement Drifts

The particle flow code model for time dependency of lithophysal rock, shown in Figure I-11, is
computationally very large and is difficult to apply on the scale of a complete emplacement drift.
To overcome these computational limitations, a drift-scale model using the UDEC discontinuum
program was developed for investigation of non-time-dependent drift degradation analyses in
lithophysal rocks (see Section 4.2.7 of the technical basis document).  The UDEC model is
described below.  The same model is used for time-dependent drift-scale analyses with the
exception that the strength properties of the model are adjusted as a function of time.  The
relationships for time-to-failure as a function of lithophysal porosity developed from the
laboratory testing and particle flow code extrapolations are used to define time-dependent
strength properties for the drift-scale UDEC model.  The approach to definition of time-
dependent effects on strength in UDEC is simplistic in that it relates rock mass damage resulting
from stress corrosion cracking directly to a loss of cohesion and tensile strength of the rock mass.
The degree of strength loss was determined by (1) conducting a series of particle flow code
numerical creep tests at different values of driving stress ratio and (2) interrupting the particle
flow code creep test simulations at various times during a simulated test and conducting
numerical compression and tensile strength tests on the damaged sample.  For example, Figure I-
10 shows four “snapshots” of the crack-damaged state of a simulated rock sample at various
times along the creep curve.  The strength properties of these damaged states were determined,
and the resulting cohesion and tensile strength defined as a function of time for a given driving
stress ratio.  The strength loss was generalized into a damage coefficient that varies from 0 to 1
(0 indicates no strength loss, while 1 is complete strength loss).  The cohesion and tensile
strength of the rock is multiplied by this coefficient to derive the strength properties of the rock
mass as a function of time.  Essentially, this approach relates the reduction in strength properties
(shear and tensile strength) to the increase in fracture density or damage to the rock mass.
Figure I-12a shows the form of the damage coefficient as a function of time for various driving
stress ratios as derived from the particle flow code stress corrosion model for a nonlithophysal
simulation.  As seen in this plot, damage occurs in a brittle fashion with abrupt failure near the
peak strength.  The amount of damage accumulated prior to the abrupt failure (as shown by the
damage coefficient) is less than 10% for high driving stress ratios (e.g., greater than 0.6),
whereas damage accumulation is significantly larger for low driving stress ratios (e.g., less than
0.6).  A simplified representation of the damage coefficient evolution in terms of time is shown
in Figure I-12b.
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Source: BSC 2004a, Figures S-5 and S-16.

NOTE: The time dependency has approximately the same slope for all void porosities for the straight-line fit.
Lithophysae are simulated as circles with a diameter of 90 mm.  MS50 is the designation for the material
properties of the matrix derived from nonlithophysal calibrations.

Figure I-11. (a) Example Particle Flow Code Specimens with Void Porosities of 0.107 and 0.204 and,
(b) Effect of Void Porosity on Time-to-Failure Response for Lithophysal Tuff Material (0% to
20% Void Porosity, nv)
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Source: BSC 2004a, Figures S-21 and S-28.

NOTE: Each curve has a vertical asymptote at a time-to-failure for a given driving-stress ratio, which is provided by
the best fit to tuff given in Figure I-7.

Figure I-12. Time Evolution of Damage Due to Strength Degradation Coefficient for Nonlithophysal Tuff
Material during Static-Fatigue Tests at Driving-Stress Ratios Ranging from 0.2 to 0.8 (a)
and Idealized Damage Coefficient as a Function of Time for a Range of Applied Stress
Conditions (b)
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As discussed in Section 4.2.7 of the technical basis document, the UDEC drift-scale model is
composed of many small elastic blocks that are bonded across incipient,7 ubiquitous fractures
with shear and tensile strength components (Figure I-13).  While the non-time-dependent UDEC
drift-scale model assumes constant strength properties for the incipient fractures, the
time-dependent damage model is transient in nature and assigns cohesion and tensile strength
based on the damage coefficient as a function of time after excavation (i.e., Figure I-12b).

NOTE: Model composed of irregular blocks joined across ubiquitous, incipient fractures.  Blocks are bonded by
shear and tensile strengths calibrated to rock mass strength estimates.  These shear and tensile strengths
are dependent on time based on the damage coefficients given in Figure I-12.

Figure I-13.  UDEC Model of Emplacement Drift in Lithophysal Rock Mass

                                                
7 The term incipient here refers to the fact that the contact planes between blocks are initially bonded with the
deformability and strength properties of the rock mass, and, thus, prior to failure, the rock mass acts as a
continuum.  If forces dictate, shear or tensile failure may occur along any of the incipient fractures, with the result
of propagation along the incipient fracture network.  The random nature of the incipient fracture network allows
directional freedom of fracture growth.
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I.4.3.2.5 Time-Dependent Drift Degradation Analyses

I.4.3.2.5.1 Effect of In Situ Stress Only in Lithophysal Rocks

A series of parametric drift degradation simulations were conducted for the range of potential
lithophysal rock mass strength categories in the Tptpll.  The response to RDTME 3.05
(Appendix A of this technical basis document) describes the subdivision of the expected range of
mechanical properties of the lithophysal rock into five mechanical properties categories, each
characterized by a Young’s Modulus and unconfined compressive strength.  Each of these
categories was related to the degree of lithophysal porosity, which, in turn, can be related to the
level of abundance of that porosity in the Tptpll.  Figure I-14 provides a histogram of
approximate abundance of lithophysal porosity in the Tptpll obtained from geologic mapping in
the ECRB Cross-Drift (BSC 2004a, Appendix O).  An approximate relationship between
lithophysal porosity and the rock mass mechanical properties category (1 is the weakest rock,
highest porosity and 5 is the strongest rock, lowest porosity) is also given in this figure.

Thermal-mechanical, time-dependent drift degradation analyses for the postclosure time frame
were conducted for each of these strength categories as follows.  Each of the incipient fractures
in the drift-scale model (Figure I-13) is assigned stiffness, cohesion, tensile strength, and a
friction angle corresponding to a particular rock mass mechanical properties category.
Calibration of the model shows that these properties provide the proper overall rock mass
deformability and strength properties corresponding to the particular mechanical properties
category.  When performing a time-dependent drift degradation analysis, the cohesion and tensile
strength at each incipient fracture location is adjusted as a function of time, with yield assumed
to occur in a brittle fashion when the time-to-failure is reached (Figure I-12).  Thus, as the drift is
excavated and as transient thermal stresses develop, time-dependent yield and fracture can occur
around the excavation, resulting in redistribution of stress and possible propagation of drift
breakout, collapse, and rockfall.

The model was run by first excavating the emplacement drift under in situ stresses only,
followed by application of the transient rock mass temperature conditions.  The time-dependent
fracture state and drift stability was examined at 1, 5, 10, 100, 1,000, and 10,000 years during the
heating and cooling phases of the postclosure period.  Additional analyses were conducted to
examine the effect of seismic loading with the application of the 10−4 annual exceedance level
ground motion time histories (approx. 0.5 m/s peak ground velocity; see Section 5.3.2.1.3 of this
technical basis document).  This ground motion was applied to the time-degraded model at the
time of peak thermal stress (approximately 30 years after closure), at 1,000 years, and at 10,000
years.  The 10−4 event was chosen to determine if the added seismic stress and shaking would be
sufficient to dislodge time-degraded, fractured, and loosened rock that may still be in place on
tunnel walls.

Figures I-15 to I-18 show the resulting time-dependent drift degradation estimates for
mechanical property categories 1, 2, 3, and 5 for loading by in situ stresses only for 1 to 10,000
years.  As seen in these plots, the results for the lowest rock qualities (categories 1 and 2) show
significant deterioration of the drifts would be expected soon after excavation as a result of in
situ stress loading only.  Observations in the ECRB Cross-Drift and the ESF, which have been
excavated for 6 or more years, show no progressive raveling or overbreak (e.g., Brekke et al.
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1999, p. 2-5).  This observation holds even in those areas of high lithophysal porosity found near
the top of the Tptpll (see Section 2.3.2 of this technical basis document).  Categories 3 and 5
show little time-dependent effect from in situ stressing only.  These results point out that the best
estimate of tuff time dependence, coupled with the assumptions of brittle rock failure and
constant, homogeneous properties within a given model cross section produces conservative
damage estimates.  Category 3 is considered to represent an average condition of lithophysal
porosity for the Tptpll and shows little overbreak with time.  Analyses presented in Drift
Degradation Analysis (BSC 2004a, Appendix S) examine the impact of spatially variable rock
properties within a given model section based on the mapped variability of lithophysal porosity
in the ECRB Cross-Drift.  The spatially variable model has a range of rock categories distributed
throughout the cross section, and results of analyses show time-dependent drift degradation
response similar to that shown for category 3 mechanical properties.  An important conclusion
from these initial in-situ-stress-only analyses is that best estimate time-dependent fracture growth
within the tuff matrix is not expected to lead to collapse modes and significant drift degradation.

I.4.3.2.5.2 Combined Thermal and Time-Dependent Effect in Lithophysal Units

Throughout the regulatory period of 10,000 years, the emplacement drifts and surrounding rock
mass will be subject to a heating cycle.  Time-dependent strength degradation will happen
concurrently with transient, thermally induced stress changes.  Increased stresses around the
excavation will accelerate the process of strength degradation.  The results of numerical
simulation of drift degradation as a result of these two processes are shown in Figures I-19 to I-
21.  Time-dependent strength degradation is assessed using the tuff best-fit static-fatigue line.
As expected, most rockfall occurs in category 2 rock mass, as shown in Figure I-19.  Initially,
most of the rockfall comes from the walls, which are loaded almost to a yielding state for this
rock mass category under in situ stress conditions only.  Strength degradation combined with a
temperature increase, which at early times increases the hoop stress in the walls (not only in the
roof), results in some rockfall from the wall at 5 and 10 years after emplacement of the waste.
The large increase in the temperature and, consequently, in the stresses after the forced
ventilation stops causes additional rockfall (at 80 years).  At this stage, stress increase is
predominantly in the roof.  Therefore, some rockfall comes from the roof.  It is counterintuitive
that more rockfall is predicted in category 5 (Figure I-21) than in category 3 (Figure I-20).
However, a large stiffness of category 5 lithophysal rock mass causes a large (larger than in
category 3) increase in the hoop stress and yielding in the roof, even assuming the short-term
yield strength of the rock mass.
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Source: BSC 2004a, Figures E-9 and E-10.

NOTE: Lithophysal porosity data are from ECRB Cross-Drift station 14+44 to 23+26.  Examples of approximate rock
strength category levels taken from 1 by 3 m panel maps: (a) Category 3 with lithophysal porosity of
approximately 19%; (b) Category 4 with lithophysal porosity of 13.3%; and (c) Category 5 with lithophysal
porosity of 8.5%.

Figure I-14. Distribution of Lithophysal Porosity and Estimated Rock Properties Categories for the Tptpll
in the ECRB Cross-Drift
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Source: BSC 2004a, Figure S-36.

NOTE: Block colors correspond to their displacement (in meters) as shown in scale at right.  Block color helps
visualize those blocks that have moved.

Figure I-15. Predicted Evolution of Damage Due to Strength Degradation for Category 1–Tuff Best-Fit
Static-Fatigue Curve, Applied In Situ Stress Only
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Source: BSC 2004a, Figure S-37.

NOTE: Block colors correspond to their displacement (in meters) as shown in scale at right.  Block color helps
visualize those blocks that have moved.

Figure I-16. Predicted Evolution of Damage Due to Strength Degradation for Category 2–Tuff Best-Fit
Static-Fatigue Curve, Applied In Situ Stress Only
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Source: BSC 2004a, Figure S-38.

NOTE: Block colors correspond to their displacement (in meters) as shown in scale at right. Block color helps
visualize those blocks that have moved.

Figure I-17. Predicted Evolution of Damage Due to Strength Degradation for Category 3–Tuff Best-Fit
Static-Fatigue Curve, Applied In Situ Stress Only
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Source: BSC 2004a, Figure S-39.

NOTE: Block colors correspond to their displacement (in meters) as shown in scale at right. Block color helps
visualize those blocks that have moved.

Figure I-18. Predicted Evolution of Damage Due to Strength Degradation for Category 5–Tuff Best-Fit
Static-Fatigue Curve, Applied In Situ Stress Only
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Source: BSC 2004a, Figure S-41.

NOTE: Block colors correspond to their displacement (meters).

Figure I-19. Evolution of Damage Due to Strength Degradation Resulting from In Situ and Thermal
Load for Category 2 − Tuff Best-Fit Static-Fatigue Curve
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Source: BSC 2004a, Figure S-42.

NOTE: Block colors correspond to their displacement (meters).

Figure I-20. Evolution of Damage Due to Strength Degradation Resulting from In Situ and Thermal
Load for Category 3 − Tuff Best-Fit Static-Fatigue Curve
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Source: BSC 2004a, Figure S-43.

NOTE: Block colors correspond to their displacement (meters).

Figure I-21. Evolution of Damage Due to Strength Degradation Resulting from In Situ and Thermal
Load for Category 5 − Tuff Best-Fit Static-Fatigue Curve
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It should be noted that static-fatigue curves are temperature dependent.  This dependence is not
explicitly included in the analysis.  However, the tuff data are obtained from tests conducted at
150°C, which is higher than the maximum temperature of the rock mass anticipated throughout
the repository for postclosure.  Consequently, the results obtained in this analysis, although for
isothermal static-fatigue curves, are conservative.

I.4.3.2.5.3 Combined Seismic, Thermal, and Time-Dependent Effect in Lithophysal
Units

The 10−4 ground motion was applied to category 2 and 5 rock mechanical property cases at two
time periods: (1) at the time of the peak thermal stress state (nominally at 80 years after
emplacement, or 30 years after cessation of 50 years of forced ventilation) and (2) at
10,000 years at the completion of the postclosure heating and cooling cycle.  Figures I-22 and
I-23 show the resulting predicted degraded drift states for these cases.  Essentially, the
application of the 10−4 ground motion (peak ground velocity of approximately 0.5 m/s) dislodges
any fractured and loosened rock created by the thermal stress and time dependency.  As seen in
these figures, the impact of time dependency of strength properties is to widen the diameter of
the emplacement drifts in the lower quality (category 2) rock due to progressive shear failure at
the sidewalls.  In the highest quality (category 5) rock, additional progressive yield of the roof is
evident.  Roof yield in higher quality rock is due to the higher modulus of the rock mass and,
thus, higher roof-parallel thermally induced stresses during the heating cycle.  This is similar to
the roof crown spalling effect observed in the Drift Scale Test.
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Source: BSC 2004a, Figures S-44 and S-46.

NOTE: Left figure shows state for in situ plus thermal stress; right figure shows state for in situ plus thermal plus
seismic stress.  Blocks colored by total displacement to allow visual recognition of blocks detached from
surrounding intact mass.  Block colors correspond to their displacement (meters) as shown in scale at right.

Figure I-22. Effect of 10−4 Ground Motion after (Top) 80 Years and (Bottom) 10,000 Years of the
Heating and Cooling Cycle in Category 2 Rock Mass
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Source: BSC 2004a, Figures S-45 and S-47.

NOTE: Left figure shows state for in situ plus thermal stress; right figure shows state for in situ plus thermal plus
seismic stress.  Blocks colored by total displacement to allow visual recognition of blocks detached from
surrounding intact mass.  Block colors correspond to their displacement (meters) as shown in scale at right.

Figure I-23. Effect of 10−4 Ground Motion after (Top) 80 Years and (Bottom) 10,000 Years of the
Heating and Cooling Cycle in Category 5 Rock Mass

I.4.3.2.5.4 Time-Dependent Degradation of Nonlithophysal Rock

The time-to-failure for intact nonlithophysal rock blocks shows significantly less time
dependency than for the lithophysal rock described in the previous section (see Figure I-11).
Therefore, insignificant time-related fracture growth is expected in the intact rock blocks.
However, the potential exists for time-dependent yield of roughness (asperities) on fracture
surfaces subjected to long-term shear stress.  As described in Section 5.3.2.1 of this technical
basis document, natural fractures in the nonlithophysal rock tend to control the drift stability
response.  There are four sets of fractures in the nonlithophysal rock: two subvertical cooling
fracture sets, and one set of low dip-angle vapor phase partings and one set of random fractures
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with dip averaging around 45° (see Section 4.1.2).  The vertical cooling fractures are smooth and
planar with low cohesion, friction, and dilation angle, while the vapor phase partings are rough
and filled with vapor phase mineralization.  The vertical cooling fractures consequently have
higher cohesion, friction, and dilation angles (see Table 3-5).  Stability of the emplacement drifts
in the nonlithophysal rock has been examined for applied in situ, thermal, and seismic stressing
(summarized in Section 5.3.2 of this technical basis document).  The potential effect of
time-dependent degradation of the fracture surfaces was examined in an impact study described
in Section 5.3.2.1.8.  A conservative approach to accounting for time-dependent effects was
taken by assuming that:

• The fractures were smooth, with roughness completely sheared off.  Surface properties
were set to a dilation angle of 0 and a residual friction angle of 30°.  The reduced friction
angle is a typical value for a smooth joint reported by Goodman (1980, p. 158) and is
consistent with the direct shear test results described in Section 3.2.4.1 of this technical
basis document (DTN: GS030283114222.001).

• The fractures have no cohesion.

Stress analyses under in situ, thermal, and seismic stressing show that these highly conservative
assumptions result in only a minor change in drift degradation.  Increased thermal loading tends
to increase stability of the fractured rock mass as thermally induced tangential stress around the
excavation tends to increase the clamping forces on fractures.  It is concluded that fracture
geometry and the potential for formation of kinematically unstable blocks is the greatest
influence on drift stability.

I.4.3.2.6 Summary of Time-Dependent Strength Degradation Effects

A mechanics-based model of time-dependent degradation of nonlithophysal and lithophysal tuff
was developed using time-to-failure data generated from laboratory triaxial compression of
heated, saturated samples of the Tptpmn.  Using a similar approach to that developed for the
Canadian high-level radioactive waste storage program, the laboratory data were used to
calibrate a time-dependent fracture model for nonlithophysal rock within the particle flow code
discontinuum numerical model.  Lithophysal voids were added to the particle flow code model to
estimate the impact of lithophysal porosity on the creep and time-to-failure response of tuff.
This behavior was then embedded into the strength properties for the drift-scale model of
emplacement drift stability in lithophysal rocks.  In turn, this model was used for conducting
parametric studies of drift stability subjected to in situ, thermal, and seismic stressing over the
postclosure time period.  The results indicate that some drift sidewall failure and breakout can be
expected for the lowest mechanical property categories of lithophysal tuff (i.e., categories 1 and
2) that represent approximately 10% of the rock mass.  For the average and highest mechanical
property categories (i.e., categories 3, 4, and 5), representing approximately 90% of the
lithophysal rock mass, little time-dependent degradation is expected.  Time-related degradation
effects in fractured nonlithophysal rock were examined through three-dimensional discontinuum
stress analyses in which the surface roughness and cohesion were assumed to be completely
destroyed.  Even with these highly conservative assumptions, it was found that fracture
geometry, not surface properties, control the degree of degradation of the tunnels in
nonlithophysal rock.
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I.4.3.2.7 Bounding Case of Drift Degradation Using Lac du Bonnet Granite Time-to-
Failure Data

The analyses presented in Section I.4.3.2.6 were performed assuming the slope of the best fit
time-to-failure data for tuff.  As shown in Figure I-9, the slope of the time-to-failure data fit
obtained for Lac du Bonnet granite provides a lower bounding case to that for Topopah Spring
Tuff.  In other words, the granite exhibits significantly greater time dependency and strength loss
than tuff.  A series of time-dependent drift degradation analyses similar to those summarized in
Figures I-15 to I-18 were performed for lithophysal rock categories 1, 2, and 5 but using the
slope of the time-to-failure best fit for Lac du Bonnet granite in unconfined compression as
shown in Figure I-9.  These analyses are performed to investigate drift degradation extent as a
function of time for a bounding case of time-dependent properties.  The results, described in
detail in Drift Degradation Analysis (BSC 2004a, Appendix S), show:

• Using the granite time-dependency behavior for Tptpll strength category 1 (represents
local conditions of less than about 5% of the Tptpll) shows significant drift breakouts at
the sidewalls of the tunnel within 1 year of excavation and complete drift collapse in
hundreds to thousands years.  The conservatism in these properties is obvious because it
would indicate extensive drift damage at early times, which is not observed in existing
ECRB Cross-Drift and ESF tunnels.

• Using the granite time-dependency behavior for Tptpll strength category 2 (represents
local conditions, combined with category 1 that account for less than 10% of the Tptpll)
results in breakouts at the sidewalls of the drift and rubble accumulation that does not
cover the drip shield after thousands of years.  Again, these analyses show significant
early (1 to 5 years after excavation) breakouts on drift sidewalls not observed in existing
tunnels at the site.

• Using the granite time-dependency behavior for Tptpll strength category 5 results in
minor breakouts at the springlines of the drift with little rubble accumulation.

The above analyses use a highly conservative rate of time dependency evidenced by predictions
of breakout at drift sidewalls and significant raveling at early times for the lower mechanical
property categories 1 and 2.  As discussed previously, there are no observations in either the
7.62-m-diameter ESF or 5-m-diameter ECRB Cross-Drift that support such observations.
However, even with these conservative calculations, significant breakout and raveling is
restricted to those categories representing local conditions of high lithophysal porosity and less
than about 10% of the Tptpll.  Therefore, the overall conclusion that drift degradation resulting
from time-dependent fracture and strength loss based on calculations using the best-fit,
site-specific time-to-failure data for Topopah Spring Tuff is reasonable and represents typical
conditions to be expected in the Tptpll.

I.4.4 Degradation Due to Time-Dependent Alteration of Rock Matrix or Joint Filling
Materials from Postclosure Thermal and Moisture Conditions

One of the mechanical degradation issues raised in Integrated Issue Resolution Status Report
(NRC 2002, Section 2.1.7.3.3.2, pp. 2.1.7-19 and 2.1.7-20) is the potential for geochemical
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alteration of the rock mass resulting from elevated temperatures in the presence of saturated rock
conditions.  The concern is that alteration of minerals in the postclosure environment, either
along or filling rock fractures or within the rock matrix, could impact rock or fracture strength
and lead to enhanced degradation processes.  Time-related degradation of tunnels due to wetting
and drying cycles is an important factor for drift stability in some rock types.  These rock types
are typically those in which highly-altered rock, or rock with significant swelling clay along
fracture planes occurs.  In the case of the host repository horizon at Yucca Mountain, these issues
are not particularly important.  Clay is not a common mineral in the crystallized rocks of the
repository host horizon, nor are clay minerals a volumetrically significant fracture-coating
material.  Four types of data support this observation:

A number of detailed geologic studies have been conducted at the Yucca Mountain site to define
the basic mineralogy of the rocks and the petrologic and geochemical processes that occurred
during the formation of the Topopah Spring Tuff and have continued from that time.  These
studies included a detailed description of the mineralogy of the repository host horizon from
samples and observations developed from surface-based core holes through the repository block,
as well as from the ESF and ECRB Cross-Drift.  From the standpoint of mechanical degradation
of the rock mass, these studies show:

• The Topopah Spring Tuff is largely composed of fine-grained feldspars and silicate-
based rocks that formed during the cooling of the rock mass shortly after deposition.
Clay-forming minerals were typically not formed during the petrogenesis of the
repository host horizon.

• Clays typically do not form significant fracture-fill materials in the crystallized rocks of
the Topopah Spring Tuff.

• There are limitations on the environmental conditions needed to form clays and indicate
the minimum likelihood that clays might form along fractures in the near field of a
repository.  Therefore, mineral alteration during the postclosure period is considered
negligible.

The following discussion summarizes the data obtained from a number of studies that support the
above points.

1. Mineralization in the Repository Host Horizon–The Topopah Spring Tuff is a
compositionally zoned pyroclastic flow deposit.  High-silica rhyolite forms
approximately the lower two-thirds of the deposit, and trachyte (or quartz latite) forms
the upper one-third of the deposit.  The crystallized rocks that formed during the
cooling of the deposit consist primarily of very fine-grained intergrowths of feldspar
and silica polymorphs of quartz and cristobalite.  These minerals typically crystallized
from volcanic glass at temperatures of approximately 800°C.  X-ray diffraction
analyses of 444 core samples from 13 boreholes that penetrate 3.5 km of the
crystallized Topopah Spring Tuff indicate that there are different ratios of feldspar and
silica polymorphs in the crystal-rich rocks (DTNs LADB831321AN98.002,
LADV831321AQ97.001, LADV831321AQ99.001, LA000000000086.002).  In the
crystal-rich member, 93 samples have mean percentages of feldspar (69.1%), quartz
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(2.4%), cristobalite (13.3%), and tridymite (11.2%), and in the crystal-poor member,
351 samples have mean percentages of feldspar (55.7%), quartz (15.8%), cristobalite
(19.3%), and tridymite (5.1%).  The total of the percentages cited for these two
members do not sum to 100% because there are minor amounts of other minerals in
many of these rocks.  Smectite values vary from trace amounts to 15% with a mean
value of 3.1%.  These compositions of rocks form the walls of fractures where the
minerals are very fine-grained and form various textures; however, the minerals are
relatively uniformly distributed at scales of millimeters to centimeters.  These data
indicate that concentrations of smectite minerals along fractures do not occur as a
result of crystallization during cooling.

2. Clay Infillings Are Rarely Observed along Fractures in the ESF and ECRB
Cross-Drift–Detailed line survey data collected in the ECRB Cross-Drift indicate that
of the 1,816 fractures in the 2.66-km-long tunnel, only 10 (or 0.4%) of the
discontinuities, such as fractures, shears, and faults, have some amount of clay (DTNs:
GS990408314224.001, GS990408314224.002).  These 10 discontinuities are filled (or
partially filled) with clay and broken or crushed rock or sand.  Detailed studies of the
clast textures, structures, and architectures of the broken or crushed rock or sand fill
materials have not been completed, but general observations indicate many of these
features do not show evidence of mechanical degradation and shear.  Buesch and Lung
(2003) describe volcaniclastic tuffaceous sandstone and claystone as fracture-fill
material in the crystallized rocks of the Tiva Canyon and Topopah Spring Tuff.  They
proposed that volcanic glass particles settled by gravity along open fractures from the
superjacent nonwelded bedded tuffs, and the clay formed in place (possibly millions of
years later) by water seeping along the fractures and reacting with the glass.  This
mechanism is entirely consistent with occurrences of clays in the ECRB Cross-Drift
detailed line survey data.  Detailed line survey data from the crystallized Topopah
Spring Tuff in the ESF main drift have not been recently reexamined, but only 4% of
the fractures recorded have clay as filling material.

Integrated Issue Resolution Status Report (NRC 2002) specifically discussed the work
by Carlos et al. (1995) in regard to fracture fillings:

Mineral-alteration products currently occur at Yucca Mountain mostly as
fracture coating and as lithophysal-cavity deposits (Carlos, et al., 1995).
The mineralogy, thickness, and amount and uniformity of coverage of
fracture coatings are highly variable and uncertain (Thoma, et al., 1992).
The coatings consist mainly of zeolites, manganese oxide minerals, silica
phases, carbonates (mostly calcite), and clay minerals (mostly smectite but
occasionally illite). Smectite is fairly ubiquitous in fractures throughout
the volcanic sequence (Carlos, et al., 1995).

Carlos et al. (1995) described the qualitative amount of materials in the fractures only,
but typically they did not describe the amount or thickness of the mineral coatings.
For example, if a mineral, such as clay (smectite), is listed as having major abundance,
then greater than 20% of the minerals in the fractures are clay.  However, the mineral
coating might be less than 1 mm thick.  Only for mordenite in the crystallized
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Topopah Spring Tuff did Carlos et al. (1995) describe about 1% of the fractures with
this mineral and the amount increased with depth to more than 20% (and more than
50% in some boreholes).  The relevant point for this discussion is that selective
fractures were sampled, and the intention was not to quantify the relative proportion of
fractures with specific minerals or to quantify the thickness or continuity of the
mineral coatings.  However, there is one detailed study of mineral coatings on fracture
walls in core with descriptions of the percentages of the amount of mineral coatings
and thickness of the coatings (DTN: LA9912SL831151.001).  Borehole ESF-HD-
TEMP-2 is a 60 m (200 ft) long, horizontal borehole in the Drift Scale Test, and the
rocks are in the middle nonlithophysal (Tptpmn) zone of the Topopah Spring Tuff.
Only fractures in two 1.3 m (4.3 ft) long segments of core were described (7.6 to 8.9 m
(25.0 to 29.3 ft) and 18.9 to 20.3 m (62.15 to 66.45 ft)).  Clay forms localized deposits
on the fracture surfaces that typically are less than 5% of the fracture surface area with
thickness typically about 0.1 mm and a few deposits as much as 0.5 mm thick.  These
descriptions demonstrate that clay does not form continuous coatings on fracture walls
and that the coats are very thin.

3. Alteration of Repository Host Rocks Is Not Expected in the Repository
Environment–Conditions such as temperature, chemistry of water, and amount of
water needed for the alteration of feldspars in the crystallized host rock to form clay
and other sheet silicate minerals (sericite) are not considered to have been present
within the Topopah Spring Tuff since its formation.  Sericite is a general term for very
fine-grained sheet silicates (illites) that form with other alteration products in
hydrothermal systems at temperatures near or above 400°C, typically in acidic
aqueous solutions (Jackson 1997).  As pointed out by the predicted temperature
conditions expected in the repository environment (e.g., Figure I-24), these conditions
are not anticipated in the near-field environment of the repository.  Even in samples
from the Drift Scale Test boreholes, the clays on fractures appeared to have been there
prior to the test and were not affected by the experimental conditions.

In summary, these petrologic and empirical relations indicate that clays typically do not form
significant fracture-fill materials in the crystallized rocks of the Topopah Spring Tuff.  They also
indicate that the expected repository environmental conditions are not conducive to formation of
clays during the postclosure period.  Therefore, the impact of geochemical alteration within the
postclosure environment is expected to have a negligible impact on drift degradation processes.

I.4.5 Effect of Drift Collapse on the In-Drift Environment

A parameter study was conducted to examine the impact of drift collapse on in-drift thermal-
hydrologic parameters (BSC 2004b).  The multiscale thermal-hydrologic model was used to
examine the effect of a rubble-filled drift on waste package and invert temperature and relative
humidity at the waste package and invert.  The drift is assumed to collapse (instantaneously) to
twice the initial diameter (i.e., 11 m collapsed diameter) and is filled with rubble with a bulking
factor of 0.231.  The thermal conductivity of the rubble (Kth) is defined as the intact rock thermal
conductivity of the Tptpll multiplied by the factor (1/(1 + bulking factor)).  Two thermal
conductivity values (a high case calculated as defined above for a bulking factor of 0.231, and a
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low case, which is taken to be one-half the high case value) of the dry and wet rubble thermal
conductivity were used in the analyses, as shown in Table I-1.

Table I-1.  Thermal Conductivity of Rubble

Property
Intact Host-Rock
Property Value Host-Rock Rubble Property Value

Basis for Rubble Property
Value

Bulk dry thermal
conductivity

1.28 W/m⋅K 1 W/m⋅K (High-Kth case)a

0.5 W/m⋅K (Low-Kth case)
Intact Value × 1/(1 + BF)
(High-Kth rubble value)/2

Bulk wet thermal
conductivity

1.89 W/m⋅K 1.515 W/m⋅K (High-Kth case)b

0.7575 W/m⋅K (Low-Kth case)
Intact Value × 1/(1 + BF)
(High-Kth rubble value)/2

Source: BSC 2004b, Table 6.2-3.

NOTE: aThis value is rounded down slightly
bValue is close to, but slightly less than, the value obtained from the Intact Value x 1/(1 + BF), in order to be
consistent with the slight reduction made to the dry Kth value, which was rounded down.

Figure I-24 shows the in-drift thermal-hydrologic parameters as functions of time from
repository closure for the case of the hottest waste package, which is the 21-PWR Absorber Plate
waste package.  These plots show three cases: (1) an open, noncollapsed drift, (2) a collapsed,
rubble-filled drift with high Kth for the rubble, and (3) a collapsed, rubble-filled drift with low
Kth.  The temperature (or any of the other environmental parameters plotted) will follow the
intact drift curve until the assumed time of collapse.  At that point, the temperature (or other
parameters) will translate vertically to one of the other curves, depending on the assumed
thermal conductivity of the rubble.

Examination of the waste package temperature curve (Figure I-24a) shows that significant
impact to peak waste package temperature results only if drift collapse occurs within the first 100
to 200 years after closure.  After that time, the waste package temperature will always be below
the peak temperature for the intact drift case, which occurs within about 20 to 30 years after
closure.  The total time at which the waste package surface remains above boiling for the hottest
waste package case is approximately 1,000 years for the intact drift, 1,500 years for the high Kth
case, and 2,000 years for the low Kth case.  The relative humidity at the waste package decreases
significantly for collapsed cases.
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Source: BSC 2004b, Figure 6.3-1.

NOTE: The cases are: (1) intact-drift (nominal) case, (2) low-probability-seismic collapsed drift with high-Kth host-
rock rubble, and (3) low-probability-seismic collapsed drift with low-Kth rubble.  The plotted variables are (a)
waste package temperature, (b) invert temperature, (c) waste package relative humidity, (d) invert liquid-
phase saturation, and (e) matrix liquid-phase saturation of the rubble surrounding the drip shield.

Figure I-24. Thermal-Hydrologic Variables for the “Hottest” Waste Package (21-PWR Absorber Plate
Waste Package) at the P2WR5C10 Location in the Tptpll (tsw35) Unit for the Mean
Infiltration Flux Case
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I.4.6 Effect of Drift Collapse on Drip Shield Stability

The drip shield design was developed to withstand the static load supplied by the weight of the
collapsed drift.  The methodology for estimating the rubble loading to the drip shield was
described in detail in Section 5.3.2.3 of this technical basis document.  The UDEC drift-scale
model shown in Figure I-13 was used for determination of rubble loading.  Six realizations of
randomly shaped, 0.2 m side-length bonded blocks are used to describe the initial state of the
rock mass.  The shear and tensile strength of the rock mass was reduced from the initial
calibrated rock mass strength until collapse was induced and was allowed to continue until the
bulked rubble provided a back-pressure to the surrounding intact rock and effectively stopped
further collapse (Figure I-25).  The bulking factor of the rubble ranges from about 18% to 25%,
depending on the particular realization (see Figure 5-58 of the technical basis document), and
drift diameter expands to roughly 1.5 to 2 times its original size.

Source: BSC 2004a, Appendix V, Figure V-6.

Figure I-25. Quasi-Static Drift Degradation, 0.2 m Block Size: Equilibrium State for Deformable Drip
Shield with Arched Top, Footings Free to Slide or Detach from the Invert

The resulting pressure distribution around the drip shield was determined for each of the six
realizations.  The results show a highly nonuniform load distribution around the drip shield due
to point load contacts when the small blocks become wedged against the drip shield
(Figure I-26).
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Source: BSC 2004a, Figure 6-166.

NOTE: Average pressure on each segment is shown for all six realizations.  Segment numbering starts at 1 at the
right footing and continues counterclockwise to the left footing.  Those elements on the right, top, and left
sides of the drip shield are shown.

Figure I-26. Quasi-Static Pressure on Drip Shield Segments for Six Realizations for Random, 0.2-m
Block Geometries

The pressure distribution for each realization was used as input to a three-dimensional, nonlinear
finite element structural analysis of the drip shield (BSC 2004c).  The nonuniform pressure
distribution was applied to the structure, followed by solution of the stress state and deformation.
The analysis examines all of the potential failure modes including excessive deformation of the
surface plates or load-bearing structure, development of yielded areas due to stress corrosion
crack development, and potential buckling of the legs.  It was found that the drip shield is stable
under all quasi-static loading distributions.



Revision 1

No. 4:  Mechanical Degradation I-52 July 2004

I.4.7 Conclusions

RDTME 3.07 deals with the time-dependent degradation of emplacement drifts.  This appendix
presented discussion on five potential mechanisms or factors that could be associated with time-
dependent degradation of the rock mass.  These factors are listed below, with a summary of the
conclusions.

Degradation due to the in situ stress state combined with the transient thermal and hydrologic
stress conditions:

• Numerical analyses were performed to examine the effects of the combined in situ and
thermally induced stresses on the stability of the excavations for both nonlithophysal and
lithophysal rock.  A range of fracture geometries and mechanical properties spanning the
expected range of conditions in the repository host horizon provided the basis for these
analyses.  The analyses show that yielding of the rock mass surrounding the excavations
due to these sources of loading is minor for the entire postclosure period.

• The potential impact of fluid vapor pressures along fractures in destabilizing the rock
mass around the tunnel was investigated using the multiscale thermal-hydrologic model.
The conclusion is that the fracture permeability is great enough that fluid or vapor
pressure change is negligible during the entire heating and cooling cycle of the
postclosure period.

Degradation due to time-dependent fracture development in the rock matrix in the presence of
water vapor and driven by mechanical and thermal stresses:

• Time-dependent fracture development in the matrix in the presence of water vapor and
in situ and thermal stresses was examined using discontinuum numerical modeling
approaches.  Laboratory creep experiments were conducted to define the static fatigue
strength and rate of strength loss of Topopah Spring Tuff.  Tests were conducted using
water-saturated samples at temperatures at 125°C or 150°C.  The samples were confined
to prevent drying of the samples through boiling of water, thus ensuring water vapor was
present to promote stress corrosion crack growth.  Time-dependent results for granite
determined for the Canadian high-level waste program were used as a means of
comparison to the tuff data.

• A mechanics-based, discontinuum model (particle flow code) was developed to simulate
time-dependent fracture development in tuff.  The model was calibrated to reproduce the
time-to-failure behavior of tuff for varying applied constant stress levels.  This model
was then used to simulate the effect of lithophysal porosity on time-to-failure.

• The UDEC drift-scale discontinuum model, which is used for drift stability simulation in
lithophysal rocks, was then used to examine drift degradation due to time-dependent
fracturing.  The time-to-failure response generated from the laboratory testing of
nonlithophysal rocks and the extrapolations for lithophysal rock was embedded into the
drift-scale model through adjustment of rock properties.
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• Analyses of drift stability for the expected range of lithophysal rock mechanical
properties variability indicate that relatively minor levels of time-dependent drift
degradation are expected over the postclosure regulatory time frame.

Degradation due to time-dependent fracture development and yield of asperities (roughness) on
fracture surfaces:

• Potential time-dependent degradation of surface roughness and cohesion was
conservatively represented in three-dimensional discontinuum stability models by
setting the cohesion and dilation angle to 0.  In other words, a bounding case was
assumed in which all surface roughness was assumed to have been destroyed due to
time-dependent failure of the asperities.

• Analyses of drift stability show that this assumption leads to only minor changes in
rockfall because the stability of nonlithophysal rock is controlled primarily by fracture
geometry.

Degradation due to time-dependent alteration of rock matrix or joint filling materials due to rock
mass thermal and moisture conditions:

• The rock joints and rock matrix in the repository host horizon units are composed of
minerals that will not undergo chemical alteration over postclosure temperature,
moisture, and time frames.  Fractures are characterized by rock wall contact with only
minor amounts of clay minerals.

• Time-dependent chemical alteration of rock joints or matrix has a minor impact on drift
degradation.

Degradation due to large excavation dimensions, unfavorable tunnel shape, and construction
methods:

• Repository excavations at Yucca Mountain have small dimensions in comparison to
unsupported spans known to result in collapse from practice in the mining industry.

• Emplacement drifts are to be excavated with a circular cross section using tunnel boring
machines.  The circular shape and nonexplosive excavation method are favorable to
stability.
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