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• Long-Term Performance Monitoring

• Site Investigation

– Understanding ground behavior

• During construction

• During repository operations

• Long-term (until repository closure and beyond)

– In-situ Testing

– Rock mass classifications

– Estimating rock mass properties

Outline
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Outline (continued)

• Drift design methodology

• Ground control at Yucca Mountain

• Drift degradation analyses at Yucca Mountain

• Performance confirmation
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Long-Term Performance Monitoring

• Establish baseline characteristics of the 
repository site

– Initial site characterization activities

– Performance monitoring during tunnel construction

– Tunnel design confirmation

• Long-term performance confirmation requires 
knowledge of the baseline characteristics to 
evaluate monitoring data.
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Site Investigation

• Rock mechanics

– Borehole investigations

– Rock movements in tunnels

• Tunnel response with convergence measurements

• Rock displacements using extensometers

– Geologic and geotechnical mapping

– Stress changes

– Rock damage

– Loads in support structures

• Hydrology and hydrogeology

• Geochemistry
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Site Investigation

• Repository site characterization is the initial 
phase of performance confirmation.  

• The data collected from site characterization 
studies provide the performance confirmation 
baseline to evaluate long-term monitoring data.
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Basis for In Situ Testing

• The problem of safe disposal of high-level 
radioactive waste is complex and requires an 
explicitly stated methodology to link the various 
aspects of design and identify specific data 
requirements needed to specify an in situ testing 
program. 

• The methodology for repository development 
includes clearly defining the objectives, 
constraints, and issues.
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Basis for In Situ Testing

• An analysis of features, events, and processes (FEPs) is part 
of the repository methodology and contributes to identifying 
in situ testing requirements.

• In order to effectively use performance assessment to 
evaluate a disposal system, three inputs are necessary:

1. What can happen to the disposal system?  

2. What are the chances of it happening?  

3. What are the consequences if it happens?

• The answers to these questions are derived from many 
sources, including field studies and experiments.

• The information used in performance assessment is 
described in terms of features of the disposal system that can 
be used to describe its isolation capability, events that can 
affect the disposal system, and processes that are reasonably 
expected to act on the disposal system.
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Basis for In Situ Testing

• Federal regulations impose key constraints, or 
criteria, that must be addressed.  

• The issues are those problems areas that must be 
resolved to fulfill the objectives.  

• The quantity and quality of information needed 
must be justified according to its contribution 
toward issue resolution. 
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Basis for In Situ Testing

• Board (1989) suggests an 
“issues hierarchy” 
approach and identifies 
four key issues:  

– postclosure performance

– preclosure radiologic 
safety

– environmental quality

– preclosure performance.  

• Sufficient information to 
resolve each issue is all 
that is required.
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Information Needs

• The information needs are derived from what is 
required to resolve issues and analyze FEPs.

• Examples:
– The need for a detailed geotechnical description of the 

candidate site including the overlying stratigraphy

– The need to verify codes predicting the thermal and 
mechanical response of the rock mass

– The need to assess the impact to the disturbed rock zone 
around the disposal room as a result of heating the rock mass

– The need to assess the effectiveness of a shaft seal system.
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Information Needs

Broad Issue Information Need In Situ Test

A detailed 
geotechnical 
description of the 
candidate site 
including the 
overlying stratigraphy

1. Examine lateral and vertical variability of the rock
2. Determine in situ stress state
3. Determine fault locations and geologic/ 

geotechnical/hydrologic characteristics of host rock and 
overlying strata

4. Define a thermomechanical constitutive model for the host 
rock

5. Determine a range of in situ rock properties, including:
a. thermal conductivity, rock specific heat, thermal 

expansion coefficient
b. deformation modulus, Poisson’s ratio
c. strength properties of intact rock
d. strength properties of rock mass
e. creep properties

a, b, c, d, e

Verification of codes 
predicting the thermal 
and mechanical 
response of the rock 
mass

1. Determine suitable numerical models to be used in design 
and performance assessment

2. Determine the confidence level which the code can be 
used for prediction of preclosure thermomechanical
response

a, e, f, g, h, i
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Information Needs

Broad Issue Information Need In Situ Test

Assessment of the 
impact to the 
disturbed rock zone 
around the disposal 
room as a result of 
heating the rock mass

1. Determine extent and properties of the disturbed zone 
under heated conditions

2. Determine fracture healing characteristics under heated 
conditions

a, c, d, f, h

Assessment of the 
effectiveness of a 
shaft seal system

1. Determine the permeability of seal materials
2. Determine the thermomechanical response of seal 

materials and bulkheads in the laboratory and in situ under 
repository conditions

j

In Situ Tests:
(a) geotechnical mapping, geophysical surveys 
(b) in situ stress measurement 
(c) microseismic monitoring 
(d) permeability measurement 
(e) controlled in situ compression test (e.g. heated block) 
(f) single heading excavation test/measurement of displacement response 
(g) multiple excavation test – non-thermal 
(h) multiple excavation test – thermal 
(i) full-scale heater test  
(j) seal testing. Source:  Board 1989, Table 5
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Testing Methodology

• An iterative-type approach for in situ testing as 
recommended by Board (1989, Section 5) is suggested for 
developing a high-level nuclear waste repository.  

• This approach relies on numerical models because empirical 
data from actual repository thermal loading does not exist.  

• The iterative approach addresses information needs through 
the in situ determination of thermal, mechanical, and 
hydrologic properties of rock.  

• The methodology provides for the development of full-scale 
repository openings to evaluate the thermomechanical
response of the rock mass under anticipated repository 
conditions.  

• Using this approach, the in situ testing confirms the 
predictive ability of repository models and provides a range 
of expected parameters and rock mass response.
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Testing Methodology

Source:  Board 1989, Fig. 24
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Rock Mass Classification

• Rock mass classifications form the backbone of 
the empirical design approach and are widely 
used in rock engineering.

• Rock mass classifications provide 

– A quantitative assessment of rock mass conditions

– Support requirements

– Basis for assessment of rock mass properties
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Rock Mass Classification

• The most widely used systems are

– Rock Mass Rating (RMR) System (also known as 
the Geomechanics Classification) developed by 
Prof. Z.T. Bieniawski

– Q-System developed by Dr. Nick Barton and others 
at the Norwegian Geotechnical Institute
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RMR System

• The RMR system uses 6 parameters to classify a rock 
mass

– Uniaxial compressive strength of the rock mass (C)

– Rock quality designation (RQDi)

– Spacing of discontinuities (JS)

– Condition of discontinuities (JC)

– Groundwater conditions (JW’)

– Orientation of discontinuities (JO)

RMR = C + RQDi + JS + JC + JW’ + JO

• The value of RMR increases with rock quality from 0 
to 100
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RMR System
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RMR System

Source:  Bieniawski 1989, Table 4-1 
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RMR System

Source:  Bieniawski 1989, Chart E  
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RMR System

Source:  Bieniawski 1989, Table 4-2 
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RMR System

Source:  Bieniawski 1989, Table 4-4 



24

Q-System

• The Q-system uses 6 parameters to classify a rock mass

– Rock quality designation (RQD)

– Number of joint sets (Jn)

– Roughness of the most unfavorable joint or discontinuity (Jr)

– Degree of alteration or filling along the weakest joint (Ja)

– Water inflow (Jw)

– Stress condition, or stress reduction factor (SRF)

• The value of Q increases with rock quality from 0.001 to 
1000 on a logarithmic scale 

SRF

J

J
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J

RQD
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Q-System Parameter Assessment
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Q-System Parameter Assessment
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Q-System Parameter Assessment
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Q-System Parameter Assessment
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Q-System Parameter Assessment
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Q-System Parameter Assessment
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Q-System Excavation Support Ratio (ESR)
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Q-System Ground Support Guidelines
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Q-System Ground Support Guidelines
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Q-System Ground Support Guidelines
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Q-System Ground Support Guidelines
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Q-System Ground Support Guidelines
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Q-System Ground Support Guidelines
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Example Rock Mass Classification at     
Yucca Mountain
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Full Periphery Geologic Mapping                     
at Yucca Mountain
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Estimate Rock Mass Properties

• Available methods for estimating various rock 
mass properties include

– Q-system (Barton 2002b)

– Rock Mass Index (RMi) (Palmström 1996)

– Geological Strength Index (GSI) (Hoek et al. 2002)
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Estimate Rock Mass Properties

• Geological Strength Index (GSI) is the primary 
method used at Yucca Mountain

• GSI is estimated using both Q and RMR 
determined during tunnel mapping

GSI = 9 ln Q’ + 44

GSI = RMR’ - 5

where

RMR’ = C + RQDi + JS + JC + JW’

• RockProps V1.0 — An Excel file to calculate 

rock mass properties

a

r

n J

J

J

RQD
Q '
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Drift Design Methodology

• Focus on excavation stability during all phases of 
the underground nuclear waste repository

– Construction

– Emplacement

– Retrieval (if required)

– Closure

• Keys to developing stable excavations

– Excavation procedures

– Design of room shape

– Design and installation of ground support

– Implementation of monitoring and maintenance 
programs
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Summary of 
Drift Design 
Methodology

Source: Hardy and Bauer
1991, Figure 2-1 
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Logic Chart for 
Drift Design 
Methodology

Source:  Hardy and Bauer 
1991, Figure 2-2  
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Output/Product from Each Design Step
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Output/Product from Each Design Step

Source:  Hardy and Bauer 1991, Table 2-1  
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Design Basis

• Stress at drift location

– In situ stress

– Thermal stress

– Stress induced by seismic motion

– Design basis loads

• Information for design

– Stratigraphy and rock structure

– In situ conditions

– Thermal properties

– Mechanical properties

– Waste characteristics

– Ground support properties

• Repository layout
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Analysis of Unsupported Drifts

• Develop candidate drift designs

• Conduct parametric and tradeoff studies on 
candidate drift designs

• Select preliminary drift configuration

• Use empirical methods to 

– Quantify the rock quality

– Assess opening stability

• Stand-up time

• What span is ground support required

– Conduct preliminary assessment of ground 
support requirements

– Estimate rock mass properties
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Analysis of Unsupported Drifts

• Use numerical methods to assess the behavior of the 
rock mass

– Thermal model

– Mechanical model

• If no rock mass yield or joint slip is projected, no ground 
support is required

• When yield or failure of intact blocks is projected, then the 
ground support should be designed to support the gravity 
load of the yielded material

• Evaluate fault zones and zones of poor rock quality

• Preliminary ground support selection based on 
empirical and numerical analyses
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Ground Support Design

• Use Q and RMR methods to define the ranges of 
ground support systems based on the expected 
in situ conditions

• The drift design will be verified by monitoring 
performance during construction of the 
repository

• Ground support materials will be selected for 
durability, strength, thermal compatibility, and 
recognition of chemical restrictions that might be 
imposed by long-term repository performance 
requirements
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Ground Support Analyses at Yucca Mountain

• Both empirical and analytical methods were used 
in design calculations

• Empirical methods were used to assess the need 
for ground support and the type of ground 
support

• Computer modeling was used to further analyze 
the stability of unsupported openings

• Applicable thermal and seismic loads were 
considered.

• Based on empirical estimates, design issues, and 
computer modeling, the final ground support 
system was developed



52

Ground Support Input Parameters

• Time histories of rock temperatures

• Thermal and mechanical properties of the rock 
mass surrounding the emplacement drifts

• Rock bolt properties

• Seismic velocity histories

• Emplacement drift configurations
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Time Histories of Rock Temperatures

Source:  BSC 2007, Table 6-1 
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Thermal Properties

Source: BSC 2007, Tables 6-2 and 6-3
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Rock Mass Mechanical Properties for 
Lithophysal Rock

Source:  BSC 2007, Table 6-4 
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Rock Mass Mechanical Properties for 
Nonlithophysal Rock

Source:  BSC 2007, Table 6-5 
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Stability of Unsupported Emplacement Drifts

• The stability assessment is based on numerical 
analysis using the FLAC computer code

• The analysis evaluates

– Temperature increases in rock following waste 
emplacement

– Displacement and stress in the vicinity of an 
unsupported emplacement drift

– Factor of safety

– Ground reaction curves
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Empirical Analysis of Ground Support Needs

• Calculate RMR values, GSI values, and Em (elastic modulus) 

values for various categories

• Determine the unconfined compressive strength (c) of 
intact representative nonlithophysal rock (Tptpmn), which 
is about 165 MPa. 

• Estimate the major principal stress (1) of rock adjacent to 
emplacement drifts, which is estimated to be about 25 to 40 
MPa

• Calculate the ratio c / 1 to be in the ranges of 4 to 7

• The joint water reduction factor Jw is set to 1 for dry rock 
condition

• A SRF value ranging from 0.5 to 2 is considered 
appropriate.  

• Calculate Q values for various categories
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Estimate of Ground Support Needs for 
Emplacement Drifts in Nonlithophysal Rock 

Based on RMR and Q Systems

Source:  BSC 2007, Table 6-7 
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Selection of Ground Support Methods

• Ground support installed in emplacement drifts 
must

– Ensure stable conditions required for operational 
worker safety

– Limit the potential rockfall which might damage 
waste packages

– Be functional with little or no planned maintenance 
throughout the preclosure period of 100 years

– Have acceptable long-term effect on waste isolation

• Cementious materials are ruled out for use in 
emplacement drifts due to their potential adverse 
impact on the long-term waste isolation
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Selection of Ground Support Methods

• Friction-type rock bolts
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Selection of Ground Support Methods

• Perforated steel sheets — consist of thin (2 to 3 
mm thick), slotted and slightly corrugated steel 
sheets that can be bolted tight to the drift surface 
using friction-type rock bolts

9
0
 m

m
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Ground Support Methods Recommended for 
Emplacement Drifts at Yucca Mountain

Source:  BSC 2007, Figure 6-32 
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Drift Degradation Analyses at Yucca Mountain

• Summary of the general approach used for 
assessment of emplacement drift degradation under 
in situ, thermal and seismic loading

• Estimation of the thermal and mechanical properties 
and strength of tuff

– nonlithophysal rock

– lithophysal rock

• Numerical model for drift degradation assessment 
and its validation

• Seismic response of drifts

• Based on Drift Degradation Analysis (BSC 2004a), 
which is summarized by Lin et al. (2007) and 
Damjanac et al. (2007)



Emplacement Drift Configuration
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Repository Layout

• The proposed repository is 
constructed in two basic 
units of the Topopah 
Spring tuff:

• ~ 85% of repository 
drifts in lithophysal tuff

• ~ 15% of repository 
drifts in nonlithophysal 
tuff.

• Depth of repository is            
~ 300 m.

• Vertical gravitational stress 
is maximum, ~ 7.8 MPa.
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Repository Layout

South Ramp

Main 
Drift

North Ramp

ECRB 
Cross-Drift

Busted Butte 
Test Facility 
(not shown)

N

In the North Ramp/Main Drift curve

South 
Portal

North 
Portal
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• Good quality, fine-grained, massive and strong 
rock. 

• Fracture sets mapped in detail throughout 
Exploratory Studies Facility (ESF) and Enhanced 
Characterization of the Repository Block (ECRB) 
Cross-Drift.  Four well-developed, short trace 
length (less than the drift diameter) fracture sets –
generally discontinuous in nature.

• Approximately 500 unconfined and confined lab 
compression strength tests have been completed, 
including testing to 200ºC and saturated 
conditions.

• Fracture strength determined from direct shear 
testing on joints.

• Rock strength estimates:

– Unconfined intact rock strength  approximately 
200 MPa

– Unconfined rock block strength estimated to be 
approximately 70-75 MPa.

Nonlithophysal Tuff

Key Block Formed by the Intersection of an
Excavation with

Three Fracture Planes

Tunnel
Excavation

235/87

338/12

N

E

S

W

133/83

Stereographic Projection of
Key-Block-Forming Fracture Planes
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Approach to Drift Degradation Assessment in 
Nonlithophysal Rock

69



Stochastic Fracture Representation 
of the Rock Mass

• Emplacement drifts are 
randomly located and 
“excavated” within the 100-m 
cube rock mass generated by 
FracMan, such that the 
stochastic nature of the 
jointed medium and its impact 
on rockfall is adequately 
sampled.  

• A random emplacement drift 
centroid coordinate is chosen 
within the cube, and a 25-m  ×
25-m × 25-m volume, oriented 
at the emplacement drift 72°
azimuth, is extracted to 
contain the model 
emplacement drift.
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Fracture Modeling

(a) Full 
periphery 
geologic 
maps from 
the Tptpmn 
in the 
Exploratory 
Studies 
Facility

(b) Simulated 
full 
periphery 
geologic 
maps from 
the FracMan 
cube
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3DEC Rockfall Model

• An algorithm was developed 
for applying the FracMan 
fracture geometry to the 
3DEC model. 

• The algorithm allows 
incomplete fractures to be 
cut within a block, or to 
terminate against other 
fractures, thus creating 
realistic fracture patterns 
within the rock mass.

• In other words, portions of a 
fracture plane could be 
assigned a standard 
Coulomb slip behavior, 
whereas others could be bonded to the opposing surface with the strength of the 
adjacent rock blocks, thereby creating fractures that have rock “bridges” along 
their surface.  In this case, the rock bridge acts as a strong bond along the fracture 
surface, but can still fail in shear or tension if the stresses so dictate. 

• In this manner, it is possible to represent a discontinuous fracture system, but one 
in which breakage of solid rock can occur.
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3DEC Rockfall Model
• The initial state of stress was 

included at the model 
consolidation stage.

• Site-specific ground motions 
were developed for Yucca 
Mountain through use of a 
formal process of expert 
elicitation resulting in ground 
motion time histories for four 
levels of annual probability of 
exceedance.  

• A total of 15 sets of ground 
motion time histories were 
developed at the repository 
horizon for each annual 
postclosure hazard level.

• A simple Latin Hypercube 
sampling scheme was used for 
the pairing of ground motion and 
fracture modeling region.

Play
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Rockfall Results in Nonlithophysal Rock

Rockfall data from 
seismic analyses 
include the following: 

• block size 

• block relative 
impact velocity 

• block impact 
momentum 

• block impact energy

• drift profile.
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Lithophysal Tuff

• Matrix material is mechanically similar to nonlithophysal rock.

• Fracture sets are not as distinct as in nonlithophysal units and are 
discontinuous.

• Fracture spacing is relatively small: less than 1 m, and very often on the order 
of 0.1 to 0.2 m; trace lengths are short.

• Lithophysal porosity varies from ~ 10 to 30%.

• Block sizes produced on failure expected to be roughly equal to average 
fracture spacing. 75



Geotechnical Characterization of 
Lithophysal Unit

• Mechanical Properties
– Approximately 500 uniaxial and triaxial compression tests on small 

(~2”) cores at temperatures to 200ºC and saturated conditions

– 10.5” core samples from Busted Butte

– 11.5” core samples from Tptpul and Tptpll in the ESF and ECRB Cross-
Drift

– Approximately 30 time-dependent strength tests at 200ºC and 
saturated conditions conducted on tuff core matrix to determine time-
to-failure as a function of applied stress

• Thermal Properties
– Extensive laboratory testing of thermal conductivity, expansion and 

heat capacity as function of temperature

– In situ heat probe tests to determine field effects of porosity

– Verification of thermal properties from drift scale test and in situ block 
test
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Approach to Drift Degradation Assessment in 
Lithophysal Rock
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Justification for a 2D Isotropic Model of 
Lithophysal Rock

• The size of the internal 
lithophysae structure 
and fracture spacing is 
much smaller than the 
drift size (i.e., 5.5-m 
diameter). 

• There is no preferred 
direction in the fracture 
or lithophysae 
orientation that would 
justify introduction of 
anisotropy into drift 
scale modeling.
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Laboratory Testing on Large Samples
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Range of Strength and Stiffness for 
Lithophysal Rock Mass Used in Drift 

Degradation Analyses

80



Modeling Approaches Used for Drift 
Degradation Assessment in Lithophysal Rock

• Material response represented as an 
elastic-plastic material with Mohr-
Coulomb failure criteria defined by rock 
mass shear and tensile strength.

• Rock mass progressively fails when 
stress state satisfies failure criteria.

• Rock cannot dislodge and fall due to 
continuum assumption.

• Rock mass represented by a large number of 
small, randomly-shaped elastic blocks bonded at 
contacts with rock mass shear and tensile 
strength.

• Bonds between blocks may progressively fail 
when stress satisfies failure criteria.

• Rock blocks may dislodge and fall under gravity 
or seismic load – allows estimate of the ultimate 
equilibrium shape of the excavation and failed 
rock volume.

Continuum Discontinuum
Yield represented by shear or tensile failure 

along “potential” surfaces
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Discontinuum Model Calibrated to Stress-
Strain Response in Unconfined Compression

• Three material parameters are of particular importance to 
stress level and mechanical stability of the drifts:
– Modulus

– Uniaxial compressive strength

– Post-peak strength brittleness.

• Model stiffness and block interface strength adjusted to 
achieve a calibration of the Young’s modulus and uniaxial
compressive strength for range of lithophysal rock categories.

• Post-peak behavior of rock mass is highly random and 
dependent on a large number of parameters (e.g., sample 
size).

• We do not attempt to specifically calibrate the model to post-
peak behavior; instead we made sure that numerical model is 
more brittle than observed behavior from the tests as this 
conservatively predicts more extensive drift failure.
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Calibration of Lithophysal Model to 
Laboratory Compression Testing on Large 

Rock Core Samples
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Comparison of Model Predictions to 
Observations of Fracturing and Drift 

Stability in the ESF

• Model verified 
against observed 
Drift Scale Heater 
Test (DSHT) roof 
spalling timing and 
extent during 
thermal overdrive

• Model verified 
against 
observations of 
depth of fracturing 
in approximately 
60 large diameter 
boreholes in ESF 
and ECRB 

Predicted 
zone of 
stress-

induced 
failure

~0.5 m

ESF South Ramp 
Sidewall Yielding

Prediction of Yield for 
Category 1 Rock

DSHT Back-Analysis Drift Scale Heater Test
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Impact of Time-Dependency on Drift 
Stability in Lithophysal Rock

• Time-dependent 
strength reduction of 
rock mass estimated 
from laboratory 
testing of time-to-
failure for various 
ratios of applied 
stress to short term 
strength at 150ºC and 
saturated conditions.

• Sensitivity study of 
drift stability 
conducted for range 
of lithophysal rock 
mass strength 
categories.
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Drift Profiles for Combined Thermal, Time-
Dependency, and 1x10-4 Seismic Ground Motion

Rock Mass Strength Category 5Rock Mass Strength Category 2
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Seismic Response of Drifts in Lithophysal 
Rock

• 2D dynamic 
simulations of the 
drift subjected to 
seismic ground 
motions of different 
intensity were carried 
out.

• Different PGV levels 
(0.4 m/s, 1.05 m/s and  
2.44 m/s) and multiple 
ground motions at 
each PGV level were 
considered.

• Analyses show minor 
rockfall at the 0.4 m/s
PGV level and total drift collapse at the 2.44 m/s PGV level.

• Transition is observed at the 1.05 m/s PGV level.

Play
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Rockfall Results in Lithophysal Rock

• Detailed underground mapping and laboratory and field testing of 
Yucca Mountain tuffs have been carried out at a range of 
temperature and saturation conditions.

• Numerical models have been validated against results from large-
scale laboratory and field testing, and predictions are consistent 
with observations of drift response observed in the ESF and ECRB.

• Multiple modeling approaches were used.  Discontinuum approach 
is consistent with results of continuum methods, but also capable of 
predicting rockfall volume.

• No significant rockfall predicted due to thermally induced stresses, 
time-dependency results in small amounts of rockfall through 
thermal pulse phase of repository.

• No significant rockfall in lithophysal rock predicted for seismic 
ground motions from the 0.4 m/s PGV level; drift completely 
collapses at the 2.44 m/s PGV level.
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Key Requirements of Performance 
Confirmation

• Confirm that subsurface conditions, geotechnical and 
design parameters are as anticipated and that 
changes to these parameters are within assumed 
limits.

• Confirm that the waste retrieval option is preserved.

• Evaluate information used to assess whether natural 
and engineered barriers function as intended.

• Evaluate effectiveness of design features intended to 
perform a postclosure function during repository 
operation and development.

• Monitor waste package condition.
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Approach for Developing a 
Performance Confirmation Program

1. Select performance confirmation parameters and 
test methods

2. Predict performance and establish a baseline

3. Establish bounds and tolerances for key 
parameters

4. Establish test completion criteria and variance 
guidelines

5. Plan activities, and construct and install the 
performance confirmation program

6. Monitor, test, and collect data

7. Analyze and evaluate data

8. Recommend corrective action in the case of 
variance.
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Focus on Public Health and Safety

• Three primary questions use risk insights to 
focus attention on issues important to public 
health and safety:

– What can go wrong?

– How likely is it?

– What are the consequences?
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Selection Criteria to Confirm Postclosure 
Performance

• How sensitive are barrier capability and system 
performance to the parameter?

• What is the level of confidence in the current 
knowledge about the parameter?

• How accurately can information be obtained by a 
particular test activity?
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General Requirements 
Testing and Monitoring

Activity Description

 Precipitation monitoring Monitoring of precipitation and composition analysis.

 Seepage monitoring Seepage monitoring and laboratory analysis of water samples.

 Subsurface water and rock 

testing

Laboratory analysis of chloride mass balance and isotope 

chemistry based on samples taken at selected locations of the 

underground facility.

 Drift inspection Regular inspection of non-emplacement drifts and periodic 

inspection of emplacement drifts, a thermally accelerated drift, 

and other underground openings using remote measurement 

techniques, as appropriate. 

 Thermally accelerated 

drift near-field monitoring

Monitoring of near-field coupled processes (thermal-hydrologic-

mechanical-chemical), properties, and parameters associated 

with a thermally accelerated drift.

 Thermally accelerated 

drift in-drift environment 

monitoring

Monitoring and laboratory testing of gas composition; water 

quantities, composition, and ionic characteristics (including thin 

films); microbial types and amounts; and radiation and radiolysis 

within a thermally accelerated drift.
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Geotechnical and Design 
Monitoring and Testing

Activity Description

 Subsurface mapping Mapping of faults, fractures, and stratigraphic

contacts.

 Seismicity monitoring Monitoring regional seismic activity.  Observation 

of surface and subsurface (large magnitude) fault 

displacement after significant local or regional 

events.

 Construction effects 

monitoring

Monitoring construction deformation to confirm 

mechanical rock properties.

 Thermally accelerated 

drift thermal-mechanical 

monitoring

Monitoring drift and invert shape and integrity in a 

thermally accelerated drift.
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Design Testing 
(Other than Waste Packages)

Activity Description

 Seal testing Laboratory testing of effectiveness of borehole 

seals followed by field testing of effectiveness of 

gallery and shaft seals.  Testing, as appropriate, to 

evaluate the effectiveness of backfill placement.
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Monitoring and Testing 
of Waste Packages

Activity Description

 Waste package 

monitoring

Remote monitoring for evidence of external corrosion of the 

waste package.

 Corrosion testing Corrosion testing in the laboratory of waste package samples 

in the range of representative repository thermal and 

chemical environments.  Includes laboratory testing of 

general corrosion and localized corrosion.

 Corrosion testing 

of thermally 

accelerated drift 

samples

Corrosion testing in the laboratory of waste package samples 

exposed to conditions in a thermally accelerated drift.  

Includes corrosion model applicability and laboratory testing 

of general corrosion and localized corrosion.

 Waste form 

testing

Waste form testing (including waste package coupled 

effects) in the laboratory under internal waste package 

conditions.

Source:  BSC 2004c, Table 3-2 
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Performance Confirmation 
Testing/Monitoring Activity Timelines

• Planning for currently 
identified candidate 
performance confirmation 
activities is ongoing; 
methods and approaches 
other than those discussed 
here may be employed.

• Monitoring and testing 
methodologies for 
performance confirmation 
activities conducted during 
site characterization are well 
developed. 

• Construction period 
activities require refinement 
and finalization. 

• Operational period activities 
are general 
conceptualizations. 

Site 
Characterization

• Precipitation monitoring
• Subsurface mapping
• Subsurface water and rock testing
• Seepage monitoring
• Seismicity monitoring
• Corrosion testing
• Waste form testing
• Construction effects monitoring

Continuation of Activities Initiated 
During Site Characterization

• Seal testing

Activities to be 
Initiated During 

Construction

• Thermally accelerated drift in-
drift environment monitoring

• Drift inspection
• Thermally accelerated drift 

thermal-mechanical monitoring
• Waste package monitoring
• Thermally accelerated drift 

near-field monitoring
• Corrosion testing of thermally 

accelerated drift samples

Activities to be Initiated 
During Operation

Source:  BSC 2004b, Figure 6-1 
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Program Response to Change

• Advances in technology are likely to occur over 
the life of the program

• The monitoring program should permit re-
evaluation and modification of activities as the 
state of understanding and technology changes

• An integration group and workshop approach is 
recommended to facilitate evaluation of new data 
and program effectiveness, including 
technological advancement, and ensure the 
flexibility needed to accommodate necessary 
changes
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