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ABSTRACT
Finite element analyses were conducted using a repository-scale, two-dimensional model of the
emplacement-drift area of the proposed repository to explore the effects of spatial variation of rock-mass
quality and time-dependent degradation of rock properties and drift support on the distributions of areas of
potential instability. The two primary inputs for the analyses are thermal loading history from nuclear waste
packages and a north-south variation of rock-mass quality obtained from fracture mapping of the Exploratory
Studies Facility main drift.
The results indicate that the spatial distribution of potentially unstable areas is controlled primarily by
rock-mass quality variations. Failure-related ground movements are more intense in areas of relatively high
rock-mass quality because of higher induced thermal stresses caused by the greater stiffness of the rock mass
in such areas. This unexpected relationship between rock-mass quality and potential for instability results
from the fact that rock stress in the emplacement-drift area would arise mainly from thermal loading. For a
given temperature change, the magnitude of induced stress is roughly proportional to the rock-mass stiffness.
Also, the stiffness of a rock mass is more sensitive to the rock-mass quality than is the strength of the rock
mass. As a result, the higher induced stresses in areas of higher rock-mass quality are more likely to satisfy
the failure criterion than the lower induced stresses in areas of lower rock-mass quality.
Furthermore, decrease in rock-mass quality may result from reduced intact-rock strength owing to sustained
loading and changes in fracture surface characteristics because of wall-rock alterations from extended
exposure to heat and moisture. Calculations indicate that a significant increase in the intensity and spatial
extent of areas of potential instability would result from the anticipated decrease in rock-mass quality and
from time-dependent degradation of the currently proposed concrete lining or other kinds of drift support.
The relationship between rock-mass quality and the distribution of potentially unstable areas observed in the
model raises a concern. Because parameter values for both rock-mass stiffness and strength are estimated
from rock-mass quality using empirical equations, it is possible that the observed relationships are mainly
artifacts of the empirical equations. As a result, the possibility of obtaining measurements of rock-mass
stiffness that are independent of the measurement of rock-mass quality needs to be explored, so that the
values of stiffness and strength parameters used in analyses to estimate potential instability are not derived
from assumed relationships with rock-mass quality.
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1 INTRODUCTION
The adequacy of the design of underground openings at the proposed Yucca Mountain (YM) repository for
high-level nuclear waste is of concern to the Nuclear Regulatory Commission (NRC) because of the
requirement for radiation safety and retrievability of the emplaced waste through a preclosure period of
50-150 yr. The retrievability requirement is assumed to imply a requirement for stability of the underground
openings through the preclosure period. There is no requirement for stability of the openings beyond
permanent closure of the repository, but the intensity and distribution of ground movements (i.e., rock
deformations, collapse, and other changes that may affect the integrity or geometrical configuration of
underground openings) that may occur during the postclosure period are also of interest to the NRC because
of potential effects on waste containment. Rock fall from the roof area of emplacement drifts may cause
rupture or promote corrosive damage of the waste packages (WPs). Also, rock-mass porosity and
permeability and the size and shape of the emplacement drifts, all of which may be significantly modified
by ground movement, are important inputs for the assessment of water seepage into the emplacement drifts
(Birkholzer, 1998; Wilson, 1998; Geomatrix Consultants, 1998). As a result, processes that may cause
detachment of rock blocks from the roof area, or gradual rock deformation and collapse, of emplacement-drift
openings are of interest to the NRC because of the associated risks to waste containment. The analysis of
dynamic rock fall and assessment of its effects on WP life are being considered in a parallel study, whereas
the study presented in this report focuses on the effects of thermally induced ground movement.
The current design of the underground facility (Civilian Radioactive Waste Management System,
Management and Operating Contractor, 1997a,b) attempts to provide for the preclosure stability requirements
by cal ling for emplacement drifts which are designed to minimize or eliminate planned maintenance for about
150 yr. All other repository openings will rely on periodic maintenance. The need for minimized maintenance
of the emplacement drifts arises from anticipated in-drift environmental conditions that may not be conducive
to maintenance. These conditions include (i) tight space between WPs and drift wall (1.8-m diameter WPs
in drifts of 5. 1-n internal diameter may leave insufficient space for maneuvering maintenance equipment),
(ii) drift temperatures close to 200 'C, and (iii) high in-drift radiation levels. In assessing the design to
determine compliance with the preclosure requirements, it would be necessary to determine if the drifts would
be stable throughout the period and, if instability would occur, whether or not the spatial and temporal
distributions of instability would require only minor maintenance as anticipated in the design. Geomechanicsbased numerical modeling of the as-designed underground openings provides a feasible (and, perhaps, the
only feasible) means of bounding the anticipated temporal and spatial distributions of potential instability
within the underground facility.
Such analyses also provide a means of bounding the magnitudes of postclosure ground movements and their
effects on inputs to hydrological flow assessment [i.e., changes in fracture permeability and porosity
associated with rock deformation, and changes in geometry (size and shape) of underground openings
associated with collapse]. There is evidence that both effects have been recognized within the U.S.
Department of Energy (DOE) YM program. The assessment of the effects of thermal loading on fracture
porosity and permeability throughout the host rock, particularly near the emplacement drifts and within the
intervening pillars, was one of the issues presented to a panel of experts assembled recently by DOE to
examine the role and assessment of near-field/altered zone coupled effects (Geomatrix Consultants, 1998).
Also, the fraction of WPs exposed to seepage, referred to as seepage fraction, f is a key input to the
assessment of WP degradation and, ultimately, radiation dose to individuals in the DOE Total System
Performance Assessment code that will be used for Viability Assessment (Wilson, 1998). The parameter f5
1-1

depends on the distribution of seepage on the drift roof. Because of their effects on the capture area for drift
seepage, the size and shape of the drift are key inputs for the calculation of fS (Wilson, 1998; Birkholzer,
1998).
Changes in size and shape of emplacement drifts may result from drift collapse and consequent enlargement
of the roof area. Changes in fracture permeability and porosity may result from both elastic deformations
(caused by reversible thermal expansion of rock) and inelastic deformations (associated with failure in shear
or tension). Adequate assessment of thermally induced changes in porosity and permeability requires
consideration of both elastic and inelastic processes, because the magnitude of thermally induced elastic
deformations may be small relative to the potential magnitude of inelastic deformations. As a result, an
assessment of permeability changes based on consideration of elastic deformations only (e.g., Elsworth,
1998) may give only a lower-bound estimate of the potential permeability change.
The current report presents results of thermal-mechanical (TM) analyses of the emplacement-drift area of
the proposed underground facility. The analyses are part of a continuing study of factors that need to be
considered in geomechanical modeling of the underground facility. The analyses presented in this report
focus on the effects of spatial variation of rock-mass mechanical properties and time-dependent degradation
of the rock mass and ground support (such as concrete lining).

1-2

8'

2 DESCRIPTION OF MODEL
Choice of the modeling approach was influenced by the primary objective of the analyses, to examine the
effects of spatial and temporal variations of rock-mass mechanical properties and drift support on the
intensity and distribution of ground movement. To meet this objective, the model should be on a scale large
enough to permit a realistic representation of the available spatial distribution of rock-mass properties and
at sufficient detail to permit representation of drift support.
Rock-mass mechanical properties vary both vertically and laterally at the YM site because of the layered
nature of the tuffaceous rocks and variations in fracture frequency and, to a lesser degree, intact-rock
properties. The variation of intact-rock properties has been characterized through the TM stratigraphy
developed by Ortiz et al. (1985) with typical property values for each of the TM stratigraphic units given by
Lin et al. (1993). Characterization of the rock-mass properties has followed the traditional approach (Barton
et al., 1974; Bieniawski, 1979) in which intact-rock and fracture characteristics are combined using empirical
rules to obtain an index value that represents the quality of the rock mass. Rock-mass quality variations at
YM were initially described following a probabilistic approach that assigned statistically calculated qualityindex values to each of five quality categories within each of the TM stratigraphic units (Lin et al., 1993).
Although this approach of describing the rock-mass quality variability may be conceptually admissible, its
practical value may be limited by the need to ensure representativeness of not only the quality-index values
assigned to the quality categories but also the calculated realizations of their spatial variation at the site. A
step toward deterministic characterization of the spatial variation of rock-mass quality at YM was taken
through fracture mapping of the Exploratory Studies Facility (ESF) drifts (Civilian Radioactive Waste
Management System, Management and Operating Contractor, 1997c). The ESF data (figure 2-1) gives
directly the north-south variation of rock-mass quality along part of the eastern boundary of the proposed
emplacement-drift area (figure 2-2), but does not provide information on east-west and vertical variations.
The analysis model for the work described in this report was developed to permit representation of the ESF
rock-mass quality data.

2.1

MODEL GEOMETRY

Analyses were performed using a two-dimensional, repository-scale, plane-strain finite element
model of the emplacement drift area of the underground facility. The model consists of a vertical section
normal to the emplacement drifts and approximately through the proposed axis of the exhaust main
(figures 2-2 and 2-3). The proposed underground facility layout (figure 2-2) shows a total of 120
emplacement drifts, including 15 drifts for contingency (Civilian Radioactive Waste Management System,
Management and Operating Contractor, 1997a). The average usable length of about 1,080 m for individual
emplacement drifts implies that 100 drifts would be required to provide the total emplacement-drift length
of 107,150 m based on a thermal load of 85 metric tons of uranium per acre (MTU/acre) (Civilian
Radioactive Waste Management System, Management and Operating Contractor, 1997d). Therefore, 100
drifts were represented in the model, with Drift #1 at the north end and Drift #100 at the south end. Drift
spacing was set at 28 m center to center for a thermal-loading equivalent of 85 MTU/acre (Civilian
Radioactive Waste Management System, Management and Operating Contractor, 1997d), which gave a total
horizontal (approximately north-south) extent of 3,200 m for the model (including 200-m extensions beyond
the ends of Drifts #1 and #100). The model extended 1,000 m vertically, with the emplacement drift axis at
a depth of 302.5 m below the top.
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Figure 2-1. Variation of rock-mass quality along the Exploratory Studies Facility obtained through scan-line and full-peripheral fracture
mapping (Civilian Radioactive Waste Management System, Management and Operating Contractor, 1997c)
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The plane-strain assumption would be satisfied for a vertical plane normal to the emplacement drifts
if the drifts are long relative to their cross-sectional dimensions, material properties and drift cross section
do not vary in the drift-parallel direction, and in situ principal stress components are normal and parallel to
the drift axis. The requirement for material homogeneity along drifts may not be satisfied, but its satisfaction
needs to be assumed until more information on spatial variation of material properties becomes available.
Also, although the in situ maximum principal stress at YM is approximately vertical, the minimum
component is oriented roughly N 60° W and the intermediate component is N 30° E, which are oblique to
the alignment of the emplacement drifts (Stock et al., 1985). On the other hand, because the study focuses
on deformations and stress change caused by thermal loading, which are independent of the in situ stress, the
oblique orientation of the in situ stress relative to the drift axis is not likely to affect the model results.
Each emplacement drift was represented as a 5 x 5-m square opening, each taken to be 1,080 m long
in the out-of-plane (approximately east-west) direction. DOE appears to favor precast concrete lining for drift
support (Civilian Radioactive Waste Management System, Management and Operating Contractor, 1997b).
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This kind of support was represented in the model using beam elements superimposed on the edges of drift
openings such that the (fictitious) beams also formed the edges of adjacent rock elements. The beam elements
were assigned high stiffness to simulate the action of concrete-lining support and were removed at a stage
in the model to simulate complete disintegration of the support.
Drift cross sections were modeled as squares to simplify the finite element mesh. It would be
difficult, if at all feasible, to include 100 circular drift sections in the model. One drawback for using square
sections arises from stress concentrations at the corners of the square openings higher than the stress
concentrations around circular openings. The effects of the corner stress concentrations however, can be
reduced through the arrangement of finite elements in the model and by evaluating stresses and material
history at interior points, instead of at corners, of the elements. A nonlinear material model (elastic-plastic
model with Mohr-Coulomb yield criterion), which ensures evaluation of stresses and material history at
interior points, was used in the analyses. Also, the arrangement of elements (figure 2-4) ensures that stresses
and material history are not evaluated at the corners of the rectangular openings. Furthermore, results from
the model will be used for comparative evaluations of factors that may affect the distributions of instability
but not for absolute determinations of the stability or instability of a design. Therefore, differences between
the stress concentrations produced by rectangular openings (applied in the model) and circular openings (used
in the proposed design) are essentially inconsequential to the interpretation of the model results.

2.2

BOUNDARY AND INITIAL CONDITIONS

Zero-perturbation conditions (i.e., no boundary-normal displacement and no temperature change)
were applied on the north, south, and base boundaries of the model. The top of the model (simulating the
ground surface) was treated as a mechanically free surface (i.e., no surface traction) with no temperature
change. The perimeters of drift opening were also treated as mechanically free surfaces.
Initial temperature was specified as a function of depth, with a value of 18.7 0 C at the ground surface
and increasing with depth at rates of 0.02, 0.018, 0.03, or 0.008 'C/m for depths of 0-150 m, 150-400 m,
400-700 m, and 700-1,000 m, respectively (Civilian Radioactive Waste Management System, Management
and Operating Contractor, 1997d).

2.3

THERMAL LOAD

Thermal load due to emplaced waste was simulated as a volumetric heat source, S, applied
uniformly within each emplacement drift, defined as

Sv

(

S)(106)

where AN = 100 is the total number of drifts, each of volume

Vd = 5

(2-1)

x 5 x 1,080 M3 , sy = 3.156 x 107 s/yr,

and Pt is the total power (in MW) generated by all 10,938 WPs to be disposed at the proposed YM repository
(Civilian Radioactive Waste Management System, Management and Operating Contractor, 1997d). Values
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Figure 2-4. Schematic of drift support model. AB, BC, AD, and DC are beam elements as well as the
near-drift edges of rock-mass (solid) elements 1, 2, 3, and 4.
of P. were obtained through linear interpolation of data in table 2-1, which was adopted from table V- I of
Civilian Radioactive Waste Management System, Management and Operating Contractor (I 997d). Sv was
applied instantaneously attime zero overall 100 emplacement drifts and varied with timethereafterfollowing
table 2- 1.

2.4

MATERIAL PROPERTIES

Mechanical properties that can be derived from the ESF rock-mass quality data were varied in the
drift-normal (i.e., approximately north-south) direction following the ESF data. Because there is currently
insufficient data to define vertical or out-of-plane variation of properties in a manner consistent with the
north-south data, material properties were not varied vertically or in the out-of-plane direction (of course, outof-plane variation of properties is precluded by the plane-strain assumption). As a result, properties that are
derivable from the ESF data were varied in the drift-normal direction whereas other properties were assigned
the values for the TSw2 unit.

2.4.1

Thermal Properties

Density was assigned a constant value of 2,274 kg/m3 and thermal conductivity a constant value of
2.1 W/m K, whereas specific heat was specified as a function oftemperature (table 2-2) (Civilian Radioactive
Waste Management System, Management and Operating Contractor, 1997d).
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Table 2-1. Total power at selected times generated by all 10,938 waste packages to be disposed at
the
proposed Yucca Mountain repository (Civilian Radioactive Waste Management System, Management
and Operating Contractor, 1997d)

Years
l~~~~~~
1
]

|

~~~~~0

Heat Source (MW)
71.499486

S~~~~~

63.518801

10

57.65222

20

48.598077

30

41.428829

40

36.000998

50

31.544301

60

27.912077

70

24.90998

80

22.386533

90

20.530418

100

18.942351

150

14.040354

200

11.499602

300

9.02496

400

7.585398

500

6.574892

600

5.77481

700

5.149266

800

4.610581

900

4.179814

1,000

3.817243

2,000

2.04884

3,000

1.59641
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Table 2-1. Total power at selected times generated by all 10,938 waste packages to be disposed at the
proposed Yucca Mountain repository (Civilian Radioactive Waste Management System, Management
and Operating Contractor, 1997d) (cont'd)
Heat Source (MW)

Years
4,000

1.425174

5,000

1.328105

6,000

1.229386

7,000

1.151405

8,000

1.078041

9,000

1.017151

10,000

0.965009

Table 2-2. Values of specific heat as a function of temperature for TSw2 rock unit (Civilian Radioactive
Waste Management System, Management and Operating Contractor, 1997d)
Temperature ( 0 C)

I

Specific heat (J/m' *K)

<25

2.1414x 106

25-94

2.1414 x 106

94-114

10.4786 x 106
2.1839x

>114

106

2.4.2 Mechanical Properties
The required rock-mass mechanical properties are deformability properties, (e.g., Young's modulus,
Poisson's ratio, and thermal expansivity) and strength properties, (e.g., friction angle, cohesion, and intact
unconfined compressive strength). Poisson's ratio (v) was assigned a constant value of 0.21 and thermal
expansivity (a) was assigned temperature-dependent values (table 2-3) based on data from Civilian
Radioactive Waste Management System, Management and Operating Contractor (1997b). The intact-rock
unconfined compressive strength (adi) was assigned a value of 180 MPa (Brechtel et al., 1995) subjected to
changes to account for the effects of sustained loading as discussed in section 2.4.3.
Values of rock-mass Young's modulus (E), friction angle (j¢), and cohesion (c ) were estimated from
the rock-mass quality index Q obtained from the ESF full-peripheral Q data (figure 2- 1). The ESF data gives
Q as a function of north-to-south distance s along the ESF main drift, for which s = 2,804 m and s = 4,708 m
correspond approximately to south-to-north model coordinates x = 1,904 m and x = 0, respectively. Thus,
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Table 2-3. Values of thermal expansivity as a function of temperature (Civilian Radioactive Waste
Management System, Management and Operating Contractor, 1997b)

I

Temperature ( 0 C)

Thermal Expansivity (10` 6/CC)

<25

5.07

25-50

5.07

50-100

7.30

100-150

8.19

150-200

8.97

values of Q for 2,804 < s • 5,000 m yielded the values for 1,904 Ž x Ž-200 m (figure 2-5). The value of Q
at x = 1,904 m was applied at all x > 1,904 m (Drifts #1-#32) because this area lies outside the ESF
alignment.
Values of rock-mass strength parameters ¢ and c, based on the Mohr-Coulomb failure criterion,
were estimated from Q using empirical relationships proposed by Hoek and Brown (1997). Other parameters
(in addition to Q) required to estimate 4)and c from the Hoek and Brown relationships are Hoek-Brown
intact-rock strength parameter mi, geological strength index GSI (Hoek and Brown, 1997) and intact-rock
unconfined compressive strength aci. Brechtel et al. (1995) give mi = 10 for TSw2 rock unit, and GSI was
estimated from Q using the equation (Hoek, 1994):

GSI=9InQ + 44

(2-2)

Values of (p and the ratio c/au. were calculated as functions of GSI using table 2-4, which was obtained from
m. = 10 curves in Hoek and Brown (1997).
Rock-mass Young's modulus E was calculated from Q using the following empirical relationships from
Hoek (1994):

E =

1 0 [(RMR-

10)1401

GPa

RMR =9 In Q + 49

(2-3)
(2-4)

where RMR stands for "rock mass rating." The relationships for E versus Q, (4versus Q' and c versus Q
obtained using the procedure described here indicate that E is more sensitive to changes in Q than is either 4)
or c for the range of Q values (0.3-15) used in the model (figure 2-6).
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2.4.3 Degradation of Mechanical Properties with Time
Rock-mass mechanical properties may degrade with time because of decrease in strength of intact
rock under sustained long-term loading (Lajtai and Schmidtke, 1986) and decrease in shear strength of
fracture surfaces due to wall-rock alteration caused by extended exposure to heat and moisture.
It has been demonstrated through laboratory fatigue testing (Lajtai and Schmidtke, 1986) that the
strength of intact hard rocks (e.g., granite, sandstone, welded tuff) under slow or sustained loading may be
much smaller than the strength obtained through conventional (usually rapid) laboratory loading conditions.
The loading rate in fatigue testing is slow enough to allow slow-growing fractures, such as may be driven
by stress corrosion at crack tips, to extend and coalesce sufficiently to cause eventual rupture of the specimen.
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Table 2-4. Values of 4 and the ratio clu as functions of geological strength index (GSI) for case of m
10 (adopted from Hoek and Brown, 1997)

[

GSI

I

I

(degrees)

c/__

1.0

10.0

0.006

10

18.3

0.013

20

22.5

0.018

30

26.2

0.030

40

28.0

0.035

50

31.2

0.041

60

33.2

0.054

70

36.2

0.070

80

37.5

0.100

90

38.5

0.150

On the other hand, such fractures do not have sufficient time to grow under rapid loading conditions, such
as used in confined and unconfined compression testing of rocks. As a result, specimens tested under fatigue
conditions fail under lower stresses than similar specimens tested under rapid loading. For example, Lajtai
and Schmidtke (1986) showed that long-term unconfined compressive strength of crystalline igneous rocks
from fatigue testing may be as low as 60 percent of their strength obtained from conventional unconfined
compression. Because the repository environment will be subjected to mechanical loading arising mainly
from thermal expansion of rock under high temperatures that may be sustained for a long time (a few hundred
years, at least), the strength of intact rock within the environment should be governed by behavior under
sustained loading. As a result, the long-term unconfined compressive strength of intact rock was set to
50 percent of the conventional strength [i.e., aci = 180 MPa for short-term (nondegraded) conditions and a.,
=

90 MPa for long-term (degraded) conditions].

The exposure of rock-fracture surfaces to moisture under elevated temperatures for a long period may
create favorable conditions for chemical weathering of the fracture wall (i.e., chemical alteration of primary
rock-forming minerals such as feldspars, amphiboles, and pyroxenes into mostly clay minerals). The primary
environmental factor necessary to trigger chemical weathering is the presence of an aqueous phase containing
dissolved carbon dioxide (Nahon, 1991), whereas the rate depends on the amount and temporal variation of
water flux and temperature (Grim, 1968; Nahon, 1991). For example, chemical weathering is most rapid in
warm, humid climates and least under dry conditions (Grim, 1968). Although the climatic conditions at YM
may imply that wide-spread chemical weathering of the rock mass (such as may occur under warm humid
climates) is not likely, alteration of fracture-wall rocks at and near the repository depth should be of concern
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because of possible exposure of such fractures to moisture under elevated temperatures for periods of at least
hundreds, and possibly thousands, of years. Alteration of fracture-wall rock through chemical weathering
would result in fracture apertures widening in some areas and filling in other areas with material (such as
clay) much weaker than the surrounding rock.
Such changes in fracture characteristics could weaken the rock mass and the degree of weakening
may be quantified through the rock-mass quality index, Q. Values of Q are calculated using six empirical
parameters, which are assigned values to represent various aspects of the rock-mass condition following
definitions provided by Barton et al. (1974), through the equation

Q(RQDJ

(

(SRF1

(2-5)

where
RQD
Jn

-

rock quality designation
joint-set number

J

-

joint-roughness number

Ja

-

joint-alteration number

J

-

joint-water reduction factor

SRF

-

stress reduction factor

The six parameters are treated as categorical variables and the values assigned to the various
categories (Barton et al., 1974) indicate thatJr may decrease from about 3 to about I while Ja increases from
about 0.75 to about 4 as a result of fracture characteristics changing from "rough, irregular, and tightly
healed" to "wide and filled with clay minerals thick enough to prevent wall-rock contact." Such changes in
fracture characteristics may result from wall-rock weathering, resulting in about one-order-of-magnitude
decrease in the value of the ratio J / J and, consequently, Q [using Eq. (2-5)]. Therefore, values of Q were
reduced from the current values Q0 (figure 2-5) to 0.1 QO to represent the effects of fracture-wall rock
alteration on rock-mass quality.

2.5

ANALYSIS CASES

Rock-mass degradation is a time-dependent process because both intact-rock weakening (decrease
of ad ) and fracture-weakening (decrease of Q) are time-dependent processes. As a result, a rigorously
accurate model accounting for rock-mass degradation would require the strength and deformability
parameters of the rock mass (e.g., section 2.4.2) as functions of time. On the other hand, the information that
is currently available on the effects of wall-rock alteration on Q is insufficient to enable a description of the
related strength and deformability parameters as time functions. Instead, the available information provides
estimates of the current and ultimate (long-term) values of the parameters, as was suggested previously
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(section 2.4.3), which may be applied in several combinations to predict short-term and long-term mechanical
responses of the rock mass.
Estimates of the rate of chemical weathering vary from about 0.5 to about 5 mm per 100 yr
(Nahon, 1991) for weathering at the ground surface. There is currently little information on rates of
subsurface wall-rock alteration, but the information on surface weathering suggests that it may take several
tens (and maybe hundreds) of years for wall-rock alteration to become extensive enough to affect rock-mass
quality. As a result, the sequence of TM response at YM would consist of an initial period of stress buildup
in an essentially nondegraded rock mass (mechanical behavior governed by current values of parameters)
and a later period of increased effects of rock-mass degradation on mechanical behavior.
Because the magnitudes of thermal stress are controlled by the deformability parametersE, a, and
v, these parameters should be assigned their current (i.e., nondegraded) values to model stress buildup
correctly. On the other hand, the strength parameters 4), c, and aci, can be assigned either their current
values to examine the response of the nondegraded rock mass to the induced stresses, or their long-term
(i.e., degraded) values (section 2.4.3) to obtain the response of the degraded rock mass. Therefore, two
analyses were performed: one with current values of both deformability and strength parameters and the other
with current values of deformability and degraded values of strength parameters.
First, a heat-conduction analysis was performed, using the boundary and initial conditions and
thermal loading described earlier (sections 2.2 and 2.3) for a period of 150 yr from (instantaneous) waste
emplacement. Thereafter, the resulting (spatial and temporal) temperature distributions were used as input
for two mechanical analyses using the parameter combinations described in the foregoing paragraph. For
each mechanical analysis, the beam elements, which represent concrete lining, were left in place (with no
degradation) during the entire 150 yr and were thereafter removed rapidly to simulate complete degradation
of the liners. Hence, each mechanical analysis provides information to enable comparison of the states of
ground movement with and without the lining.
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3 ANALYSIS RESULTS
Analysis results are presented in terms of temperature and inelastic-strain contours. Inelastic strain in rocks
is a manifestation of processes such as fracture growth, reopening and closure of existing fractures, and
sliding on fracture surfaces, which, occurring individually or in combination, tend to cause loosening of the
rock mass and, ultimately, the detachment of individual blocks (Ofoegbu and Curran, 1992). Consequently,
the intensity of inelastic strain may be used as an indicator of the occurrence of such failure processes and
magnitude of the associated ground movement. Although the current state of knowledge does not permit
associating a particular magnitude of inelastic strain with a specific intensity of failure-related ground
movement, the distributions of inelastic strain intensity may be interpreted qualitatively to indicate
distributions of the potential for failure-related ground movement.

3.1

TEMPERATURE DISTRIBUTIONS

Two important observations arise from the calculatedtemperature distributions (figures 3-1 and 3-2).
First, temperature gradients are essentially vertical everywhere. The exceptions are (i) within less than about
10 m above and below the emplacement drifts, where horizontal temperature gradients occur, especially at
early times, because of temperature differences between drifts and inter-drift pillars; and (ii) near the edges
of the emplacement area, where horizontal gradients occur because of heat loss to the neighboring
nonemplacement area. The preponderance of vertical temperature gradients everywhere (with the exceptions
noted previously) suggests that temperature distributions calculated using models that simulate the repository
as a continuous heat-producing slab (e.g., Ofoegbu et al., 1999) are likely to be reliable for areas greater than
about 10 m above and below the emplacement horizon. On the other hand, the occurrence of horizontal
temperature gradients near the edges ofthe emplacement area may imply that the sequence ofthermal loading
(which emplacement drifts receive WP at a given time) needs to be included in a model to obtain reliable
predictions of early temperature distributions.
Second, the zone of influence of repository heating (e.g., temperatures of 60 'C or higher) expands
throughout the 150-yr simulation period. Results from previous work (e.g., Lichtner et al., 1996) indicate that
the zone of influence will expand continuously for a few thousand years following waste emplacement.
Therefore, since exposure to elevated temperature may result in increased rates of weathering of fracture
walls (section 2.4.3), the zone of rock-mass degradation from exposure to heat and moisture should be
expected to grow with time through much of the postclosure period that is of regulatory concern.

3.2

GROUND MOVEMENT

As was argued earlier, contours of the magnitude of inelastic strain, I'v, indicate qualitatively the
distributions of failure-related ground movement, where (cf. Ofoegbu and Curran, 1992; Hibbitt, Karlsson
& Sorensen, Inc., 1996)

3[(AE, 1

+

3-1

e

+

2(E 1 42)]

(3-1)

0

0
(OC)

I

18.7
20
40
60
80
100
>100

.Up

North

E

is

I

I0

. K*

3,200 m

Figure 3-1. Temperature distributions at 25, 50, 100, and 150 yr following waste emplacement.
Maximum temperature within the red zone is 100, 112, 116, and 135 'C at 25, 50, 100, and 150 yr,
respectively.
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Figure 3-2. Temperature distributions at 50 and 150 yr following waste emplacement for the region
about 100 m above and below the first 10 emplacement drifts from the south end of the model
(Drifts #100-#91). White horizontal lines are at 15 m above the roof and below the floor of the drifts.
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and AEll, AE22, and AE

are the components of inelastic strain increment and the summation indicates
accumulation of the square-root term through the simulation time. Therefore, the distribution of PM at the
end of the 150-yr simulation time, for example, represents all inelastic processes that occurred in the model
from zero time to end of 150 yr. Contours of IPV were developed for four analysis cases: (i) degraded rock
mass and nondegraded drift lining (figure 3-3), (ii) degraded rock mass and degraded lining (figure 3-4), (iii)
nondegraded rock mass and nondegraded lining, and (iv) nondegraded rock mass and degraded lining. The
results for cases (iii) and (iv) are not presented because PM = 0 everywhere for both cases.
2

The distributions of PM for the case of degraded rock mass and nondegraded lining (figure 3-3),
compared with Q profiles (figure 2-4), indicates that failure-related ground movements would be more
intense around drifts located in higher Q areas. Since there is essentially no lateral variation of temperature
(section 3.1), the observed lateral variation of PM was not caused by temperature variation but by the
variation in rock-mass quality. The occurrence of more intense deformation in areas of higher Q is explained
by the fact that E increases monotonically with Q, and, for a given temperature change, the magnitude of
thermal stress is essentially proportional to E. As a result, higher stresses would develop in areas of higher
Q. Because an increase in Q causes a much larger increase in E than the corresponding increase in either 4)
or c (figure 2-5), the strength difference between a given pair of Q values is smaller than the difference
between their induced stresses. Consequently, the failure criterion is more likely to be satisfied first in areas
of higher Q (because of their higher thermally induced stress) than in areas of lower Q. For example,
between Drifts #31 and #40 areas closer to Drift #31 have lower Q values and lower values of PM than areas
closer to Drift #40. Similarly, between Drifts #51 and #60 areas closer to Drift #60 have lower Q and lower
values of PM than areas closer to Drift #51.
On the other hand, it does not always follow that a smaller Q value would imply lower intensity of
ground movement. For example, compare the Q and PM values around Drifts #33 and #83 [at horizontal
coordinate (x) of about 1,880 and 480 m, respectively]. The value of IPM is higher around Drift #33 than
around Drift #83, notwithstanding that the value of Q is about 4.3 near x = 480 m (Drift #83) and about
2.4 near x = 1,880 m (Drift #33). Similarly, the entire area from Drifts #1 to #32 has the same Q value, but
both the extent and magnitude of PN vary within the area because of temperature difference between end and
interior drifts.
The P'M distribution for case (ii), degraded rock mass and degraded lining (figure 3-4), follows the
same pattern as that of case (i), degraded rock mass and nondegraded lining. On the other hand, both the
spatial extent and magnitude of IpM are increased in case (ii) relative to case (i), indicating that degradation
of concrete lining (or other kind of rock support), simulated in the model by complete loss of drift support,
would cause increase in both the spread and intensity of failure-related ground movement. Ti^> il reased
intensity and spatial spread of potential instability is illustrated by the development of zones witl. A,> i.0
microstrain (mainly in the roof and floor areas of the drifts) that do not exist in the nondegraded lining case
and by a general increase of the 0.1-0.55 and 0.55-1.0 microstrain zones in case (ii) relative to case (i).

3-4

mhhE

100 -l_

Ad||!!9

91

90i||3b

81

8070l-U--!
70

61
N-MIM-M--!!

-

mm*E mm

mu0 - sssse jin-- a_
*EE

-^

60

50

NMI 719l~i~i;.;

!---!!!!-e6

-

|-|-

_*

_-._*_--.-_A

EIEI-ImIIEMINEE

EINEEEEEEN

_
_
40 _ ==mm=

EUmE

_E

EE

E____"_"_uu-_u

*EE*UE*E
m-mm-m MM1 51

_.

NMI

en__2____-__0_

41
31

__

11

10*I
LeNorth

-

a

h-Hr-

;

Figure 3-3. Distributions of IP'a at 15 yr for case of degraded rock mass and nondegraded lining,
showing zones in I'v of 0-0.1 (purple), 0.1-0.55 (green), and 0.55-1.0 (orange) microstrain. Result is
presented in ten sections, each 280 m long and 35 m high. Ten white squares within each section
represent emplacement drifts and the end-drift numbers for each section are shown. White straight
lines represent finite element edges.
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lines represent finite element edges.
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4 CONCLUSION

Analyses exploring the effects of spatial variation of rock-mass quality and time-dependent degradation of
rock properties and drift support on the distributions of potential instability in the emplacement-drift area of
the underground facility support several preliminary conclusions.
The spatial distribution of potentially unstable areas is controlled primarily by rock-mass quality variations.
Failure-related ground movements are more intense in areas of relatively high rock-mass quality because of
higher induced thermal stresses caused by the greater stiffness of the rock mass in such areas. This
unexpected relationship between rock-mass quality and potential for instability results from the fact that rock
stress in the emplacement-drift area would arise mainly from thermal loading. For a given temperature
change, the magnitude of induced stress is roughly proportional to the rock-mass stiffness. Also, the stiffness
of a rock mass is more sensitive to the rock-mass quality than is the strength of the rock mass. As a result,
the rock masses subjected to higher induced stresses in areas of higher rock-mass quality are more likely to
satisfy the failure criterion than those experiencing lower induced stresses in areas of lower rock-mass
quality.
Furthermore, decrease in rock-mass quality may result from reduced intact-rock strength owing sustained
loading and changes in fracture surface characteristics because of wall-rock alterations from extended
exposure to heat and moisture. Calculations indicate that a significant increase in the intensity and spatial
extent of areas of potential instability would result from the anticipated decrease in rock-mass quality and
from time-dependent degradation of the currently proposed concrete lining or other kinds of drift support.
The relationship between rock-mass quality and the distribution of potentially unstable areas observed in the
model raises a concern. Because parameter values for both rock-mass stiffness and strength are estimated
from rock-mass quality using empirical equations, it is possible that the observed relationships are mainly
artifacts of the empirical equations. As a result, the possibility of obtaining measurements of rock-mass
stiffness that are independent of the measurement of rock-mass quality needs to be explored, so that the
values of stiffness and strength parameters used in analyses to estimate potential instability are not derived
from assumed relationships with rock-mass quality.
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