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ABSTRACT

A series of two-dimensional and three-dimensional analyses of a
potential nuclear waste repository at Yucca Mountain were performed
with the objective of estimating the thermal stresses that would be
experienced at the possible locations of shafts or ramps providing
access to the repository horizon. Two alternative assumptions were
made for the initial state of stress, and calculations were per-
formed to investigate behavior at repository scale. The computed
states of stress were also used as boundary conditions for a series
of analyses of the access ramps and vertical shafts.

The results of the repos tor¥ scale analyses indicated that
there is a region above the repository horizon where the horizontal
stresses are_reduced as a consequence of the thermal loads imposed
by waste emplacement. If the initial state of stress is relatively
low then the total horizontal stresses near the ground surface
above the repository may be tensile. An evaluation of the total
stress state relative to the stren§th of the rock matrix and verti-
cal and near vertical joints indicates that there is no potential
for development of new fractures in the matrix, but joints near the
surface could be activated if the initial stress state is low. It
is observed however that there is no indication that the predicted
regions of joint activation would be detrimental to repository
performance.

Analysis of the access ramps also indicated that, under the
assumed set of conditions, there would be no development of new
fractures in the rock matrix but there is some potential for ac-
tivation of joints in the roof and sidewalls of the openings.
Generally, the regions of activation were very localized and do not
appear to regresent any threat to opening stability. The_ state of
stress in shaft liners was evaluated using a simple model account-
ing for interaction between the rock mass and the liner after
thermal loading of the repository. It was concluded that there is
a potential for development of horizontal cracks in the liner due
to extension of the shaft. Although such cracking may not be
detrimental to the shaft performance, the effects of thermal load-
ing should be considered during shaft design.

*Currently with J. F. T. Agapito & Associates, Inc.
27520 Hawthorne Blvd., Suife 295,
Rolling Hills Estates, CA 90274
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1.0 INTRODUCTION

1.1 Purpose and Justification

The work described in this report was performed for Sandia National
Laboratories (SNL) as a part of the Nevada Nuclear Waste Storage Investigations
(NNWSI) project. SNL is one of the principal organizations participating in the
project, which is managed by the U.S. Department of Energy’'s (DOE’'s) Nevada
Operations Office. The project is a part of the DOE’s program to safely dispose
of the radioactive waste from nuclear power plants.

The DOE has determined that the safest and most feasible method currently
known for the disposal of such wastes is to emplace them in mined geologic
repositories. To that end, the NNWSI project is conducting detailed studies of
Yucca Mountain, which is an area on and near the Nevada Test Site (NTS) in
southern Nevada, with a view determining the feasibility of developing a
repository in tuff.

The emplacement of high-level waste induces stresses that affect the
stability of the accesses to the underground facility. The objective of the work
described in this report was to complete a preliminary investigation of the
potential impact of thermally induced stresses on the stability of shaft or ramp
accesses to a nuclear waste repository in tuff. Two alternative shaft sitings
were considered: a central location within a shaft pillar and a location on the
periphery of the repository. For the purpose of these initial analyses, the
ramps were assumed to provide access to a central shaft pillar. In the current
design for a repository at Yucca Mountain (MacDougall, 1986), ramps descend to
the periphery of the repository and do not pass above areas of waste emplacement.
The stress changes experienced by those ramps is expected to be significantly
less than the case discussed here. Similarly, the stress changes induced in the
shaft liners are anticipated to be more moderate than discussed here because
currently proposed shaft locations are further from the waste emplacement panels.

The preliminary investigation described in this report is restricted to
consideration of a single waste form and one emplacement configuration. The
waste chosen was pressurized water reactor spent fuel (PWR SF). A horizontal
configuration mode was considered specifically, but the differences from other
emplacement modes are inconsequential at the scale of the analysis performed
here. On this scale, the areal power density (APD) and waste characteristics are
much more important than the emplacement mode.

This report consists of five parts. Following this introduction, the
problem is described in detail: specifically, the site layout, rock mass
properties, and the waste forms are defined. The methods used for analysis are
described and some preliminary analytical results are presented in Section 3.
Section 4 presents results of analyses of a repository comprised of four waste

-1-



panels, and analyses of ramps and vertical shafts that provide access to the
repository horizon are described. The final part consists of general conclu-
sions.

2. FROBLEM DEFINITION

Data for the present investigation are drawn from four sources.
Geometrical data are from a Keystone Memorandum (Shirley, 1983a), that defines
reference waste emplacement geometries for various waste types and emplacement
modes, as of June 1983. Waste characteristic data are from a second Keystone
Memorandum (Shirley, 1983b), that defines the thermal power decay and energy
release functions for candidate waste forms. Site characteristics, including
stratigraphic data, physical properties of the host rock, and the preconstruction
stress state, are from a Keystone memorandum by Nimick et al., (1984). These and
other data are summarized in this section.

2.1 Geometrical Definition

The repository models involve four different underground components or
structures: the waste panels, the shaft pillar, access ramps, and shafts. As
will be explained in Section 4, details of location and number of panels are
anticipated to have relatively little impact on the stress states in rock media
for these analyses, so long as the individual panels are wide in comparison to
the emplacement horizon depth. Accordingly, a rather simple layout can be used
as a basis for the preliminary investigations discussed in this study. Such a
layout is depicted schematically in Figure 1. That layout incorporates four
emplacement panels at a depth of 295.7 m, with a single central pillar dividing
the repository horizon into two parts. Consistent with data given by Shirley
(1983a), each panel for horizontal emplacement of waste containers is assumed to
comprise 13 long horizontal holes on each side of a central emplacement drift.
The center-to-center hole spacing is 36 m, and the nominal panel width is assumed
to be 504 m. The first horizontal hole is thus 36 m from the panel boundary,
giving a hole spacing of 72 m between boreholes in adjacent panels. Within the
pillar between the panels there are two access drifts, 16 m apart, that run
parallel to the emplacement holes.

In this study, it was assumed that a pillar 200 m wide would be located at
the center of the repository. Three accesses to the repository horizon were
analyzed. First, it was assumed that a shaft may be located at the center of the
pillar. The second assumed shaft location was 100 m beyond the panel boundary.
Finally, it was assumed that access might be effected via a ramp connecting the
shaft pillar and ground surface. It was further assumed that such a ramp would be
inclined at 10° to the plane of the horizontal emplacement panels and intersect
the shaft pillar at the side remote from the ramp entrance. The arrangement of
the shaft pillar, panels, and ramp is illustrated in Figure 1.
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2.2 Material Definitions

The following thermomechanical properties and parameters for the rock mass
wvere used in the analyses.

Thermal conductivity K =1.85W/m°C
Heat capacity pC = 2.17 MI/m3°C
Density (average) p = 2093 kg/m?
Elastic modulus E = 15.1 GPa
Poisson’s ratio v =0.2 e
Coefficient of thermal expansion a = 10.7 x 10" /°C
Intact matrix cohesion Cp - 22.1 MPa
Intact matrix friction angle ¢y = 29.2°
Uniaxial compressive strength q, = 75.3 MPa
Uniaxial tensile strength o, = -6.5 MPa
Joint cohesion Cj = 1.0 MPa
Joint friction angle o; = 39°

Joint orientation ' 98°

(vertical)

In Appendix A these data are compared with current baseline data assembled by
Zeuch and Eatough (1986).

2.3 Waste Form and Heat Source Definition

Keystone 6310-83-2 gives the following normalized thermal power decay
function for ten year old PWR SF:

y(t) = 0.7707 exp(-0.02689 t) + 0.1932 exp(-0.002199 t)
+ 0.02163 exp(-0.00005343 t)

in which the normalized power y is expressed as a function of t, the time in
years since emplacement in the repository.

The initial thermal power of each heat source can be calculated from the
APD, the panel geometry, and the heat capacity of the rock. 1In this investiga-
tion, the APD was assumed to average 57 kW/acre (l4.1 W/m?) over each panel. For
the geometry shown in Figure 1, initial thermal load per meter along each hole is

504 -APD (W
B, = 20443E0 (W/m)

in which the APD is defined in W/m2. Hence, the initial strength of a heat
source simulating the presence of the waste containers in the emplacement
boreholes is:

fo _ 7936 ¢ n’
Q - 7C - 7 m /yr per meter

-3-



3. METHOD OF ANALYSIS

The stress state in a rock mass after the introduction of heat sources is
the combined result of initial overburden pressure and induced thermal loading.
In this preliminary study, it was assumed that material behavior is linear elas-
tic and that overburden and thermal stresses are uncoupled. Consequently,
superposition of initial stresses and thermal stresses can be used.

The first step in this study was to calculate the stress distribution
around the underground facility, considering two initial stress states. Thermal
stress calculations were performed with the objective of predicting the thermally
induced stress and the computed stresses were then superimposed on one of the two
initial stress states. These thermomechanical analyses were performed using a
two-dimensional boundary-element code and a three-dimensional semianalytical
procedure, both of which are described in Section 3.2,

After the combined thermomechanical and initial stresses were computed,
they were used to define boundary conditions for further analyses of stresses and
displacements around the access ramp and shafts. Two-dimensional boundary-
element analyses were performed for the access ramp, and a closed-form solution
for a lined circular shaft was used for the shaft studies.

Details of calculation procedures for the initial stresses and brief
descriptions of various stress analysis codes are presented in Section 3.1 and
3.2, respectively. Then, in Section 3.3, a comparison is drawn between the
results of two- and three-dimensional analyses, and the need for three-
dimensional analyses is discussed. Finally, in Section 3.4, the procedures for
evaluation of the computed stress states are described.

3.1 Initial Stresses

Since linear behavior of materials is assumed, stresses due to temperature
changes and those due to initial overburden pressure can be superposed. For the
initial stresses, the vertical stress o, at a point is given by

o, = - pgh , (1)

in which h is the elevation of the point relative to the surface (h < 0) and p is
the average density of the rock mass.

Assuming that lateral displacements are prevented, linear elasticity
theory predicts that the horizontal stress o is

on = (T oy )



in which v is the Poisson’s ratio. According to that model, o} 1s equal in all
directions. In practice, the stress state within rock masses does not conform
exactly to the simple linear elasticity model. Nonlinear deformation and the
tectonic environment together result in stress states that typically exceed that
predicted by the elastic model. The second initial stress state used in this
study is based on review of several studies of the relationship between horizon-
tal and vertical stresses. The unit evaluation studies (Johnstone et al., 1984)
used the following empirical function:

op = MIN[(O.SS -0 5, 2.4 av] , (3)

in which the depth, h, is defined in meters

In the remainder of this report, the analyses in which Equations 1 and 2
are used to define initial stresses are designated Case 1. Analyses in which
Equations 1 and 3 are used are designated Case 2. Variations of horizontal
stresses and vertical stresses with respect to depth are plotted for both cases
in Figure 2. From that figure, it is evident that the initial horizontal
stresses at repository depth will be rather close to the vertical stresses in
Case 2, but for Case 1 the horizontal stresses will be much less than the verti-
cal stresses.

3.2 Computer Codes for Stress Analysis

The objectives of the stress analyses performed were to investigate the
general response of the rock mass to the thermal loading resulting from waste
emplacement and to evaluate the potential impact on shafts and access ramps.
Details of excavations on the repository horizon are not simulated when evaluat-
ing the large-scale response; therefore, the repository can be represented very
simply as a number of heat sources embedded within a continuous half-space. The
results of such large-scale analyses can be used subsequently in detailed models
of the shafts and ramps.

In the two computer codes applied for large-scale thermomechanical
analysis, use is made of analytical solutions for determining the temperature,
displacements, and stresses in the vicinity of a heat source. These solutions
are based on the assumption that the medium is homogeneous and linearly elastic
and that heat is generated either along a line or at a point. The two codes are
HEFF and STRES3D.

o HEFF is a two-dimensional boundary-element code that uses the analyti-
cal solution for temperatures, displacements, and stresses around
constant or exponentially decaying infinite line heat sources.
Boundary elements can be used to represent any boundary, including the
ground surface above the repository horizon or the walls, floor and



roof of an underground excavation. HEFF has been documented by Brady
(1980).

o STRES3D is a three-dimensional, semianalytical code that uses the
analytical solution for temperatures, displacements, and stresses
around constant or exponentially decaying point heat sources. The
effect of the ground surface is accounted for by the method of images
and superposition of distributed shear forces across the free surface.
STRES3D has been documented by St. John and Christianson (1980).

Two computer codes were used for the smaller-scale calculations (i.e.,
stability of the shaft and ramp). The stability of the ramp was studied using
HEFF. Strictly, those analyses should be performed using a three-dimensional
model accounting for the complete state of stress to which the ramp is subjected.
However, for these preliminary analyses it was considered appropriate to calcu-
late the stresses in the plane of a cross-section normal to the axis of the ramp
and to assume plane strain conditions. HEFF was not used for analysis of the
possible effect of thermal loading on the stability of a lined shaft because only
homogeneous media can be modeled using that code. Instead, a special- purpose
code, SHAFT, was used.

o SHAFT is a code for analyzing the state of stress in a liner within a
long circular opening, such as a tunnel or shaft, when the state of the
stress in the surrounding rock mass is changed by thermal loads or

other causes. The code is based on a closed-form analytical solution
for lined holes in a biaxial stress field (St. John and Van Dillen,
(1983)).

Input to the SHAFT Code comprises geometrical and material properties of the rock
mass and liner, the changes in the principal stresses in the plane of the cross-
section of the lined opening and the axial strain. The axial strain under
isothermal conditions is derived directly from the stress changes in the sur-
rounding rock mass using the relationship:

ey = (Ao

y = ¥ (8o, + A0 ))/E (4)

in which Ao, is the change in the axial, or vertical stress, and Ag, and Aoy the
changes in the horizontal stresses and v and E are the elastic parameters for the
rock mass. As discussed below, for the two-dimensional models Ao, is the change
in the out-of-plane stress. The assumptions are made that the shaft liner ex-
periences the same axial strain as the rock mass and that the effect of the
temperature changes that occur at the shaft locations can be ignored because the
changes are small and because the coefficients of linear thermal expansion of the
rock mass and the material of the liner are similar.
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3.3 Three-Dimensional Effects: Preliminary Analysis

The underground facility is, in fact, three-dimensional, since the waste
panels have a finite length in z-direction (the out-of-plane dimension in
Figure 1). However, because dimensions of the shafts or ramps in the z-direction
are negligible compared to panel dimensions, it is logical to reduce the problem
to two dimensions by assuming that the panels extend infinitely in the z-
direction.

The validity of the above simplification was checked by comparing the
stress distribution for a single, square panel with those for the equivalent two-
dimensional cross section. The geometric and thermomechanical parameters and
properties for that single panel were the same as defined in Section 2. The
panel was assumed to be 504 m square and to be located 295.7 m below the surface.
To be consistent with other cases of this preliminary study, it was assumed that
the panel contained parallel, horizontal canister holes spaced 36 m apart.

For three-dimensional analysis, the heat generation along each canister
hole was concentrated at 13 points along the axis of each hole. Hence, heat
generation within the panel was represented by a total of 169 point heat sources.
For two-dimensional analysis, each canister hole was represented by a single line
source extending infinitely in and out of the plane of the section. Hence in the
two-dimensional model heat generation within the panel was represented by 13 line
heat sources.

Thermally induced principal stresses on the x-y plane along the centerline
of the panel 50 years after emplacement of PWR SF at 57 kW/acre, computed using
the STRES3D and HEFF codes, are plotted in Figure 3. The differences between the
states of stress computed using the two- and three-dimensional models are rela-
tively minor and would probably decrease if there were additional panels either
side of the single panel modeled in the three-dimensional case. Moreover, the
stress deviator (al - 03)/2, which is directly related to the failure potential
of the rock mass, agrees closely.

For analysis of the shafts and access ramps the out-of-plane stress is
important. For two-dimensional models, the out-of-plane stresses can be calcu-
lated assuming conditions of complete lateral confinement, i.e.,

Ao, = v (Aax + Aay) + aE-AT, (5)

where, as noted earlier, 4o, is the change in the out-of-plane stress, Aoy and
Ao are the changes in the in-plane principal stresses, and AT is the tempera-
ture change at the point. A comparison of values of the out-of-plane stress
computed from the data presented in Figure 3, using Equation 5, is provided in
Figure 4. Again, good agreement between the two- and three-dimensional models is
observed.



From the above preliminary analyses, it was concluded that three-
dimensional effects are likely to be less important than variations due to
uncertainties in the site definition, repository layout, or waste characteris-
tics. No further consideration is given to three-dimensional effects even though
such calculations can be performed quite easily using the STRES3D code.

3.4 Data Presentation

The method for presenting the results of stress analysis is through
evaluation of measures of the local stress state relative to some failure
criterion. In another report (St. John, 1987a), calculation of a local factor of
safety is described in detail. For the matrix material, described by a Mohr-
Coulomb failure criterion, the potential for developing new fractures in the
matrix can be assessed by calculating the factor of safety,

(al + gy ) sin¢m + 2Cmicos¢m (6)

FSm - Taﬁl _iali) ’

in which ai and aé are, respectively, the more compressive and less compressive
in-plane principal stresses (the dash superscript has been adopted to signify
that the out-of-plane stress has been ignored when determining the principal
stresses for the section). 1In fact, evaluation of the state of stress computed
for the repository model and for the ramps indicated that there is little poten-
tial for fracturing the matrix and no results of calculating the factor of safety
using equation 6 are presented within this report. Instead, the stresses are
compared directly with the uniaxial tensile and compressive strengths of the rock
matrix. The same approach is also adopted when discussing the potential for
development of fractures in a shaft liner.

For a paterial with ubiquitous jointing inclined at an angle g with
respect to o and a shear strength defined by a Coulomb friction model, the
potential for activation of those joints can be assessed by calculating the
factor of safety,

((o'y +0'p) - (o'y - 0'y) cos 2B) tand; + 2G4

st B I(a'l - 0'5) sin 2ﬂ|

(7

In all cases the joints are assumed to strike normal to the plane of the cross-
section. In another report (St. John and Mitchell, 1987) it is demonstrated that
this assumption is conservative when evaluating the potential for activation of
joints around an underground opening.
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4. RESULTS OF ARALYSES

Using the methods described in the previous sections, analyses were per-
formed for the rock mass in the vicinity of the repository, the access ramps, and
the shafts. The results of these analyses are summarized in this section. 1In
order to reduce the number of calculations and quantity of data to be presented,
representative times with respect to waste emplacement were selected; specifi-
cally, 10, 50, and 100 years. These times were chosen to correspond to periods
early in the operational life of the facility, late in the waste emplacement
phase, and toward the end of the life of the repository. For each time period,
the alternative initial stress states defined in Section 3 are considered.

In each case considered, the waste was assumed to be emplaced instan-
taneously. This assumption is believed to be conservative because the peak
temperatures and stresses in the different panels do not occur all at the same
time. The actual emplacement schedule will have some short-term effects, but
these will quickly disappear and the net effect will be a slight reduction in
peak stress values and delay in the responses discussed here. (This is in con-
trast with the temperature level in the immediate vicinity of a waste canister,
which is likely to peak within the first 20 years after emplacement, and is only
influenced by other canisters within a few tens of meters.)

4.1 Stress State at the Repository Scale

Thermomechanical analyses were performed using the HEFF code to determine
the thermally induced stress in the rock mass, ignoring any effect of excavations
either at or above the repository horizon. The geometry for those analyses
conformed to that illustrated in Figure 1, with boundary elements at the surface
extending 2700 m from the line of symmetry at the center of the repository.
The computed values of the induced stresses are illustrated in Figures 5a through
7a. In those figures, as in all other principal stress plots, the magnitude and
direction of the in-plane principal stresses are indicated by the crossed vec-
tors. The magnitude of the stresses is indicated by the total length of each
vector and the orientation by the direction of the vector. The stresses are
compressive unless indicated otherwise by a T (for tension) at the end of the
corresponding vector.

Reviewing the results presented in Figure 5a through 7a, it is clear that
the effect of thermal loading is to induce high horizontal compressive stresses
all around the waste panels and relatively high induced vertical tensile stresses
at the edge of the panels. The latter effect is particularly noticeable in the
central shaft pillar, since the tensions induced by the panels either side of the
center of the repository are superimposed. However, induced vertical tensile
stresses are also evident at the outer boundary of the repository and in the
vicinity of the access drifts between panels.



In practice, it is the total stress, not the induced stress that will
determine the potential for development of new fractures or activation of exist-
ing joints. To determine the total stress, the induced stress must be added to
the initial stress. Figures 5b through 7b and 5c through 7c¢ illustrate the total
stress state for the two assumed initial stress conditions. Addition of the
initial stress field eliminates the tensile stress at the edge of the panels,
because the induced tensile stresses are less than the initial, compressive,
vertical stresses. The compressive stresses in the vicinity of the waste panels
are increased, obviously more so in Case 2 in which the initial horizontal
stresses are higher.

Several possible modes of behavior of the rock mass should be considered
when evaluating the impact of waste emplacement. One is development of new
fractures as a result of imposed tensile stresses. It has been noted already
that the tensile stresses in the vicinity of the panel are eliminated by the
addition of the initial stress field. However, tensile stresses close to the
ground surface remain. These stresses, which are primarily horizontal, arise
from two causes. The first cause is compensation for the compressive stresses
close to the heat sources. The effect would be observed even if the repository
were located within an infinite rock mass. The second cause is surface uplift,
which will be noticeable only if the repository is located relatively close to
the ground surface. It should be observed that the presence of large areas of
stress reduction above the repository results, in part, from the assumption that
the rock mass behaves as a linearly elastic material. This assumption is conser-
vative, because it causes the models to overestimate the thermal expansion and
the thermally induced stresses. Despite the conservatism, the stresses
throughout the rock mass are relatively low and there is no indication that new
fractures in the rock mass would be created under either tensile or compressive
stress fields.

To evaluate the potential importance of the tensile stresses, the maximum
value calculated at any joint along the ground surface above the repository is
plotted as a function of time in Figure 8. Note that after 100 years the maximum
tensile stress is still less than half the intact strength of the rock. Hence,
there is little potential for development of new fractures due to tensile loads.
Also, tensile stresses are not likely to develop because the rock mass contains
preexisting fractures that possess limited, if any, tensile strength.

Other possible behavior modes are development of new fractures due to
compressive stresses--through crushing or shear failure--and slip along pre-
existing fracture surfaces. These two behavior modes were analyzed, in the
manner explained in Section 3.4, by calculating the factors of safety for both
the matrix and preexisting joints. These calculations indicated that for the
assumed set of material properties the potential for joint activation is
generally greater than the potential for matrix failure. Hence, only results of
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evaluation of the potentlal for joint activation are preseﬁted in the discussion
that follows.

In Figures 9 and 10 contours of the factor of safety for vertical joints
with properties defined in section 2.2 are presented for the three sample times
(10, 50, and 100 years). In the first of these figures, which refers to the low
initial stress state (Case 1), potential activation of vertical joints is seen
above the panels 50 and 100 years after waste emplacement. This behavior
reflects the reduction in the horizontal stresses due to the induced tensile
thermal stresses. When the higher initial horizontal stresses (Case 2) are
assumed, joint activation is largely inhibited (Figure 10).

For the two initial stress states the joint activation potential 100 years
after emplacement was also examined for joints having inclination of 14° either
way from the vertical direction. Results of those evaluations are illustrated in
Figure 11. 1In that figure it may be observed that towards the center of the
repository the potential for activation is slightly higher for joints inclined at
an angle of 14° counterclockwise from the vertical, than if the joints are
vertical or induced at 14° clockwise from the horizontal. This occurs because
the principal stress around that end of the panels rotate so that the normal
stresses on the joints inclined at 14° counterclockwise are reduced, while the
shear stresses are increased. This effect is quite marked for the lower initial
stress state (Figure 11b) since the regions of potential joint activation are
extensive. For the higher initial stress state the regions of joint activation
are restricted to very shallow depths (Figure 1llc and 11d), but the factors of
safety against joint activation around the center of the repository are again
reduced if the joints are inclined at an angle of 14° counterclockwise from the
vertical. Similar changes in the regions of potential joint activation and the
calculated factors of safety can also be observed at the outer edge of the
repository. Again, these changes can be easily related to the relationship
between the joint orientation and the principal stress directions. :

4.2 Analyses of Access Ramps

The access ramps, the normal cross section of which is shown in Figure 12,
were assumed to be 1inclined at an angle of 10° to the emplacement horizon
(Figure 1). Since the dimensions of the excavation are small in comparison with
the length of the ramp, two-dimensional plane strain analyses were utilized. For
the analyses the in-plane (x-y plane) stresses for the repository model were
calculated for the local coordinate axes xy and y 4, illustrated in Figure 1.
Qut-of-plane stresses, in z-direction, were then calculated as described in
Section 3.3 The variation of the subsidiary principal stresses o, and ot perpen-
dicular to the longitudinal axis of the ramps is illustrated in Figures {3 (Case
1) and 14 (Case 2). These distributions are for a time 100 years after waste
emplacement. Similar variation was observed at 10 and 50 years, except that
magnitudes generally were smaller.
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Having determined the stress distribution along the assumed path of the
access ramps, the HEFF code was used to investigate plane strain behavior of rock
in the vicinity of the ramp. For these analyses, the stresses o, and oy
defined above were assumed to be the total stresses in the plane of the cross-
section of the ramp. These stresses were applied as edge loads on a boundary-
element model with horizontal and vertical boundaries 20 m from the center of the
drift. The shear stresses on the plane of the cross section were ignored, and no
account was taken of any rock support that might be installed. The evaluations
were carried out for a number of sections along the ramps; specifically, at
locations with high mean and high deviatoric stresses. These sample points are
listed in Table 1, together with the computed values of the total stress to which
the ramp sections would be subjected.

Results of analyses of sections above the panels, where the mean stress is
relatively high, are presented in Figures 15 through 19. The potential for
either development of new fractures in the rock matrix or the activation of
vertical joints parallel to the ramp axis was again considered. The results of
the matrix factor of safety calculation are not presented here because the com-
puted values were generally higher than those for joint activation. Instead, the
distribution of the tangential stress around the periphery of the openings is
presented in Figure 15 and 16. Comparing those boundary stresses with the matrix
tensile and compressive strengths of -6.5 MPa and 75.3 MPa, respectively, it is
clear that there is little potential for creation of new fractures in the rock
matrix even around the opening, which is where any such fracturing would usually
be expected to initiate.

From the information presented in Figures 17 and 18 it is clear that high
factors of safety against joint activation are predicted throughout the rock
mass, except for local areas of activation in the sidewalls of the ramps. In
general, those regions of potential activation are so superficial as to appear
inconsequential. Only in one case (Figure 17a) is it observed that joint activa-
tion might extend more than a few centimeters into the roof of the excavation.
That particular case is one for which the low initial stress state was assumed
and is associated with modest tension in the roof of the opening. This can be
seen in Figure 15a, but its extent into the roof is more clearly illustrated by
the plot of the principal stresses around the opening (Figure 19). There is an
obvious correlation between the existence of tensile stresses and regions of
potential joint activation. This suggests that the joint activation potential is
associated with reduction in the normal stress on the joints rather than the
development of high shear stresses that might be associated with shear displace-
ments detrimental to the opening stability.

Analyses of cross sections at the end of the ramp, within the shaft pil-

lar, revealed behavior similar to that of midsections. As illustrated in Figures
20 and 21 the stresses around the openings are relatively modest and any region
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of potential joint activation is again concentrated in the sidewalls of the
opening (Figure 22 and 23).

4.3 Analyses of Shafts

Shaft analyses were completed for two possible locations: one in the
center of the repository and the other beyond the outer panel. For both cases,
the distance from the center of the shaft to the boundary of the adjacent panel
was chosen to be 100 m. That distance is sufficient to avoid very high induced
stresses (see Figures 3 and 4). As for the access ramps, two-dimensional
analysis was conslidered appropriate because the wvertical extent of a shaft is
large in comparison with the diameter. In this case, however, account was tsken
of the strain out of the plane of the section (i.e., the axial strain) during
evaluation of the potential for development of cracks within the liner.

Because the repository scale analyses showed that high stresses are poten-
tially induced in the vicinity of the shafts at later times, analyses were
performed for the two alternative shaft sites 100 years after waste emplacement.
The distribution of the stress components in the plane of the repository scale
model 100 years after waste emplacement is illustrated in Figure 24, From that
figure, it is clear that the magnitude of the thermally induced stresses at the
inner site i1s approximately double that at the outer site. 1In the analyses on
which these results are based, it was assumed that there would be a central
pillar regardless of the location of the shafts. 1In fact the central pillar has
rather little influence on the state of stress at the outer boundary of the
repository, as indicated by the results obtained during the preliminary analyses
discussed in Section 3.3, For example, 50 years after waste emplacement in a
four-panel repository, the horizontal and vertical induced stresses at a point
100 m from the panel boundary are respectively 1.57 MPa and -1.70 MPa. For the
single panel, these stresses are 1.28 MPa and -1.62 MPa.

From Figure 24 it is obvious that the highest stresses occur at the
repository horizon. Those stresses and the computed out-of-plane stresses for
the repository scale model are listed in Table 2. The table also lists the axial
strain, which it is assumed will be transmitted directly to the shaft liner.

To provide a simple means of evaluating the potential effect of the in-
duced stresses listed in Table 2, typical shaft and shaft liner dimensions were

selected:

Shaft external diameter 6.5 m
Shaft lining thickness 0.5 m

The material parameters for the rock mass were the same as listed in section 2.2
and the following properties for the concrete liner were assumed:
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Elastic modulus 27.6 GPa

Poisson’s ratio 0.15
Uniaxial compressive strength 34.5 MPa (5000 psi)
Uniaxial tensile strength -3 MPa

Here, the uniaxial tensile strength (at) of unreinforced concrete has been
estimated from the compressive strength (o_.) using the relationship (Wastiels,
1979):

0.67
o, = -0.28 g, ,

where the units of o, and o are MPa.

c t
Stress analyses of the shaft liner were performed using the computer code
SHAFT, which was described in Section 3. For the purposes of those analyses, it
was assumed that the liner would be emplaced after all stress relaxation (elastic
recovery) had taken place. The only loads experienced by the liner, which was
assumed to be completely bonded to the shaft wall, are therefore the thermally
induced axial strains and the stresses due to interaction with the adjacent rock
mass. On the other hand, the rock mass experiences both the initial and induced
stresses. The results of the liner analyses are summarized in Tables 3 and 4,
where maximum and minimum values of the stresses at the inside and outside of the
liner are listed for the intermnal and external shaft locations respectively.
Note that no mention is made of the initial stress, because the liner is assumed
to experience only the thermally induced stress.

As indicated by the data presented in Tables 3 and 4 the stress state in
the concrete liner is insufficient to cause compressive failure. However, there
are significant tensile stresses in the vertical direction because of the imposed
axial strain. For the case of the shaft in the center of the repository these
stresses appear to be sufficiently high for there to be a potential for develop-
ment of horizontal cracks in the liner.

5. CONCLUSIONS

Thermomechanical analyses of a repository consisting of a number of waste
emplacement panels were performed. From the preliminary analyses that are
discussed in section 3.3 it was concluded that three-dimensional effects were
relatively minor and it was therefore appropriate to analyze the state of stress
in the rock mass around a repository assuming two-dimensional plane strain condi-
tions and a simple configuration consisting of four long waste emplacement
panels. The results of the stress analyses were used to evaluate the potential
for nonlinear behavior of the rock mass and to determine boundary conditions for
stability calculations for ramps and shafts.
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Using simplified models of the repository and the rock mass constitutive
behavior, various potential modes of behavior on the repository scale as well as
of the access ramp and the shaft were examined. Potential behavior of the rock
mass comprised development of new fracture in intact material, either under
compressive or tensile stresses, and activation of joints and any other preexist-
ing planes of weakness. For the waste characteristics and material parameters
considered, it was determined that the potential for development of new fractures
in the rock mass is low. There is some potential for joint opening near the
ground surface above the repository and there could be large regions of potential
joint activation above waste panels if the initial horizontal stresses are low.
The extent of the joint opening and potential joint activation is associated with
a reduction in the horizontal stresses above the repository and is therefore very
sensitive to the initial stress state. It will also be influenced by the varia-
tions in the rock mass thermomechanical properties with depth, which was not
considered in this study.

More detailed analyses of rock mass around access ramps and shafts also
confirmed the conclusion that there is little potential for development of new
fractures within the rock mass. For ramp access, the results of the large-scale
calculations were used to determine the expected stress state in the rock mass,
along the path of the ramp. Those stresses were then used as boundary conditions
for analysis of the ramp section at several sample points along its path. The
results of the analyses indicated that the stresses around the perimeter of the
drift are generally compressive and considerably less than the compressive
strength of the rock, even where the drift passes relatively close to the waste
emplacement panels. Post-processing of the results of the stress analyses
revealed very little potential for local nonlinear behavior associated with slip
on the assumed set of vertical joints. Accordingly, it is concluded that a
moderate separation of the ramps from the nearest waste panel will ensure minimal
potential impact on excavation stability.

Analysis of the ramp drift at the point where it meets the repository
horizon indicated little cause for concern. However, it should be noted that any
ramp would be likely to turn before reaching a central shaft and the access drift
may then parallel the boundary of the waste emplacement panels. Stresses ex-
perienced at the access drift on the edge of a panel are discussed in another
report (St. John, 1987b).

For shaft access, two possible locations were examined using a similar
approach to that adopted for access ramps; the results of large-scale studies
were used to determine the boundary conditions for more detailed models. The
analyses indicated that more severe stress states would be experienced at a shaft
in a central pillar, but those stresses appear to be low in comparison to the
compressive strength of a typical concrete liner. However, in all cases it was
predicted that the lining would be subject to tensile stresses in the vertical
direction. These could be sufficiently large to initiate tensile cracks, but
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there is no evidence to suggest that such cracking would be detrimental to the
performance of a liner. However, the occurrence of thermally induced stresses
within the liner should be addressed during the design of the shafts of a
repository.

The results of the investigation have tended to reemphasize the importance
of the initial stress field in determining the response of the rock mass to the
thermal loading imposed upon it by a nuclear waste repository. In particular,
the assumption of a low initial horizontal stress leads to the prediction of
large regions of potential joint activation above the waste panels. However, it
should be observed that joint activation is not necessarily detrimental to the
repository performance, since neither joint slip nor joint opening can be con-
strued as mechanical failure of the repository.

-16-



6. REFERENCES

Brady, B.H.G., "HEFF. A Boundary-Element Code for Two-Dimensional
Thermoelastic Analysis of a Rock Mass Subject to Constant or Decaying Thermal
Loading," User'’s Guide and Manual, RHO-BWI-C-80. Prepared by the University of
Minnesota for Rockwell Hanford Operations, Richland, was, June, 1980.

Johnstone, J.K., R. R. Peters, and P.F. Gnirk, "Unit Evaluation at Yucca
Mountain, Nevada Test Site: Summary Report and Recommendations," SAND83-0372,
Sandia National Laboratories, Albuquerque, NM, 1984.

MacDougall, H. R. (Compiler), "Site Characterization Plan Conceptual
gesigg Repglg:ta:é" Draft SAND84-2641, Sandia National Laboratories, Albuquerque, NM,
ovember, .

Nimick, F. B., S. J. Bauer, and J. R. Tillerson, "Recommended Matrix and
Rock Mass Bulk, Mechanical, and Thermal Properties for Thermomechanical
Stratigraghz of Yucca Mountain," Version 1, Keystone Document Number 6310-85-1,
Division 6314, Sandia National Laboratories, Albugquerque, NM, 1984. Contained in
Appendix O of the SCP-CDR (SAND84-2641).

Shirley, C. G., "Keystone Memorandum 6310-83-1: Reference Waste
Emplacement Geometries," SLIR 83-1001 Sandia National Laboratories, Albuquerque,
NM, June, 1983a, Published as Appendix C to SAND84-1153, "Underground Facility
ﬁrea Requirements for a Radioactive Waste Repository at Yucca Mountain by A. J.

ansure,

Shirley, C. G., "Keystone memorandum 6310-83-2: Reference Commercial
Nuclear Waste Thermal Power and Energy Functions," SLTR 83-1002 Sandia National
Laboratories, Albuquerque, NM, August, 1983b.

St. John, C, M., "Investigative Study of the Stability of Underground
Excavations for_ a Nuclear Waste Repository in Tuff," SAND83-7451, Sandia National
Laboratories, Albuquerque, NM, July, 1987a.

St. John, C. M. , "Thermomechanical Analysis of Underground Excavations in
the Vacinity of a Nuclear Waste Isolation Panel" SAND84-7208, Sandia National
Laboratories, Albuquexrque, NM, June 1987b.

St. John, C. M. and M. Christianson, "STRES3D. A Comgmter Program for
Determining Temperatures, Stresses and Displacements around Single or Arrays of
Constant or Exponentially ﬁecaying Heat Sources," User'’s Guide and Manual, Report
RHO-BWI-C-78. Pr%pared by the University of Minnesota for Rockwell Hanford
Operations, Richland, was, September, 1980. .

St. John, C. M., and S. J. Mitchell, "Investigation of Excavation
Stability in a Finite Regository," SAND86-7011, Sandia National Laboratories,
Albuquerque, NM, May, 1987.

St. John, C. M. and D. E. Van Dillen, "An Investigation of the Failure
Resistance of Rockbolted Tunnels for Deep Missile Basing,” R-8227-5534.
Prepared for Defense Nuclear Agency by Agbabian Associates, El Segundo, CA,
September, 1983,

Wastiels, J. *Behavior of GConcrete Under Multiaxial Stresses - A
Review," Cement and Concrete Review, Vol. 9, pp. 35-44, 1970.

Zeuch-D. H. and M. J. Eatough "Draft Reference Information Base for the

Nevada Nuclear Waste Storage Investigations Project," Sandia National
Laboratories, Albuquerque, NM, April, 1986.

-17-



TABLE 1

STRESSES AT SELECTED LOCATIONS ALONG THE PATH OF AN ACCESS RAMP

(a) Points Above the Repository Horizon

Case Time (Yrs) x-Coordinate (m) g, (MPa) 05 (MPa)
10 140 1.697 5.948
1 50 160 6.371 7.035
100 200 8.983 8.238
10 140 6.338 6.088
2 50 160 10,990 7.174
100 200 13.558 7.376

(b) The Point Where the Ramp Enters a Central Shaft Pillar

Case Time x-Coordinate (m) o, (MPa) a§ (MPa)
10 -100 2.171 3.895
1 50 -100 5.475 3.339
100 -100 6.607 3.582
10 -100 7.073 4.042
2 50 -100 10.377 3.487
100 -100 11.508 3.730

*See Figure 1
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TABLE 2

STREgSES EXPERTENCED AT THE LOCATION OF A SHAFT EITHER IN A

00 m CENTRAL PILLAR OR 100 m FROM THE WASTE PANELS

Shaft Induced Induced Horizontal Stresses (MPa) Induced
Site Case Vertical In-Plane Out-of-Plane Vertical
Stress (MPa) (o )* (o,) Strain
(oy) (e )
y y
3
-4.318 3.851 0.379 -0.342 *10~
Inside _3
-4.318 3.851 0.379 -0.342 *10
.3
-2.118 2.144 0.241 -0.172 *10
Outside _s
-2.118 2.144 0.241 -0.172 *10

*The induced vertical stress and in-plane horizontal stress for the two-

dimensional repository model are illustrated in Figure 24
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TABLE 3

LINER STRESSES FOR A SHAFT LOCATED IN THE CENTER
OF A 200 m SHAFT PILIAR

Angle (8) relative to direction of in-plane

STRESS horizontal stress Oy
8=(0° 8=90°
Inner Fiber OQuter Fiber Inner Fiber Outer Fiber
Radial Stress (MPa) -0.00 0.20 0.0 1.79
Hoop Stress (MPa) -3.29 0.21 17.31 11.82
Axial Stress (MPa) -9.93 -9.38 -6.84 -7.40
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TABLE &

LINER STRESSES FOR A SHAFT LOCATED
100m BEYOND THE WASTE PANELS

Angle (8) relative to direction of in-plane

STRESS horizontal stress oy
©=0° 6=90°
Inner Fiber Outer Fiber Inner Fiber Outer Fiber
Radial Stress (MPa) 0.00 0.12 0.0 0.99
Hoop Stress (MPa) -1.72 0.19 . 9.57 6.55
Axial Stress (MPa) -5.00 -4.70 -3.31 -3.62
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Appendix A

Relationship of Data Used in this Analysis to RNWSI
Reference Information Base
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This preliminary design analysis was done to determine if significant
differences exist in the response of shafts and ramps to excavation and thermal-
induced stresses depending upon their location and the initial state of stress.
As such, it is the comparison of the relative response of shafts and ramps to the
changes in location and stress that is important rather than the absolute
response of either. Any concerns over the representativeness of the data used in
this report should effect the response of both shafts and ramps similarly and
therefore should not change the conclusions of this report.

This analysis was initiated before baseline project data was established
(Zeuch and Eatough, 1986); however, the data used was chosen because at the time
it was the best estimate of what would become reference information. The data
used are given in the table below, together with the reference data.

None of the data used by this report that is not already in the RIB is
candidate information for inclusion in the RIB and none of the results of this
work is candidate information for inclusion in the RIB. This report also does
not present any new data to be input into the DRMS.
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Table A-1:
Haterial Properties Data Used for This Analysis and RIB Data

RIB

TSw2 Property Value Section Data Used(1)
Thermal Conductivity 2.07 1.3.1.6.4 1.85 (2) W/m-deg. C
Heat Capacity 2.25 1.3.1.6.2 2.17 (2) Mi/cu. m
Density 2.34 1.3.1.5.2 2.093 (2) g/cu. cm
Poisson’s Ratio 0.20 1.3.1.7.2 0.20
Elastic Modulus 15.1 1.3.1.7.1 15.1 GPa
Coefficient Thermal -6

Expansion 10.7 1.3.1.6.1 10.7 107" /deg. C
Rock Matrix Cohesion 22.1 1.3.1.7.6 22.1 MPa
Matrix Friction Angle 29.2 1.3.1.7.5 29.2 deg.
Tensile Strength -9.0 1.3.1.7.4 -6.5 (3) MPa
Joint Cohesion 1.0 1.3.1.8.1 1.0 MPa
Joint Friction Angle 38.7 1.3.1.8.1 38.7 deg.
Joint Orientation --- v %)

Data, except as moted, from Nimick et al. (1984).
Value chosen as representative of overburden material not just Tsw2. This
was calculated using data from Nimick et al. (1984) by taking a weighted
average of properties of units in overburden.
Pre RIB value iIn initial draft of Nimick et al. (1984). Conclusions drawn
in this analysis are not affected by this value because there are no
regio?s ghere tension cracks would develop, even if this lower wvalue
ertained,
ertical joints (Johnstone, et al., 1984).
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APPENDIX B

RELATIONSHIP OF DATA USED IN THIS ANALYSIS TO SEPDB
AND RIB

No data contained in this report is candidate information for the
Site and Engineering Properties Data Base and/or the Reference Information
Base.
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