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ABSTRACT

This report presents the results of numerical analyses to esti-
mate the extent of rock mass modification resulting from the pre-
sence of a High Level Waste (HLW) repository. Changes in rock
mass considered are stresses and joint deformations resulting
from disposal room excavation and thermal effects induced by the
heat generated by nuclear waste. Rock properties and site condi-
tions are taken from the Site Characterization Plan Conceptual
Design Report (MacDougall et al., 1987) for the potential reposi-
tory site at Yucca Mountain, Nevada. Analyses were conducted
using boundary element and distinct element methods. Room-scale
models and repository-scale models were investigated for up to
500 years after waste emplacement. Results of room-scale analy-
ses based on the thermoelastic boundary element model indicate
that a zone of modified rock develops around the disposal rooms
for both vertical and horizontal waste emplacement. This zone is
estimated to extend a distance of roughly two room diameters from
the room surface. Results from the repository-scale model, which
are based on the thermoelastic boundary element model and the
distinct element model, indicate a zone with modified rock mass
properties starting approximately 100 m above and below the re-
pository, with a thickness of approximately 200 m above and 150 m
below the repository. Slip-prone subhorizontal features are
shown to have a substantial effect on rock mass response. The
estimates of rock mass modification reflect uncertainties and
simplifying assumptions in the models.
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1.0 INTRODUCTION
1.1 Underground Repository Concept

Current planning for isolation of commercial high-level nuclear
waste involves waste emplacement in a repository or Mined Geolo-
gic Disposal System at a site at Yucca Mountain, Nevada. The
site consists of a layered sequence of welded, non-welded and
bedded tuffs, for which the stratigraphy is shown in Fig. 1-1.
The unit nominated as the waste emplacement horizon is the welded
ash-flow portion of the Topopah Spring Member of the Paintbrush
Tuff. At this horizon, the rock mass is unsaturated, with the
water table 200 m to 400 m below the emplacement horizon
(MacDougall et al., 1987). 1In this medium, it is anticipated
that conventional practices for underground design and construc-
tion in hard-rock mining will provide stable underground excava-
tions.

Geomechanical conditions at the emplacement horizon are charac-
terized by a competent rock material, prominent vertical and sub-
vertical jointing, and faults which transgress the site environs.
These include the Bow Ridge, Paintbrush, Ghost Dance, Midway
Valley and Severe Wash faults. Detailed site investigation dur-
ing repository construction may reveal other faults and prominent
structural features. In geomechanical terms, the conditions de-
scribed for the repository domain are in no way exceptional rela-
tive to underground hard-rock mining experience.

The conceptual design for the repository resembles a room-and-
pillar mine in a shallow dipping orebody. A general isometric
view of the underground facilities is shown in Fig. 1-2, and a
detailed plan view of a repository panel is shown in Fig. 1-3.
Independently of whether canister emplacement holes are oriented
vertically or horizontally, by mining standards, the area extrac-
tion ratio over the repository horizon will be low, probably less
than 20 percent.

Construction of a repository and emplacement of heat-emitting
waste packages will result in modification of the natural state
of stress and mechanical integrity of the host rock mass in a lo-
calized zone around the rooms of the repository and around the
repository as a whole. A particular concern with such rock mass
modification is the prospective change in rock mass hydraulic
properties, and increase in permeability to fluid flow. Formal
definition and prediction of the extent of this zone are of con-
sequence because they convey general notions about the nature of
repository interaction with the host medium, and its capacity for
long-term containment of nuclear waste.



1.2 Rock Mass Modification By a Repository

An outline paper on rock mass response to repository construc-
tion, operation and waste containment (U.S. NRC, 1986) suggests
that four (4) factors should be considered in the estimation of
the extent of rock mass modification. These are:

(1) stress redistribution;

(2) construction and excavation;
(3) thermomechanical effects; and
(4) thermochemical effects.

With the exception of thermochemical effects, which are not con-
sidered in this report, it is worth reviewing the nature of host
rock mass response associated with these factors.

1.2.1 Stress Redistribution — When an excavation is constructed
in a rock mass, generation of the boundary surfaces reduces the
traction on them from that corresponding to the natural state of
stress to zero. Construction of the excavation is therefore me-
chanically equivalent to imposing, on the contour of the bound-
aries, distributions of traction equal in magnitude but opposite
in sense to those which existed in the pre-mining state. Intro-
duction of these excavation-induced tractions modifies the state
of stress in the host rock around the opening, and induces dis-
placements in the vicinity of the excavation. The magnitude and
extent of the change in the stress distribution are determined by
the initial state of stress, the size, shape and orientation of
the excavation, the site structural geology, and the rock mass
strength and deformation properties. Because identification of
the zone of modified rock mass properties requires taking into
account specific initial properties of the rock mass, definition
of a modified zone in terms of stress changes exclusively is not
feasible.

1.2.2 Construction-Induced Effects — A previous study (U.S.
NRC, 1986) suggested that mechanical and hydraulic property
changes resulting from construction of underground excavations
are confined to about a half-room diameter from the excavation
surface. From the numerical analyses reported here, it is not
possible to assess the amount of mechanical modification that may
result from repository construction. However, construction-
induced interactions with the surrounding rock are associated




with impact and vibration of excavation machinery and the uncon-
trolled dynamic effects of blasting. Tunnel boring machines, me-
chanical miners, and controlled/smooth-wall blasting techniques
are among the excavation methods available to restrict modifica-
tion of the rock adjacent to an excavation. In general, smooth-
wall blasting will result in more pronounced changes than the
other two methods. Blasting will produce a blast-induced frac-
tured zone {(i.e., frequent randomly-oriented new fractures of the
intact rock) immediately adjacent to the excavation with some
fractures emanating radially some distance beyond the zone. 1In
addition, relative shear displacement and separation may occur
along any natural joints or discontinuities in the proximity of
the excavation, resulting in a zone of loosened rock.

Field investigations confirm these general notions of rock mass
modification due to construction activities. Obert and Duvall
(1967) report core drilling, stress determinations, and seismic
tests made in the walls of underground openings that indicate
fractures and loosened joints are present to a depth ranging from
1 to 2 meters from the face of the excavation. Observations from
the Stripa mine in Sweden (Kelsall et al., 1982) showed that
blast-induced fractures extended to a depth of 0.1 to 1 m from
the face of the opening, with an average depth of 0.3 m. 1In a
summary of work performed by the USBM, Hocking and St.John (1979)
propose a general conclusion that the blast-fractured zone should
extend only 5 to 10 charge diameters for low energy explosives
such as used in smooth-wall blasting, resulting in a blast frac-
tured zone of about 0.35 m around the opening. While the extent
of mechanical modification of the host rock due to construction
of the underground opening depends on the quality of the rock as
well as the excavation method, it can be expected that such ef-
fects will be contained within a distance of roughly one-half a
room diameter from the face of the excavation for the size of
openings considered in a HLW repository.

1.2.3 Thermomechanical Effects — Thermally-induced stresses in
rock can produce new cracks, and also can result in the opening
and closing of existing joints. 1In cases where fluid flow in
fractures is a significant part of the overall flow, new or
newly-opened fractures may increase flow significantly. On the
other hand, where matrix flow predominates, the effect of frac-
ture closure may be to increase the matrix flow. Matrix flow can
be a significant proportion of the flow if the medium is unsatur-
ated, which may be the case for the tuffs at Yucca Mountain. In-
creased rock permeability may occur close to the heat sources,
due to thermal cracking, but this may be compensated for by in-
creased compressive stresses from rock thermal expansion and sub-
sequent joint aperture closure.




Another potential thermomechanical effect is a reduction in the
horizontal compressive stress in regions of the host rock some
distance above and below the repository horizon. This would be a
transient phenomenon caused by differential thermal expansion of
the rock, and would be expected to decrease with time. However,
for any sub-vertical joints or discontinuities in these regions,
a reduction in the horizontal compressive stress will permit
opening of joints (i.e., an increase in the fracture permeabil-
ity) . The vertical stresses are not expected to be significantly
influenced by thermomechanical effects. Therefore, in the same
region, fracture permeability along horizontal joints is not ex-
pected to change substantially. However, deformation of horizon-
tal joints may affect the response of vertical joints, so both
vertical and horizontal joints are considered in Section 3.

1.3 Discussion of Prior DOE Analysis

A notion called "the disturbed zone" has been the subject of pre-
vious study by the Department of Energy, as reported by Langkopf
(1987). In the report, the disturbed zone is assumed to be that
region in which an order-of-magnitude permeability change (or
equivalently, a factor-of-two porosity change) occurs. Analyses
conducted previously were reviewed to determine the extent of
this region. Langkopf (1987) reviewed the analyses based on the
following premises.

1. The disturbed zone boundary is the starting point
from which pre-waste-emplacement groundwater travel
times are to be computed.

2. Only changes based on "expected" conditions are
used to establish the disturbed zone boundary.

3. Only repository-induced changes in permeability and
porosity are used to define the disturbed zone.

4. The disturbed zone boundary is assumed not to be
time-dependent, but to be fixed at the furthest ex-
tent to which changes are experienced over all
time.

5. The disturbed zone is defined as a planar surface
below the repository, because groundwater flow in
the unsaturated zone is essentially vertically
downwards.



Taking account of these concepts, Langkopf summarized results of
computer analyses and laboratory experiments and suggested a lo-
cation of the disturbed zone boundary for the repository site at
Yucca Mountain. The report concludes that "... there is no evi-
dence of changes in intrinsic hydrologic properties that could
significantly change the groundwater travel time from the reposi-
tory to the water table" and, for this reason, suggests that the
nominal boundary of the disturbed zone be located 10 m below the
lower boundary of the waste packages.

Considering the premises proposed by Langkopf, the first four
seem reasonable and consistent with the intent of the regula-
tions. The fifth, however, requires further consideration.
Langkopf (1987) states that some studies have indicated the
possibility of lateral flow. In addition, it is possible that
effects such as thermally-induced buoyancy and thermochemical
sealing of possible flowpaths may induce either lateral or upward
flow. In Chapter 4 of Langkopf’s report, a summary of the ex-
pected conditions at the site is included, reporting matrix con-
ductivities and porosities for the hydrogeologic units underlying
the site, including a reference to mean saturation data reported
by Montazer and Wilson (1984). In the Topopah Spring welded tuff
unit (i.e., the repository horizon), the mean saturation level
reported is 65%, with a standard deviation of 19% (Montazer and
Wilson, 1984). Most of the fractures in the Topopah Spring unit
are reported to be near-vertical, with as many as 42 fractures
per cubic meter (Scott et al., 1983). Fracture porosity has been
estimated from 0.018% to 0.28% for the Topopah Spring unit
(Sinnock et al., 1984; Peters et al., 1986). Langkopf (1987)
also includes a discussion of the expected flow mechanisms at the
Yucca Mountain site. It is thought that the transients caused by
surface precipitation are damped out by the time the Topopah
Spring unit is reached (Wang and Narasimhan, 1986).

The capillary-bundle theory for unsaturated flow has been used to
describe water movement in the unsaturated zone. This theory is
based on the fact that the surface tension in the small-diameter
pores causes water to move into the matrix rather than the frac-
tures. Under this theory, the fractures actually offer resis-
tance to flow rather than preferential pathways and, therefore,
fracture closing increases rock mass flow. Although this may be
counter-intuitive, it is an observed and accepted phenomenon in
soils (Baver et al., 1972), and is caused by the same surface
forces that cause capillary rise. Under saturated conditions,
the reverse applies, and fracture opening increases flow.
Langkopf (1987) qualifies the assumption of unsaturated flow as
follows.



1. Perched water could accumulate, causing fracture
flow.

2. Inhomogeneity and variations in groundwater flux
could cause fracture flow.

3. Pockets of air trapped in small pores could cause
flow to move to larger pores or fractures.

4. Periodic high-infiltration events at the surface
could change the flow mechanism.

The ambient stresses and temperatures at the site are also esti-
mated, based on results of hydrofracturing tests and borehole
measurements, respectively.

Analyses concerned with hydrologic property changes that could
result from repository heat output and excavation are also re-
viewed by Langkopf (1987). The results of several such analyses
are reported, which indicate that joint movement is limited to
the rock within 2 or 3 m of the walls of the underground open-
ings. Analyses by Labreche (1986), which report vertical joint
closure by a factor of 2 within a 60 m radius of the borehole for
horizontal emplacement are also mentioned.

For saturated intact tuff samples, Langkopf (1987) reports that
the permeability is insensitive to changes in temperature, but
the permeabilities of fractured samples can exhibit a variation
depending on conditions, including the effective stress.
Zimmerman et al. (1986) have concluded that fracture permeability
is not very sensitive to either stress or temperature changes.
The apparent inconsistency between these results may be caused by
the fact that the degree of saturation may have an effect on the
permeability.

For example, if fracture flow is controlling the rate, changes in
fracture aperture will have a large effect but, if matrix flow is
rate~controlling, fracture aperture may not have a noticeable ef-
fect on the overall permeability. Because the proposed reposi-
tory will be located in the unsaturated zone, it would be helpful
if permeabilities were available from unsaturated tests.

As noted above, the principal conclusion from the study by
Langkopf (1987) is that the extent of the disturbed zone is very
small, and suggests that, conservatively, its boundary may be lo-
cated at an elevation 10 m below the waste packages.



1.4 Purpose and Scope of the Current Work

The purpose of this work was to obtain an estimate of the size of
the zone of rock mass modification around a HLW repository for
conditions similar to those expected at the proposed Yucca
Mountain site. The performance of rock in this zone may then be
related to those in the disturbed zone considered by Langkopf
(1987). The estimate has been based on the results of numerical
simulation of the performance of the host rock mass under repos-
itory operating conditions, taking account of pseudo-static
loading in the rock mass due to the field stresses and the therm-
omechanical loading. Thus, consideration of change in rock mass
properties due to any dynamic effects at the site has been spe-
cifically excluded from this study. The analysis has been con-
ducted by determining changes in the state of stress in the
repository host rock due to excavation of openings and thermal
loading, and evaluating the effect of these changes on the in-
trinsic hydraulic properties of the rock, specifically fracture
permeability as a result of joint slip or joint opening. The
work has considered only two of the four effects identified pre-
viously—i.e., stress redistribution in the rock as a result of
excavating the repository rooms and thermomechanical effects in
the rock as a result of heat generating waste stored in the re-
pository. These effects have been considered for a time period
of up to 500 years after waste emplacement. Construction-induced
effects and thermochemical effects have not been included in this
study. However, construction-induced effects may be considered
independently. They have been discussed in Section 1.3.2, based
on work by several investigators (Obert and Duvall, 1967; Kelsall
et al., 1982; Hocking and St.John, 1979).

The groundwater flow mechanism in the Topopah Spring unit at
Yucca Mountain is uncertain. It is generally assumed that unsat-
urated conditions prevail at the repository site, which would
suggest that the flow of groundwater would occur predominately
through the matrix. However, the data is not sufficient to ex-
clude the prospect of regions of very high levels of saturation
where fracture flow may occur.

It is noted that in the current analyses, factors that influence
groundwater flow through vertical fractures are the primary con-
sideration. 2Zones are identified in the host rock where changes
in the fracture permeability may significantly enhance or retard
the groundwater flow. Slip on vertical fractures, or opening of
vertical fractures by a factor of two are considered significant
with respect to the determination of the zone of modified rock
mass mechanical and hydraulic properties. The role of continuous



subhorizontal planes of weakness, such as bedding planes between
the members of the sedimentary sequence, is examined with respect
to their influence on separation and slip on the vertical joints.

In assessing the results of the analysis, it is important to not
that the results reflect the assumptions and idealizations incor-
porated in the models, and the degree of certainty with which es-
sential model input parameters are known. For example, because
of uncertainty about the in-situ state of stress, it is necessary
to perform analyses for a range of assumed in-situ states of
stress.
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2.0 CONCEPTUAL AND NUMERICAL MODELS OF ROCK MASS PERFORMANCE
2.1 Flow Mechanism

There are two possible flowpaths for groundwater in fractured,
porous rock. These are fractures, either of geologic origin or
caused by the repository, and the rock matrix. Depending on the
level of saturation and water flux, flow will be greater in one
or the other of these. Peters and Klavetter (1988) describe a
model of water movement in unsaturated, fractured rock. The
major features of their model are:

(1) the fracture conductivity for flow across the frac-
tures is sufficiently high that flow is controlled
by the adjacent matrix permeability;

(2) the average fracture conductivity for water move-
ment in the plane of the fracture is highly depen-
dent on fracture saturation or pressure head; and

(3) if the vertical flux is less than the saturated
conductivity of the matrix, water will tend to flow
mainly in the matrix.

If the flux is greater than the matrix conductivity, the matrix
will saturate, and the fractures will transport water. As a cor-
ollary to this, if the fractures are predominantly in one direc-
tion (as they are at the Yucca Mountain site), the rock mass con-
ductivity will become anisotropic as greater levels of saturation
are reached. Figures 2-1 and 2-2, due to Peters and Klavetter
(1988), show the relation between hydraulic conductivity, satura-
tion level, and pressure head. Under conditions of saturated
flow, the fractures control the flow rate while, under unsatur-
ated conditions, matrix flow becomes the controlling mode of
water movement. Thus, an analysis to identify a zone of modified
rock mass hydraulic properties must take account of the different
modes of groundwater movement under the different possible condi-
tions of saturation in the rock mass.

2.2 Separation on Fractures

The primary factor controlling the opening and closing of frac-
tures in rock is the magnitude of the normal stress acting on the
fracture. For interlocked fractures the following expression,
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due to Bandis et al. (1983), may be used to relate fracture aper-
ture in terms of the normal stress (Bandis et al., 1983):

Avy = (a op) /(1 + b Op) (1)
where AVj = joint aperture change,
Opn = normal stress on the joint, and
a,b = joint characteristic parameters.

The Site Characterization Plan Conceptual Design Report (SCPCDR)
for Yucca Mountain (MacDougall et al., 1987) reports the recom-
mended value of the average unstressed fracture aperture in the
Topopah Spring as 18 micrometers, and the half-closure stress as
1.1 MPa. Substituting these values into Eq. (1) provides the
following values for the joint closure parameters:

0.016 mm MPa~l, and

a

b = 0.909 MPa~1,

Thus, from the initial normal stress (i.e., that corresponding to
the assumed in-situ stress state in the rock) and the predicted
final state of normal stress on a fracture, the initial and final
joint apertures, and hence the aperture ratio, can be calculated.
It can be shown (Snow, 1968) that fracture permeability can be
related to fracture aperture through a cubic relation of the form
k = N e3/12 (2)

where e is the effective aperture, and

N is the number of fractures per unit distance.
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Thus, a factor-of-two change in aperture causes approximately one
order of magnitude change in permeability. The expression in Eq.
(1) relating joint normal stress and normal deformation has been
used in this work to estimate joint apertures and aperture ratios
under different states of normal stress. An aperture ratio of
less than 0.5 or more than 2 has been chosen to indicate a sig-
nificant change in permeability.

2.3 Slip on Fractures

The capacity of a structural feature to resist slip and maintain
the undisturbed state of the rock mass is determined by the shear
strength of the joint. The shear strength is related to the
normal stress acting on the feature. One of the most common ex-
pressions used to relate shear strength and normal stress is the
Mohr-Coulomb criterion which is stated as:

T =C + Oy tan ¢ (3)
where T = joint shear strength,
On = normal stress on feature,

¢ = joint cohesion, and

¢

joint friction angle.

The Mohr-Coulomb criterion has been used in this work to indicate
zones of possible joint slip. For the Topopah spring welded
unit, the cohesion is taken as 0.1 MPa, and the angle of friction
as 28° (MacDougall et al., 1987, Chapter 2).

When the interfaces between the welded tuff and adjacent members
of the sequence have been represented, friction angles of 28° and
10° have been used, with no cohesion. A 10° friction angle rep-
resents the shear strength of a clay-filled feature at a state of
residual strength, while 28° corresponds to that for the rough
vertical joints. Although 10° is probably a very low value, it
serves to illustrate the effect of possible slip on horizontal
features.

The effect of slip on fracture flow is not easily quantified.
For rough joints in a pre-peak strength condition, slip is accom-
panied by dilation (Goodman, 1976). The effect of slip on joint
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permeability is rather complex. Comprehensive analysis requires
the application of a joint deformation model similar to that de-
scribed by Barton et al. (1985). However, such models are not
necessarily well-behaved in the numerical schemes in which they
are implemented. 1In this study, it has been assumed that all
slip causes dilation, and this leads to some increase in permea-
bility. Therefore, zones of potential slip are indicated, but
the effect on groundwater flow has not been quantified.

2.4 Numerical Models

There are several different numerical models which provide the
capacity to analyze changes in the state of stress in the rock in
the vicinity of a repository and which therefore can be used to
estimate the extent of the disturbed zone. The codes used in
this work are the thermoelastic boundary element code HEFF [Brady
(1980), (1988)]), which can efficiently predict the thermomechani-
cal behavior of the rock, and the distinct element code UDEC
(Itasca, 1989), which allows joints to be incorporated explicitly
into the model.

Although a thermoelastic code like HEFF does not simulate inelas-
tic rock behavior, a first-order, engineering estimate of the ex-
tent of such behavior can be inferred by applying appropriate
criteria to the stress distribution determined in the elastic an-
alysis. For example, the domain in which joint slip is possible
may be estimated from the calculated thermoelastic stress distri-
bution and the Mohr-Coulomb criterion for joint slip described by
Eq. (3). This procedure is justified and illustrated by Bray
(1987). It should not be confused with an elasto-plastic analy-
sis, where provision is made for stress redistribution to occur.
However, it is an accepted engineering practice which can be used
to identify regions of prospective inelastic rock behavior. By
analogy, it may be applied, in conjunction with the joint closure
criterion defined by Eq. (1), to map regions around a repository
where significant changes in joint aperture are possible. This
approach corresponds, in effect, to taking a single joint, plac-
ing it at different locations in the model, and examining the ef-
fect of the predicted stress field on the joint. The expression
in Eq. (1) for change in aperture is not applicable for tensile
stresses. To overcome this problem in the current work, if re-
gions of tensile stresses are predicted, a joint aperture in-
crease by a factor of two is indicated.
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The distinct element code UDEC (Itasca, 1989) is well suited, in
principle, for investigation of the thermomechanical performance
of joints in a rock mass. The analytical scheme provides for the
explicit evaluation of both the normal and shear deformation of
joints, and permits analysis of the kinematics of block motion in
a block-jointed rock mass, accounting for potential sliding and
rotation of individual blocks. In such an analysis, a critical
input is the assumed model for joint deformation and strength,
and the set of parameters which describe the site-specific joint
properties incorporated in the joint model. For example, the
linear deformation, Coulombic friction model illustrated in Fig.
2-3 is the simplest formal description of joint deformation and
strength. It is a 6-parameter model. Unless these parameters
are determined in appropriate tests, the reliability of the cal-
culations of rock mass response may not be any better than that
determined from the simple continuum analysis.

Through an extended time, the heat output from the repository
will affect an extensive region of the host rock. It is there-
fore necessary to investigate the host rock beyond that included
in a room-scale model. This can be accomplished by analyzing ef-
fects on a repository scale. In this work, HEFF has been used
for room-scale and repository-scale analyses, while UDEC has been
used only for a repository-scale analysis. The conceptual room-
and repository-scale models used with HEFF are illustrated in
Figs. 2-4 and 2-5, while Fig. 2-6 shows the conceptual reposi-
tory-scale model used with UDEC. It is noted that room-scale
models for both horizontal and vertical waste emplacement were
investigated using HEFF. However, in Fig. 2-4, only the vertical
waste emplacement concept is shown. The room geometries and
waste lay-out reflect those given in the SCPCDR (MacDougall et
al., 1987).

In the HEFF models, the rock is considered to be homogeneous and
isotropic with rock mass properties corresponding to those of
tuff from the Topopah Spring unit. In the UDEC model, explicit
vertical joints are included. The rock mass between joints is
considered homogeneous and isotropic, with properties of tuff
from the Topopah Spring unit. The models do not account for the
stratigraphy at the Yucca Mountain site in detail but, in some
cases, features above and below the repository horizon are mod-
eled explicitly, as shown in Fig. 2-7.
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2.5 The Boundary Element Code HEFF

HEFF is a two-dimensional thermoelastic boundary element program
for the analysis of homogeneous, isotropic, linear elastic rock
masses. Boundary element methods have the advantage that only
the surface of excavations must be discretized, rather than the
entire problem domain, as is required by methods such as finite
elements, finite differences, and distinct elements. The HEFF
formulation includes the effects of heat sources embedded in the
rock mass. Each waste container is represented as a series of
decaying heat sources. The assumption in the analysis is that
heat losses to the ventilation air stream are insignificant in
comparison with heat transfer by conduction to the rock mass in-
terior. This permits calculation of temperature and the associa-
ted thermal stresses from the analytical solutions for a series
of point heat sources in an infinite medium. Superposition of
temperature and induced stress from the various sources is possi-
ble due to the linear constitutive behavior of the rock mass.

The boundary element solution procedure imposes a zero traction
boundary condition at the excavation surfaces. The solution is
thus equivalent to assuming that the excavation is filled with a
material with the thermal properties of rock, but the mechanical
properties of air. 1In spite of this simplifying assumption, it
is proposed that HEFF is suitable for the room- and repository-
scale analyses described in this report. Although the tempera-
ture field very close to the rooms is affected, to some extent,
by the assumption of equivalent thermal properties of rock and
air, the effects are not sufficient to cause substantial differ-
ences in the thermomechanical predictions, and will attenuate
some distance from the excavation.

From the elastic analysis, changes in joint normal and shear
stress can be calculated for a plane oriented in the same direc-
tion as the joint by a simple two-dimensional stress transforma-
tion. This permits joint apertures to be calculated using Eq.

(1) and factors of safety against joint slip by applying the
Mohr~-Coulomb criterion of Eq. (3). Careful evaluation of the re-
sults is important when using these post-processing techniques in
order not to misinterpret the effects indicated. For example,
the zone of slip indicated by the elastic analysis may underes-
timate the zone obtained when stress re-distribution is taken
into account in a non-linear analysis.
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2.6 The Distinct Element Code UDEC

UDEC is a two-dimensional distinct element code. Three basic
features of distinct element methods make them suitable for
modeling discontinua:

(1) the rock mass is modeled as an assembly of inter-
acting blocks;

(2) the block boundaries are treated as discontinui-
ties, and joint behavior can be described for them;

(3) an explicit timestepping algorithm allows large
displacements, rotations and non-linear constitu-
tive behavior to be modeled.

These features all distinguish UDEC from HEFF, in which the rock
mass is treated as an elastic continuum, and joint behavior is
estimated only from the resulting elastic stress state. UDEC is
thus suited to the analysis of problems in which joint behavior,
both normal to the joints and in shear, is likely to dominate the
overall rock response. Of course, the existence of joints in a
rock mass does not imply that the medium necessarily exhibits the
discontinuum behavior requiring analysis with distinct elements.
In this work, UDEC has been used to predict the thermomechanical
response of the rock on a repository scale, where a limited num-
ber of discontinuities may express the discontinuous nature of
the rock mass.
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Fig. 2-3 Coulombic Friction, Linear Deformation Model for a
Joint: (a) normal deformation; (b) shear deforma-
tion; (c) shear strength (Crotty and Wardle, 1985}
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Repository-scale Conceptual Model, Vertical Emplacement
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3.0 ANALYSIS
3.1 Reference Conditions

The potential repository at Yucca Mountain is to be developed in
the "non-lithophysal" Topopah Spring member, on a plane dipping
at about 6° to the East, at an average depth of about 300 m. The
material property values used for the analyses are taken from the
recommended and design values for the Topopah Spring member
listed in the SCPCDR (MacDougall et al., 1987, Chapter 2). Table
3-1 summarizes the properties used. The initial power of a Spent
Fuel (SF) container at the time of emplacement may range from 2.3
kW to 3.4 kW (O’Brian, 1985). 1In this work, the initial power is
set conservatively to 3.2 kW. The initial power of the Defense-
High-Level-Waste (DHLW) container is chosen as 0.42 kW after
Peters (1983). The thermal decay characteristics of SF and DHLW
are given by Peters (1983) for waste ten years out of the re-
actor:

Spent Fuel P(t) = 0.54 exp(1ln(0.5)t/89.3) +
0.44 exp(ln(0.5)t/12.8)
DHLW P(t) = 0.86 exp(1ln(0.5)t/34.2) +

0.14 exp(ln(0.5)t/15.2)

where P(t) = normalized power, and

t

time in years.

The normalized power as a function of time, as described from the
above equations as well as that given by Mansure (1985) for SF
are shown in Fig. 3-1. It can be seen that the two approxima-
tions for SF are very similar.

The room geometries for vertical and horizontal emplacement of
waste canisters shown in Figs. 3-2 and 3-3, respectively, were
obtained from the SCPCDR (MacDougall et al., 1987). The initial
thermal loading can be inferred from these figures, by consider-
ing the geometrical layout of the containers and the source char-
acteristics. It is worth noting that the thermal loading from
these sources is closer to 80 kW/acre rather than the 57 kW/acre
figure quoted in several sources (e.g., Langkopf, 1987).
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Table 3-1

ROCK MATERIAL AND JOINT PROPERTIES

[MacDougall et al., 1987]

PROPERTY
Density (kg/m3)
Deformation Modulus (GPa)
Poisson’s Ratio
Cohesion (MPa)
Friction Angle (degrees)
Normal Stiffness (1) (MPa/m)
Shear Stiffness (2) (MPa/m)
Thermal Conductivity (W/mK)
Specific Heat Capacity (J/kgK)
Coefficient of Thermal

Expansion (10~6k-1)

(1) assumed value

{(2) value within range given in SCPCDR, Chapter 2

ROCK MATERIALS

2340
15.1
0.2

2.07
961.5
10.7

JOINTS

0.1

28
3.5x109
3.5x105
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Fracture dip angles between 70° and 90° were considered in the
study, as most fractures at the site are reported in this range
(MacDougall et al., 1987, Chapter 2). Results of initial analy-
ses showed, however, that there was very little difference in re-
sponse between joints of different dips within this range. There-
fore, all the results reported here are for joints dipping at 90°
(i.e., vertical joints).

The initial states of stress considered in the analysis were (a)
Oxx = 1.5 MPa, Oyy = 5 MPa; and (b) Oyxx = 3 MPa, Oyy = 5 MPa. 1In
each case, the vertical and horizontal directions were taken to
be principal stress directions.

3.2 Room-Scale Analysis

Room-scale analysis was conducted with the code HEFF to investi-
gate the effects of vertical and horizontal waste emplacement and
initial stress conditions on joint apertures and potential joint
slip. Since HEFF is a code for two-dimensional analysis, the
vertical section considered is assumed to be constructed through
the repository center.

In the performance of the analysis, it is neither possible nor
necessary to model every disposal room and every heat source
(i.e., every waste container). Based on the concept of a zone of
influence, it can be determined that the significant effects of
an excavation on a rock mass are confined within three to five
excavation diameters. For example, the stress change around a
circular hole in an elastic medium has a magnitude inversely pro-
portional to the square of the number of diameters from the hole
(e.g. Brady and Brown, 1985, Chapter 7). For a 5 m diameter room
in a hydrostatic stress field, for example, the stress change
from excavation is reduced to 5 percent of the initial value less
than 10 m from the wall. For the repository designs currently
under consideration, the rooms for vertical emplacement are lo-
cated about 35 m apart, and the rooms for horizontal emplacement
more than 200 m apart. At these distances, it can be assumed
that adjacent rooms do not influence each other mechanically.

To demonstrate mechanical isolation of rooms in the HEFF analy-
sis, two rooms were modeled for the horizontal emplacement con-
cept and three rooms for the vertical concept. The effect of
heat transfer was modeled to a distance of about 1000 m on either
side of the disposal rooms—i.e., heat-generating waste within a
radius of about 1000 m was represented. This corresponds to mod-
eling almost the entire repository. A two-dimensional approxima-
tion to the waste packages for vertical emplacement was made, as
they are effectively infinite out-of-plane line sources in a two-
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dimensional model. The spacing between boreholes and known ini-
tial container power for DHLW and Spent Fuel (SF) were averaged
to obtain the overall thermal loading. The overall decay curve
was taken as a suitably weighted average of the DHLW and SF
thermal decay curves. The disposal rooms were each modeled by 30
boundary elements. As noted previously, the two criteria used in
these analyses to estimate the disturbed zone are aperture
changes (resulting from a change in normal stress on the joints)
and potential joint slip (resulting from excessive shear stresses
along the joints).

In the room-scale analysis, the joint constitutive model given by
Eq. (1) was used to estimate joint aperture behavior, and the
Mohr-Coulomb criterion given in Eq. (3) was used to estimate
joint slip. Figures 3-4 and 3-5 illustrate the modification of
the originally uniform state of stress in the medium resulting
from excavation of the disposal room for horizontal emplacement.
The regions shown in these figures represent a change of more
than 10 percent in the principal stress relative to the initial
conditions (Oyx/OGyy = 1.5/5). Figure 3-6 shows the contour
within which joini™ apertures are predicted to decrease by more
than a factor of two as a result of excavation. Only a small re-
gion in the floor of the disposal room experiences this change.
There are no regions predicted where joints open by a factor of
two as a result of excavation. When applying the Mohr-Coulomb
criterion and the recommended joint strength parameters listed in
Table 3-1 to the state of stress after excavation, the predicted
region of joint slip is indicated in Fig. 3-7. The region of po-
tential slip of vertical joints is contained within about two
room diameters from the excavation surface. Results for the ver-
tical waste emplacement room are similar.

Contours of predicted temperatures around the disposal rooms af-
ter 100 years are shown in Figs. 3-8 and 3-9, for horizontal and
vertical waste emplacement, respectively. It is noted that the
horizontally emplaced waste is not shown in Fig. 3-8, as it is
located outside the scale of the figure. 1In both cases, the rock
temperatures have increased appreciably around the disposal
rooms, with a maximum temperature of about 160°C in the vicinity
of the vertically emplaced waste. This suggests that potential
boiling of the pore water could take place in a large region of
the host rock. However, this phenomenon is not considered in
these analyses. The effects of elevated rock temperatures on the
aperture of vertical joints are shown in Figs. 3-10 and 3-11 for
an elapsed time of 100 years after waste emplacement. Except for
some smaller regions adjacent to the walls, vertical joints are
predicted to close by a factor of two all around the disposal
rooms. There are no regions predicted where joints open by a
factor of two.
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Regions in which the factor of safety against slip on vertical
joints is predicted to be less than unity after 25 and 100 years
are shown in Figs. 3-12 and 3-13 for horizontal and vertical em-
placement, respectively. There is very little change predicted
with increasing time, and very little difference between the dis-
posal rooms for vertical and horizontal emplacement. Changing
the initial horizontal stress from 1.5 to 3 MPa (i.e., Oyx/Gy, =
3/5) has no effect on the predicted joint slip as shown in Figure
3-14 for both the horizontal and vertical emplacement rooms.

3.3 Repository-Scale Analysis Using HEFF

In order to evaluate the potential for aperture changes and joint
slip at greater distances from the disposal rooms, HEFF has been
used to model rock mass response on a repository scale. The heat
source approximations used for this model are the same as those
for the room-scale model. Because the thermomechanical effects
for vertical and horizontal waste emplacement are similar on a
repository scale, only results from vertical emplacement are il-
lustrated. The conceptual repository-scale model for HEFF is il-
lustrated in Fig. 2-5. In this model, an in-situ stress gradient
is applied, with both the horizontal and vertical stress at the
ground surface being zero, and increasing linearly to specified
values at the repository center.

Figures 3-15 to 3-19 illustrate predicted regions of a potential
factor-of-two aperture change for an initial stress state Oyyx/Oyy
= 1.5/5 at the repository horizon. The results show that a re-
gion around the repository of aperture closure by a factor of two
increases throughout the time period analyzed (i.e., 0 to 500
years), while a region, above and below the repository, of aper-
ture opening by a factor of two increases for about the first 100
years and decreases for subsequent elapsed times. However, a
substantial region of joint opening by a factor of two remains
even after 250 years. After 500 years the region has virtually
disappeared. Because of the initial stress gradient (i.e., the
assumed in-situ stress), the predicted region of joint aperture
increase by a factor of two is more pronounced above the reposi-
tory than below. It is important to bear in mind, however, that,
near the surface, the assumed stress condition is probably not a
good representation of in-situ stresses.

The effect of changing the initial horizontal stress from 1.5 to 3
MPa (i.e., Oxx/Oyy = 3/5) is shown in Figures 3-20 to 3-22. Qual-
itatively the results are similar. However, the effects are less
pronounced when a higher initial horizontal stress is used. Since
Oxx is the normal stress on the 90° joints, a smaller initial
value of Oy, will produce a larger response with the same absolute
stress change, since it implies a greater relative stress change.
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After applying the Mohr-Coulomb criterion defined in Eqg. (3) to
the stress field predicted in the repository-scale model, the re-
sults show that slip may be induced along vertical joints above
and below the repository. The location and size of the regions of
predicted slip follow closely the location and the size of the
predicted regions of joint aperture opening. This can be expected
since the joint shear strength decreases with decreasing normal
stress. The magnitudes of the shear deformations (i.e., the slip)
are not determined in the HEFF analyses. However, to affect the
aperture, slip need occur only by infinitesimal adjustments suffi-
cient to accommodate the thermal deformations resulting from the
heat generating waste. The development of the regions of joint
slip for the time period analyzed (i.e., 0 to 500 years) is shown
in Figs. 3-23 to 3-27. The somewhat irregular shapes of the pre-
dicted regions should be disregarded, as this is caused by the
resolution of the contouring algorithm. The important information
that is conveyed is the general location and size of the regions.
Although the majority of joint slip is predicted to occur above
the repository, substantial regions are also shown to be induced
below the repository throughout a period of about 250 years.

The effect of increasing the initial horizontal stress from 1.5 to
3 MPa at the repository horizon (i.e., Oyxx/Oyy = 3/5) is shown in
Figs. 3-28 to 3-30. As would be expected, the higher horizontal
stress has the effect of decreasing the regions of predicted joint
slip, in particular below the repository. Above the repository,
even with the higher horizontal stress, a substantial region of
slip is still present after 100 years of waste isolation. Again,
however, it is important to remember that the state of stress near
the irregular ground surface is likely to be anomalous.

It is important to note that dissipation of strain energy in the
form of joint slip is not incorporated in these analyses. Occur-
rence of joint slip could be expected to affect both the size of
the regions of joint slip predicted in these analyses and the re-
gions of joint closure or opening. In addition, an isotropic de-
formation modulus is used, while the actual site indicates rock
with moderately frequent joints which are predominantly vertical,
which implies orthotropic deformation behavior. This could also be
expected to affect the range of joint slip and joint opening or
closure predicted in these analyses.

The results of particular interest are the predicted development
of aperture increases and joint slip at distances above and below
the repository relatively soon after initial waste emplacement,
and their persistence through approximately 250 years of waste
isolation. These results, which are thermomechanical effects,
signal a potential for an increase in the fracture permeability in
large regions at the site. If joint opening from the reduction in
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normal stress is associated with joint slip, as indicated, the
fracture permeability may be permanently increased.

3.4 Repository-Scale Analysis Using UDEC

The purpose of using UDEC in this work is: (a) to investigate the
explicit behavior of vertical joints for thermomechanical effects;
(b) to investigate the effect of structural features parallel to
the repository, such as interfaces between geologic units; (c) to
study the response of structural features, such as the Ghost Dance .
Fault, which are sub-perpendicular to the repository horizon; and
(d) to compare rock mass response with that inferred from the HEFF
analyses for a repository-scale model.

Simplifications of site conditions were made in constructing the
UDEC model because it would be impractical to include vertical
joints in the model with the frequency suggested in the SCPCDR
(MacDougall et al., 1987). Therefore, explicit vertical joints
were placed at an interval of 100 m above and below the reposi-
tory, and at an interval of 200 m beyond the edge of the reposi-
tory, with rock mass properties assigned to the rock between the
joints. This allows a reasonable evaluation of the effects of
joints for a practical amount of computational effort. In addi-
tion, a linear joint deformation model is used. This deformation
model is described in Fig. 3-31. Although joint deformation mod-
els have been shown to be nonlinear (e.g., Bandis et al., 1983), a
linear approximation is believed to be sufficient for the purpose
of investigating the general joint behavior in these analyses.

For comparison, the nonlinear constitutive joint model described
in Eq. (1) and used in the HEFF analyses, is also included in Figq.
3-31. The stiffness of the linear joint model is higher than the
nonlinear model at lower stresses, while the opposite is true at
higher stresses.

The conceptual repository-scale model used with UDEC is shown in
Figs. 2-6 and 2-7. The locations of horizontal interface corre-
sponding to the upper and lower limits of the welded tuff are
shown, as well as the vertical joints and boundary conditions.
Note that the left boundary is taken as a plane of symmetry and
that only half of the repository is modeled. The initial areal
power density is 80 kW/acre, which is the same as for the HEFF
room-scale and repository-scale models. The initial horizontal
and vertical stress field varies linearly with depth from zero at
the surface, to a horizontal and vertical stress at the repository
horizon of approximately 2 MPa and 7 MPa, respectively.

Thermomechanical effects from the presence of the repository were
investigated up to 500 years after the initial waste emplacement.
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Figures 3-32 to 3-34 illustrate the predicted heat transfer in the
rock surrounding the repository as contours of temperature change
for various times up to 500 years.

The effect of heat transfer on the mechanical behavior of vertical
joints 100 m and 500 m to the right of the repository centerline
is shown in Figs. 3-35 to 3-41. These figures show the predicted
change in aperture of vertical joints at wvarious times as a func-
tion of elevation. The changes in apertures shown arise only from
thermomechanical effects (i.e., the presence of the repository).
Note the elevations of the ground surface and the repository indi-.
cated in these figures. Negative aperture changes indicate that
the joint has closed relative to its initial position, while posi-
tive aperture changes indicate it has opened.

Figures 3-35 to 3-37 show the aperture changes with the horizontal
features above and below the repository omitted. Figures 3-38 to
3-41 show the same results with these features included. 1In the
second set of figures, however, only the aperture of the joint 500
m from the repository center is shown, with friction angles of 28°
and 10° on the horizontal interfaces.

These figures illustrate substantial Jjoint closure as a result of
high horizontal stresses induced from thermal expansion of the
rock in the close vicinity of the repository. The region of joint
closure increases with time, which is consistent with the results
from the HEFF repository-scale model. Beyond the region of joint
closure (above and below the repository) there are regions where
joints are predicted to open. This behavior is also consistent
with the results of the HEFF analyses. Because a linear joint ma-
terial model was used in the UDEC model, the results cannot be
compared directly to those obtained using HEFF. However, the re-
sults from the UDEC model confirm the joint normal behavior (i.e.,
aperture opening and closure) implied by the results in the HEFF
repository-scale model. Comparison of the results with and with-
out the horizontal features shows the possible effects of horizon-
tal joint movement. Some of the effects are discussed below.

Figure 3-38 shows a small jump in aperture change after 50 years
(normal displacement) at the lower boundary of the welded tuff
(100 m below the repository). This corresponds to a shear dis-
placement along the interface between the geologic units. The
fact that the results using 10° and 28° friction angles on the
horizontal features are identical suggests that this is elastic
deformation rather than permanent slip. On the whole, this figure
is similar to Fig. 3-35, without the horizontal features, except
for the small amount of slip below the repository.

After 100 years, the effect of the different friction angles is
more pronounced. Slip both above and below the repository is re-
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flected in Fig. 3-39. Above the repository, the aperture increase
above the interface is inhibited by the slip, but just below the
interface, joint opening is greater when slip occurs. Below the
repository, the effect of the interface slip is also to localize
the aperture change in the welded tuff.

After 250 years (Fig. 3-40), these effects are expressed as sig-
nificant changes in the condition (i.e., aperture) of vertical
joints outside the layer in which the repository is located. An-
other effect which may occur is a reduction in the aperture de-
crease within the repository host horizon. This is not clearly
visible in the results presented here, probably because the hori-
zontal features are too far (100 m and 200 m) from the repository.
An analogy to this model of response is to consider three layers
welded together, but with their ends free, as shown in Fig. 3-42.
If the center layer is heated uniformly, but the other two are
kept cold, high compressive stresses will be generated in the cen-
ter layer, matched by tensions in the outer layers. If the three
layers are free to slide, however, the center one will simply ex-
pand, and no stresses will develop in any of the layers. Because
compressive stresses result in aperture reduction, and because
tensions cause openings, it is apparent that shear displacement on
horizontal features can reduce the effect of heating on the aper-
ture of vertical joints.

Figures 3-43 and 3-44 illustrate the joint slip predicted in the
UDEC model as a result of thermomechanical effects when the hori-
zontal features are omitted. As noted previously, discrete ver-
tical joints were presented in the UDEC model above and below the
repository at 100 m horizontal intervals. Slip on these features
occurs primarily above the repository, which is consistent with
the results of the HEFF model. Only a small region of joint slip
(i.e., along one joint) is predicted after 100 years below the
edge of the repository.

Figures 3-45 and 3-46 show the slip when the interfaces are in-
duced. It is apparent that significant amounts of slip can occur
on horizontal features. For example, after 250 years, 130 mm of
shear displacement is indicated above the repository and, even
after 500 years, there is still almost 100 mm of shear displace-
ment. In reality, there will probably be more horizontal joints
than the two modeled here. Then, the displacement will be dis-
tributed over a much greater area, so it is unlikely to be con-
centrated on one or two structural features, unless these have
substantially lower shear strength than others.
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Fig. 3-17 Regions of Aperture Change By a Factor of Two, 100 Years
After Waste Emplacement (Gyx/Oyy = 1.5/5)
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Fig. 3-19 Regions of Aperture Change By a Factor of Two, 500 Years
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25 Years After Waste Emplacement (Oyx/Oyy = 3/5)




-54-

JOBTITLE: Vert empl., Sxx = 3.0, Syy = 5, t=100, vertical joints

HEFF (Version 2.00)

LEGEND

3/15/1989 18:23
time 100.00 years
-1.200E+03 <x< 1.200E+03
-1.900E+03 <y< 5.000E+02

Boundary Elements
Aperture ratio contours
Contour intervale 5.000E-01
Minimum: 5.00E-01
Maximum: 2.00E+00

Initial o__/o = 3/5

XX Yy
Time = 100 years
APD = 80kw/acre
Aperture increase by a factor-of-two

Aperture decrease by a factor-of-two

Ground Surface

\\\\\\\\\\\\\\\\\\\

HLW Repository

MW

T M ¥ L 1) v ¥

0 10%9) (n)’u

£

Fig. 3-21

Regions of Aperture Change By a Factor of Two,
100 Years After Waste Emplacement
(Oxx/Oyy = 3/5)




-55-~

JOB TITLE : Vet empl., Sxx = 3.0, Syy = 5, t=500, vertical joints

rien

HEFF (Version 2.00)

LEGEND

3/15/1989 18:37
time 500.00 years
-1.200E+03 <x< 1.200E+03
-1.900E+03 <y< 5.000E+02

Boundary Elements
Aperture ratio contours
Contour intervals 5.000E-01
Minimum: 5.00E-01
Maximum: 2.00E+00

‘{ Ground Surface

-------

HLW Repository

Initial °xxl°yy = 3/5

Time = S00 years

APD = 80kw/acre

Aperture increase by a factor-of-two

Aperture decrease by 2 factor-of-two

— e SO

(m)
| 400

L. -.400

L4 nJ ¥ T T

-l.& ~00 -~200 ”{
£ ()

Fig. 3-22 Regions of Aperture Change By a Factor of Two,

500 Years After Waste Emplacement
(oxx/cyy = 3/5)




-56-

JOBTITLE: Vert smpl., Sxx = 1.5, Syy = 5, t=25, vertical joints 103

(m)

HEFF (Version 2.00) - 400
!-&N_D /Ground Surface .

/151989 1720 200

time 25.00 ysars
-1.200E+03 <x< 1.200E+03
~1.900E+03 <y< 5.000E+02

Boundary Elements

L ..400
Joint sﬁi FOS contours
[} 1 2 HLW Repository
L -200
Injtial °xxl°yy = 1.5/ a0
Time = 25 years g
APD = 80kw/acre
. Indicates predicted slip along vertical joints
L-uoo

Fig. 3-23 Region of Predicted Slip Along Vertical Joints 25
Years After Waste Emplacement




~57-

JOBTITLE: Vert empl., Sxx = 1.5, Syy = §, =50, vartical joints

HEFF (Version 2.00)

time 50.00 years
-1.200E+03 <x< 1.200E+03
«1.800E+03 <y< 5.000E+02

Boundary Elements
Joint slii FOS contours
[\ 1 2

HLW Repository

Initial °xx’°yy = 1.5/5
Time = S0 years
APD = 80kw/acre

. Indicates predicted slip along vertical joints

Fig. 3-24 Region of Predicted Slip Along Vertical Joints 50
Years After Waste Emplacement




~-58-

JOB TITLE : Vert empl., Sxx = 1.5, Syy = 5, t=100, vertical joints rion
(m) .
HEFF (Version 2.00) | 400
LEGEND »
Ground Surface
3/15/1989 17:39 000
time 100.00 years
-1.200E+03 <x< 1.200E+03 {
-1.900E+03 <y< 5.000E+02
Boundary Elements | .00
Joint slip FOS contours
HLW Repository
r -~500
- -1.200
Initial °xx’ayy 1.5/5 -
Time = 100 ysars
APD = 80kw/acrs
- Indicates predicted slip along vertical joints L.-1.000
¥ L 1J ¥ ] T 1 o J v L9
1.000 000 500 1,000

Fig. 3-25 Region of Predicted Slip Along Vertical Joints 100

Years After Waste Emplacement




-59-

JOB TITLE : Vertempl., Sxx = 1.5, Syy = 5, t«250, vertical joints

£y

HEFF (Version 2.00)

LEGEND

31571989 17:5%

time 250.00 years
+1.200E+03 <x< 1.200E+03
~1.900E+03 <y< 5.000E+02

Boundary Elements
Joint sﬁi FOS contours

0 1 2

Initial °xx/°yy - 1.5/5

Time = 250 years
APD = 80kw/acre

Ground Surface

HLW Repository

- Indicates predicted slip along vertical joints

{m) .

130

| -1.000

¥ T Y

ciogyim) 0

Y v T T Lo

Fig. 3-26 Region of Predicted Slip Along Vertical Joints 250

Years After Waste Emplacement




-60-
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Fig. 3-27 Region of Predicted Slip Along Vertical Joints 500
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Fig. 3-32 Contours of Rock Temperature Rise (°C) 50 Years After
Waste Emplacement




-66-

JOB TITLE : temperatures after 100 years ...

UDEC (VYersion 1.5)

LEGEND

3/15/1989 13:53

cycle 3415

-2,000E+02 <x< 1.400E+03
-1.000E+03 <y< 6.000E+02

boundary plot % ;Ground Surface

 FRTPRTR PP |
0 2E 2 (m) LW Repository

1’4 20°C
temp  contours (°C) /

contour intervale  1.000E+01

min= 1.000E+01 max= 1.100E+02

10°C
Initial Temp. = 0°C

Time = 100 years
APD = 80kW/acre

Plane of Symmetry

Fig. 3-33 Contours of Rock Temperature Rise (°C) 100 Years After
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Fig. 3-42 Three Plates Stacked Together
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4.0 DISCUSSION AND CONCLUSIONS

Modification of the mechanical state and hydraulic properties of
the host rock mass is an important issue in regulatory and 1li-
censing aspects of siting and construction of a high~level nu-
clear waste repository. Factors which have been evaluated in
these analyses are changes in temperature, changes in stress,
changes in joint aperture, and slip on joints, all resulting from
the presence of a HLW repository. Although the effects of con-
struction methods are discussed in Section 1.2.2, no account is
taken of them in this assessment of rock mass modification.

Also, thermochemical effects are not considered.

The intention of the current work has been to identify zones in
which there is significant modification of the intrinsic hy-
draulic properties of the host rock mass by repository construc-
tion and heat emission. Clearly, a quantitative evaluation of
the term "significant modification” in this context would require
analyses far beyond the scope of this study. For the purposes of
preliminary evaluations, "significant" has been taken to mean a
change in the joint aperture by a factor of two, or the indica-
tion of slip on joints. When using the cubic law relation for
joint permeability (Snow, 1968), a factor-of-two joint aperture
change results in approximately one order-of-magnitude change in
permeability. This translates to a change in flow rate of about
one order of magnitude if Darcy flow is assumed. Joint slip is
associated with joint dilation to various degrees, depending on
the joint roughness. The dilation is caused by the joints "rid-
ing up" on asperities, resulting in an aperture increase. Bandis
et al. (1983) have shown that dislocation of joints (which occurs
when joints slip) affects the normal stiffness of joints and,
thus, the normal stress-deformation relation, to a degree that
larger joint apertures may result. Because joint slip is a perm-
anent deformation, the associated effect on joint apertures is
also permanent.

Closure of joints results in a reduction of joint permeability.
For saturated conditions, joint closure (as a result of increas-
ing effective normal stress from thermal expansion of the rock)
may result in an increase in the pore pressure and, therefore, in
the initiation of, or increase in, the groundwater flow. Simi-
larly, for unsaturated conditions, where joints of very small ap-
ertures are the most effective fluid conductors, joint closure
may increase flow in these joints. If the capillary-bundle
theory for unsaturated flow is used (e.g., Baver et al., 1972),
in which fractures offer resistance to flow across their bound-
aries, closure of the joints may result in a redirection of
groundwater flow. Because of these complex phenomena, it is pos-
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sible that zones of joint closure by a factor of two should be
interpreted as a significant modification of the hydraulic con-
ductivity of the rock mass. In the current work, joint closure
is not considered to be a significant change in conditions. It
is noted, however, that because of the transient nature of the
problem, joint slip may precede joint closure. As described pre-
viously, joint slip is considered significant with respect to the
determination of the size and location of the zone of rock mass
modification.

When applying these criteria to the room-scale model (for both
horizontal and vertical waste emplacement), the results indicate
that joint slip will develop as a result of excavation, and ex-
tend to a distance of about two equivalent room diameters into
the rock surrounding the room. This is consistent with results
obtained by Brandshaug (1989) and Christianson (1988) for similar
conditions. Predictions of change in joint aperture using the
nonlinear joint constitutive model described in Egq. (1), do not
indicate any regions where joints have opened by a factor of two
or more. As a result of excavation, therefore, the modified zone
is based on the region of joint slip, and estimated to include
the rock surrounding the room for a distance of two room diame-
ters from the excavated surface. It is notable that this zone
extends further than the rock disturbance of half-a-room diameter
estimated in Section 1.2.2 to result from construction (i.e.,
smooth~wall blasting).

The room-scale analysis for thermomechanical effects up to 100
years after initial waste emplacement shows that the region of
significantly modified rock, due to either joint slip or joint
opening, has not increased from that predicted after room excava-
tion. This result is consistent with that obtained by Brandshaug
(1989) and Christianson {1988) for similar conditions. Thus, the
modified zone indicated by the room-scale analysis remains un-
changed from that predicted as a result of excavation.

The investigation of rock mass response to thermomechanical load-
ing on a repository scale shows that the repository remains
within a region of high horizontal compressive stresses, where
joints are predicted to close by a factor of two. The vertical
extent of this region increases due to rock thermal expansion
throughout the time period analyzed (0 to 500 years). Beyond the
regions of compression above and below the repository, the devel-
opment of joint opening by a factor of two is predicted as a re-
sult of differential thermal expansion of the rock. However, as
the region of high horizontal compression around the repository
increases with time (because of thermal expansion from increasing
temperatures throughout the host rock), the region of joint open-
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ing by a factor of two disappears below the repository, and is
expressed increasingly closer to the ground surface above the
repository by the expanding region of joint closure. The region
of joint opening by a factor of two, which begins early in time
about 100 m above the repository, eventually extends to the
ground surface. At that stage, it appears to be related to sur-
face bending as a result of surface uplift from the accumulated
effect of rock thermal expansion.

Because different joint deformation models were used in the dif-
ferent codes, the results from the distinct element analysis us-
ing UDEC cannot be compared quantitatively with the results of
the repository-scale analysis using HEFF. However, the joint
normal behavior observed in the UDEC analysis is consistent with
the joint behavior inferred in the HEFF repository-scale analy-
sis. This is an important observation which provides confidence
in the ability of the numerical models to predict similar rock
mass performance for similar conditions in the conceptual model.
It is notable, also, that the rock mass response determined in
this study has been observed in independent work by St.John
(1987).

Wwith regard to predicted joint slip in the host rock mass, a re-
gion of high horizontal compression adjacent to the repository
remains free of joint slip. However, the development of joint
slip is predicted in regions starting approximately 100 m above
and below the repository. This slip is expected to occur as in-
finitesimal adjustments along the vertical joints, sufficient to
accommodate induced thermal deformations. However, even small
joint shear deformations may result in joints becoming unmated
with the potential for increased apertures and, thus, increased
fracture permeability. The prediction of joint slip is of con-
cern because it indicates not only the potential for aperture
opening, but also the permanence of such opening. Assuming that
fracture flow could occur in some regions of the Yucca Mountain
site (which is not an unreasonable assumption given the large
volume of rock under consideration, and the frequency of frac-
tures reported for the site in the SCPCDR [MacDougall et al.,
1987]), the increase in fracture permeability suggested by the
results of these analyses could increase flow rates signifi-
cantly. This would be the case for regions above as well as be-
low the repository horizon. If evidence should indicate that the
rock matrix permeability is sensitive to stress, the region of
high horizontal compression in the rock adjacent to the reposi-
tory could also be considered as a zone of modified rock mass
permeability.



~-83~

Important interactions have been observed in this study between
slip on horizontal and vertical joints. Slip on horizontal
structural features may reduce the aperture changes on vertical
joints by accommodating the effects of different degrees of
thermal expansion between different layers. However, this could
affect horizontal flow, thus allowing water to move along the
horizontal features and down any anomalous vertical joints.

At the Yucca Mountain site, several faults are oriented perpen-
dicular to the repository horizon. 1In the analyses performed for
this report, these have not been distinguished from the many ver-
tical joints. However, it is likely that they have different
deformation and strength properties from the joints. One igsue
to consider is the possibility that one or more of these faults
may be in a state of limiting equilibrium, so that they are on
the verge of slipping if a disturbance is introduced. For exam-
ple, if the ratio of horizontal to vertical stress is 1:3, if
these are the principal stresses, and if the fault dips at 84°,
corresponding to a repository dipping at 6°, the limiting fric-
tion angle is about 12°. Thus, if the friction angle of the
fault is close to 12°, there is a potential for slip to occur un-
der small perturbations from repository construction and rock
mass heating.

Increased rock temperature is a perturbation that may not affect
the intrinsic properties of the rock (Langkopf, 1987) and, there-
fore, is not considered to be significant with respect to deter-
mination of the zone of rock mass modification. However, depend-
ing on hydrologic conditions at the site, which may change as a
result of joint closure, opening and slip, fluid flow induced by
thermal buoyancy could become significant.

An estimate of the location and size of the zone of rock mass
modification, based on the criteria adopted here and on the re-
sults and analyses of the repository-scale model, would include
regions of rock approximately 200 m high starting approximately
100 m above the repository, and a region of rock approximately
150 m high starting roughly 100 m below the repository. This
would locate the outer boundaries of the modified zone 300 m
above and 250 m below the repository horizon, as indicated in
Fig. 4-1.

This estimate of the extent of the modified zone must be consid-
ered in the context of uncertainties with respect to the hy-
draulic conditions of the site, numerical model input parameters,
and simplifying assumptions made concerning material models, in-
cluding the rock structure and stratigraphy. For example, a
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higher initial horizontal stress has the effect of reducing the
regions predicted to be significant with respect to the intrinsic
hydraulic parameters of the rock mass. An estimate of the modi-
fied zone based on results of the HEFF room-scale model agrees
with the proposed preliminary definition of a disturbed zone as
described by Langkopf (1987). However, this study suggests that
the significance of rock mass modification due to repository con-
struction and rock heating should be based on detailed analysis
of rock mass performance at the site, instead of introducing a
concept such as a "disturbed zone".



Fig. 4-1 Conceptual Illustration of the Extent of the Zone of
. Rock Mass Modification .

C
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5.0 RECOMMENDATIONS

Determination of rock mass modification on a repository scale
must rely to a great extent, if not exclusively, on predictions
from numerical models. Therefore, the appropriate level of detail
about the rock structure and stratigraphy should be included in
the models. A thorough description of the deformational response
of rock joints under thermomechanical loading is essential for
evaluating changes in rock mass permeability resulting from the
presence of a HLW repository. The development of such a knowledge
base must necessarily involve Iaboratory and site-specific field
testing of rock joints, and ultimately ‘must be translated into
rock joint constitutive models for use in numerical modeling
schemes. Because a rock.mass. may be “riore complex than can be
accounted for in a numerical model, it is also essential to eval-
uate the numerical model for its Capabilfty to simulate the be-
havior of interest. This would require validation of the model
against physical experiments.

These considerations indicate that thetmomechanical repository-
scale models should be developed for Yucca Mounting to include .
suitable detail about the rock structure and stratigraphy, and
reflect the prevailing understanding of the in-situ stress condi-
tions, temperature,. mechanical properties and constitutive rela-
tions of the rock mass. When site observations result in changes
to rock mass parameters or specified site conditions, the models
should be modified and re-analyzed to evaluate the effect of the
changes on the behavior of the repository host rock. 1In this
“way, it is possible to provide“a current perspective of the waste
isolation capability of the host rock:-(i:e., within the context-
of numerical models), and to identify parameters and conditions
which may require further definition.
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‘APPENDIX A

HEFF DATA

*t*ttt**tt**tt*****ttttt***tf*****tt*t***i*t***t********tt***tt***t*t*t**t**tt
* Input file for HEFF to investigate :epository—acale behavio: of ve:tical *
*  joints *
* Three central rooms are modeled with boundary elements *

* Heat sources are approximated by point sources of appropriate magnitude *
P I I It T I 21 131 It 2111 332 2223212221323 32313323133331222322322]

%
*

* Traction-free boundary extended past repository -
seg lin num=60 kod 1 beg -1500,0 end 1500,0 no=0 sh=0
* : .

* room 1 : -

seg lin num=10 kod=1 beg=-2.44,~300 end=2,44,~-300 no=0 sh=0

seg lin num=5 kod=1l beg=2,44,-300 ende=2,44,-294.22 no=0 sh=(0

seg arc num=10 kod=l cen=0,-297 ang=48.7,131.3 rad=3,7 now=0 sh-o

seg lin num=5 kod=1l beg=-2.44,-294.22 end=-2, 44,-300 no=0 sh=0
*

* room 2 . ’

seg lin num=10 kod=1 beg=-40.64,-2%6 end--as;vs,-zss no=0 sh=0

seg lin num=5 kod=1 beg=-35.76,-296 end=-35,76,~290.22 no=0 sh=0

seg arc num=10 kod=l cen= -38,2,-293 ang=48.7,131.3 rad=3.7 no=0 sh=0"
seg lin num=5 kod=1 beg=-40.64,-290.22 end=-40.64,~296 no=0 sh=0

* . .

* room 3

seg lin num=10 kod=1l beg=35.76,-304 -end=40.64 =304 no=0 sh=0

seg lin num=5 kod=1l beg=40.€4,-304 end=40.64 =-298.22 no=0 sh=0

seg arc num=10 kod=1l cen= 38.2,-301 ang=48.7,131.3 rad=3.7 no=0 sh=0
seg lin num=5 kod=1l beg=35.76,-298.22 end= ~35.76 ~ -304 no=0 sh~0
« _ - § . :
* Source components

comps prop 0.51 qexp=7.76e-3

comps prop 0.41 gexp=5.42e-2

comps prop 0.067 qexp=2.03e-2

comps prop 0.011 gexp=4,50e-2

*
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* Sources approximated by 3 points for three central rooms
X Lesesscsssesssasnsssasss.0l8awhare one source per room
source xs3=-38.2 ys=-299.77 q3=263.3 tos=0.0
source x3=-38.,2 y3=-301.3 g3=263.3 tos=0.0
source x3=-38,2 ys=-302.87 qs=263.3 tos=0.0
sourca x3=0 ys=-303.77 q3=263.3 tos=0.0
source x3=0 ys=-305.3 q3=263.3 tos=0.0
source x3=0 ys=-306.87 gq3=263.3 tos=0.0

*

source x3=38.2 ys=-307.77 q3=263.3 tos=0.0
source x3=38.2 ys=-309.3 q3=263.3 tos=0.0
source x3=38.2 ys=-310.87 qs=263.3 tos=0.0
*

source x3=76.4 ys=-313.3 q3=730 tos=0.0
source x3=114,.6 ys=-317.3 q3=790 tos=0.0
source x3=152,8 ys=-321.3 q3=790 tos=0.0
source x3=191 ys=-325.3 qa=790 tos=0.0
source x3=229,2 ys=-329.3 gq3=79%0 tos=0,.0
sourco x3=267.4 ys=-333.3 gs=73%0 tos=0.0
source x3=305.6 ys=-337.3 gq3=790 tos=0.0
source x3=343.8 ys==341.3 g3=790 tos=0.0
source x3=382 y3=-345.3 q3=790 tos=0.0
source x3=420.2 ys=-349.3 gs=790 tos=0.0
source x3=458.4 ys=-353.3 q3=790 tos=0.0
souzrce x3=496.6 ys=-357.3 q3=730 tos=0.0
source x3=534.8 ys=-361.3 qs=790 tos=0.0
source x3=573 y3=-365.3 q3=790 tos=0.0
source x3=611,.2 ys=-369.3 gs=730 tos=0.0
source x3=649.4 ys==373.3 qs=730 tos=0.0
source x3=687.6 ys=-377.3 gs=790 tos=0.0
source x3=725.8 y3=-381.3 g3=730 tos=0.0
source x3=764 ys=-385.3 g3=790 tos=0.0
source x3=802.2 y3s=-=389.3 q3=790 tos=0.0
source xs=840.4 ys=-393.3 qs3=790 tos=0.0
source x3=878.6 ys=-397.3 qs=790 tos=0.0
source x3=916.8 y3=-401.3 q3=790 tos=0.0
source x3=955 ys=-405.3 g3=7930 tos=0.0
sourco x3=993,.2 y3=-409.3 gs=790 tos=0.0
source x3=-76.4 ys=-297.3 qs=730 tos=0.0
source x3»-114.6 ys=-293.3 qs=»790 tos=0.0
source x3=-152.8 ys=-289.3 qs=730 tos=0.0
source xs=-191 ys=-285.3 q3=730 tos=0.0
source x3=-229.2 ys=-281.3 qs=7930 tos=0.0
source x3=-267.4 ys=-277.3 q3=790 tos=0.0
sourca x3=-305.6 y3=-273.3 q3=730 tos=0.0
source x3=-343.8 ys=-269.3 q3=790 tos=0.0
source x3=-382 ys=-265.3 gs=790 tos=0.0
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source xs=-420,2 ys=-261.3 qs=790 tos=0.0
source xs=-458.4 ys=-257.3 qs=790 tos=0.0
source xs=~496.6 ys=-253.3 qs=790 tos=0,0
source xs=-534.8 ys=~249.3 qs=790 tos=0.0
source x8=-573 ys=-245.3 qs=790 tos=0.0
source xs=-611,2 ys=-241.3 g3=790 tos=0.0
source xs=-649.4 ys=-237.3 qs=790 tos=0.0
source xs8=-687.6 ys=-233.3 qs=790 tos=0,0
source xs=-725,.8 ys=-229.3 g8=790 tos=0.0
source xs=-764 ys=-225.3 gs=790 toa=0.0
source xs=-§02.2 ys=-221,3 gs=7%0 tos=0.0
source xs=-840.4 ys=-217.3 gs=790 tos=0.0
source xs=-878.6 ys=-213.3 gs=7%0 tos=0.0
source xs=-916.8 ys=-209.3 gs=790 tos=0.0
source xs=-955 ys=-205.3 g3=790 tos=0,0
source x8=~-993.2 ys=-201,3 qs=790 tos=0.0
*

* Image sources ensure boundary at y-O is 1sothezmal
1ma9

* Rock properties

props ym=15,1e9 pr=0.2 coh=22.le6 fric=29.2 dens=2340

thprop diff 0.92e-6 alpha=10.7e-6 spec 961.5

* Initial temperatures and stresses

vrt surft=26 tgrad=0

stress pxx=0 pyy=0 pxy=0 dpxx=S5e3 dpyy-1.667e4 dpxy-o

* Time for solution is 25 years

time 25§

tit o
Vert empl., Sxx = 1.5, Syy = S, t-25, vertical joints

solve

* Set up joint set for aperture and slip calculations’

* and grid for soclution

Jntset dip=90 cohj=0.le6 phij=28 aj=0.016 bi=0.909

grid nx 30 ny 30 xran =-1200 1200 yran -1900 ¢

gsolve

wind -1200 1200 -1$00 500

* get up laser output

set plot=post

set out=psl

*send plots

plo pen bou ap min 0.0001 max 2.499 int .5

plo pen bou slip min ,.0001 max 1.9999 int 1 0 £111

sav rvertl.sav
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APPENDIX B

UDEC DATA

22 A 322328 222 22222 ddd sttt ittt It tii {23 ¢2 382433133133 1232833322¢

This is an input file for UDEC to investigate the thermomechanical *
behavior of the rock, eapecially the response ot vertical jointa
on a repository scale.

4
| 4
The initial stress field is gravitational, and the free surface *
is at the top of the model. The size of the model (HxV) is 2500m *
by 1500m. The repository is .at 300m depth (i.e., =300m). _ *
Input parameters are taken from the SCP-CDR (MacDougall et al., *
1987 *
ttt**tt**l***tt*ttttt****ttt*t*tt****tt****t*t*lt*tﬁ***ltt*ttitt*tttitt*t

set ega

* % % % % % % B *»

*=-e Invoke thermal logic ...
thermal

ro 0.5

*eee Start defining the model domain ...
block 0,0 2500,0 2500,-1500 0,-1500

%-== Joints spaced at 100m for first 1000m ...
split 100 -2000 100 100
split 200 -2000 200 100
split 300 =-2000 300 100
split 400 -2000 400 100
split 500 -2000 500 100
split €00 -2000 600 100
split 700 -2000 700 100
split 800 -2000 800 100
split 900 -2000 500 100
split 1000 -2000 1000 100

*-w- Repository horizon ...
aplit =1 =300 S00 -300

*--= Splits below repository to enable zoning to change ... =
*gplit -1 -500 1000 =500
*split -1 -900 1200 -900
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*~-= Joints spaced at 200m from 1000m to 2500m ...
split 1200 -2000 1200 100
split 1400 -2000 1400 100
split 1600 -2000 1600 100
split 1800 -2000 1800 100
split 2000 -2000 2000 100
split 2200 -2000 2200 100
split 2400 -2000 2400 100

*e== Zoning less refined further from repository ...
gen 0 1000 -500 0 auto 25

gen 0 1200 -1500 0 auto 50

gen 0 2500 -1500 0 auto 100

*w-= Assign thermal¢and'machanica1 properties ...
*--= (From SCP-CDR, Chapter 2)
*~-= Note that the dimension on stress is MPa ...

prop m=1 d=2340e-6 k=8.39e3 g=6.29e3 jkn=3.5e5 jks=3.585
prop m=1 jcoh=0.1 jfric=0.53 jt=10a6

prop m=1 cond=2,07 spec=961.5e+6 thexp=10.7e-6

gravity 0 -10

damping auto

mscale on

*--= Assign boundary conditions ...
bo -1,1 -1501,1 xvel=0

bo 2499,2501 -1501,1 xvel=0

bo -1,2501 -1501,-1499 yvel=(0

*——= Assign history functions for monitoring of the
*--= thermomechanical beshavior as well as convergence ...
hist unbal

hist sxx 0,-450

hist sxx 0,-400

hist sxx 0,-350

hist sxx 0,-300

hist sxx 0,-250

hist sxx 0,-200

hist sxx 0,-150

hist sxx 0,-100

hist ydis 0,0

hist ydis 0,-300

hist damp
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*-- Assign the initial temperature to 0 degrees Coees
initem 0 ~-1,2501 -1501,1

t=w= Assign a fixed temperature boundary of 0 degrees C
*=== at the ground surface ...
tfix 0 -1 2501 -1 1

t--- Assign the decaying heat source which simulates the
*-== commingled SF and DHLW ...

thapp -1,900 =-301,-299 flux 4.86 -2.46e-10

thapp -1,900 -301,-299 flux 3.96 -1.72e-9

thapp -1,900 -301,-299 flux 0.86 ~6.43e-10

thapp =-1,900 -301,-299 flux 0.14 -1.45e-9

*--- Assign history functions to monitor the heat transfer ...
thist temp 0,-300 : . e

thist temp 450,-300

thist temp $00,-300

*--- Assign in situ stress (i.e., the initial stress field)
insitu str 0 0 0 ygrad 720e-5 0 2340e-5 nodisp ’

13383323333 223 2222222222322 223322332423 2338333842

* . .o . *
* Start the calculations of temperatures and stresses, *
* and save output at appropriate time intervals ... *
* i Co 0 4

(2222332283283 2224223322222 222 22 s242233 3222322223384 23¢823 ¢4

cy 4000

head

initial stress conditions time =0 ...
save mctlyr.sav

4
run step 1000 temp 1500 age 1.576Be9
head

temperatures after 50 years ...

save tht50yr.sav

*

cy 4000

head

T/M stresses after 50 years ...
save tmtSOyr.sav



*

run step 1000 temp
head
. temparatures after

“save thtl100yr.sav
L £ -

1500 age 3.1536a9

100 years ... .

cy 4000
head
T/M strasses after

save tmtl00yzr.sav
E I

100 years ...

run step 1000 temp
head
temperatures after

save tht250yrx.sav
x

1500 aga 7.884e)9

250'years vee

cy 4000
head
T/M stressaes after

save tmt250yr.sav:
*

250 years ...

run step 1000 temp
head
temperatures after

save tht500yr.sav
*

1500 age 1.5768610

500 years ...

cy 4000
head
T/M stresses after

save tmtS500yr.sav
*

500 years ;..
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