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1. INTRODUCTION

Understanding the hydrologic response of fluids present in the proposed repository
horizon to the development of a repository and the subsequent storage of high-level
radioactive waste, is crucial to the evaluation of Yucca Mountain as a suitable site
for a permanent geologic repository . Moreover, one of the inherent properties of
rock that controls moisture movement and fluid flow is the permeability, and the
permeability of rock is known to be dependent on stress and temperature.
Furthermore, the stress field in the rock surrounding the drifts will be altered by
both the excavation of drifts and the heating of the rock associated with waste
emplacement and storage. Thus, the hydrologic behavior of rock surrounding
emplacement drifts is dependent on the mechanical response of the rock to
excavation and waste emplacement. In addition, the proposed repository horizon at
Yucca Mountain contains a significant number of fractures, and the mechanical and
hydrologic properties of fractured rock are not well understood. Prior work has
shown that increasing stress across fractures causes a reduction in fracture aperture,
and to the first order, flow in a fracture can be related to the cube of the fracture
aperture. Generally, as compressive stress across a fracture is increased, the aperture
is reduced, which reduces the fluid flow. More recent work indicates increases in
shear stress across a fracture may also reduce the fracture permeability. Finally,
while a preliminary understanding of flow in single fractures is now available, it is
also widely accepted that the hydrologic behavior of a fractured rock mass is
controlled by a few, well connected fractures in the rock mass.

Given this background we provide in this report a methodology to estimate bounds
on the changes in fracture permeability due to thermal-mechanical processes
associated with excavation of drifts and emplacement of waste. This report is the
first milestone associated with Task A of the LLNL initiative to evaluate available
methods for estimating changes in fracture permeability surrounding drifts in the
Exploratory Studies Facility (ESF) and the potential repository at Yucca Mountain in
response to (1) construction-induced stress changes and (2) subsequent thermal
pulse effects due to waste emplacement. These results are needed for modeling
changes in repository-level moisture movement and seepage (Summary Account
TR3C2FB4 and TR3C2FBS5).



This report includes the following sections that have been developed to address the
Level 4 Milestone Acceptance Criteria.

Background Literature Review.

This section presents a literature review of discrete element, finite element, and
finite difference models and fracture displacement sub-models for the analysis of
changes in fracture permeability induced by thermal and mechanical loading.
Background literature is critically reviewed, including discussion of the strengths
and limitations of different modeling techniques and discussion of two-
dimensional (2-d) and three-dimensional (3-d) simulations.

Suggested Procedure.

A suggested approach for analysis of changes in fracture permeability is described.
This approach is comprised of three steps which include: (1) calculation of stress
changes associated with construction and heating, (2) application of strength criteria
both for creation of new fractures and for opening or slip of pre-existing fractures,
and (3) estimation of the change in permeability of the rock mass using a network
flow model. In this approach both theoretical analysis and experimental data are
used to estimate statistical distribution functions of parameters that determine
transmissivity of the conducting fractures. Moreover, using this approach, different
theories and/or numerical codes can be used to implement the separate conceptual
steps

Input Data.

A description of the input data required for implementing the methodology is
presented. These data include thermal and mechanical properties of Topopah
Spring tuff measured in the laboratory and in the field; fracture statistics from field
and laboratory observations, including mapping in the ESF; laboratory and field
measurements of fracture permeability and permeability variation with stress; and
measurements of regional in situ stress at Yucca Mountain.



2. BACKGROUND

Thermal-Mechanical Models For Stress Field Calculation

The first step in the analysis is to estimate the stress field in the rock surroundmg
emplacement drifts due to excavation of the drifts, construction of a repository and
the heating associated with emplacement of waste. There are two fundamentally
different methods commonly used to estimate the stress in a fractured rock mass
such as that comprising the potential repository horizon. These are the continuum
and the discrete element methods.

Continuum Codes:

In this section examples of finite difference and finite element continuum codes are
discussed including (FLAC) a numerical finite difference code and ABAQUS a finite
element codes. FLAC (Fast Lagrangian Analysis of Continua; see Itasca Consulting
Group, Inc., 1993) is based on solving the dynamic equations of motion, even for
quasi-static problems, and the finite element codes directly solve the quasi-static
equations of equilibrium. Different constitutive equations and element types can be
incorporated in all these codes.

FLAC-3D is a geomechanics modeling code developed originally by Cundall in 1976
and continually upgraded since (Cundall, 1976; Itasca Consulting Group, Inc., 1993;
1996). It has been used for geotechnical problems of tunnel design and slope
stability. FLAC-3D is a finite difference code that solves the equations of motion
using an explicit solution scheme. The velocities and displacements calculated at
each time step are used in the constitutive stress-strain equations to update the
stresses for the next time step.

FLAC capabilities include:

(i) A thermal model module that simulates transient heat flow and development of

thermal stresses. The thermal model can be coupled to the mechanical stress
calculation.

(ii) Failure criteria such as the Mohr-Coulomb criterion (Jaeger and Cook, 1976) or
the Hoek-Brown criterion (Hoek and Brown, 1980) can be incorporated into the
equilibrium calculations.

(iii) Interface elements that are allowed to undergo tensile separation or Coulomb
slip to simulate faults, joints or frictional boundaries. The interface elements can
have any spatial orientation in three dimensions. However, these interfaces are
treated as impermeable boundaries for fluid flow, and hence the FLAC-3D code
cannot solve the coupled thermo-hydro-mechanical problem.



(iv) Ubiquitous joints (e.g., Itasca Consulting Group, Inc., 1993) can be included as
part of the rock mass properties. This feature allows closely spaced joint sets to be
modeled in a continuum fashion on a scale much larger than the spacing of
individual joints. The ubiquitous joint model assumes a series of weak planes
embedded in a Mohr-Coulomb solid. Yield may occur in either the solid or along
the slip plane. A joint tensile strength limit is also tested.

A second continuum code that is widely used in the geomechanics field is the
ABAQUS code. The ABAQUS code description below is copied from the internet
information (http://www.hks.com). More information on ABAQUS is presented by
Hibbitt, Karlsson & Sorensen, Inc., 1994

ABAQUS/Standard is a general purpose finite element analysis program with
special emphasis on advanced linear and nonlinear structural engineering and heat
transfer applications. ABAQUS/Standard has extensive material, element, and
procedure libraries. Material models include plasticity for metals, soils, plastics,
foam, composites and concrete, as well as rubber and foam elasticity. Element
formulations include beams, shells, and continuum elements allowing finite
rotation and finite strain calculations. Analysis procedures include capabilities for
statics, dynamics, eigenvalue extraction, soil consolidation, acoustics,
piezoelectricity, heat transfer, coupled temperature-displacement, and Joule heating.
Very general contact conditions can be specified. A superelement/substructuring
capability is also available.

ABAQUS provides the same capabilities to couple heat transport and mechanical

equilibrium and to simulate interfaces and closely spaced joints as described above
for FLAC.

Continuum models (finite element or finite difference) of fractured bodies can
include sufficiently complete descriptions of fracture systems to allow quantitative
results of slippage. Dual porosity models can be used when there are no
predominant fracture orientations.

Discrete or Distinct Element Codes:

An alternative treatment of a jointed rock mass is not to see it as a continuum with
interfaces, but to see it as a discontinuous system. This alternative viewpoint is the
basis of the distinct element method as implemented in UDEC (Universal Distinct
Element Code; see Cundall, 1980; Hart and Cundall, 1992; Hart, 1993; Cundall and
Hart, 1993) and 3DEC (3-Dimensional Distinct Element Code; see Hart and Cundall,
1992; Hart, 1993; Cundall and Hart, 1993). Four distinguishing characteristics of the
distinct element method have been identified by Hart and Cundall (1992):

(i) Discrete bodies within the system can undergo finite displacements and rotations.

(ii) New contacts develop between bodies as the calculation evolves.



(iii) Contacts are deformable.
(iv) The equations of motion are solved in an explicit time-stepping scheme.

A quasi-static solution scheme can be substituted for (iv) above. As with the
continuum codes, Coulomb slip and joint dilation are incorporated into the model.
The major reason for using a discrete element rather than continuum model is for
situations in which major failure occurs.

Distinct element models were initially designed to model the interaction of
independent tumbling grains or bodies. With all the accompanying search and
contact at any angle, these algorithms are very tedious and time consuming.
Attempts to extend these models into well-ordered, jointed rock masses (where the
only movement is a small amount of slippage on a very few fractures) have resulted
in a “continuumizing” of the models. The boundaries must be represented in great
detail while the search and angle-of-contact algorithms, which define distinct
element models, are unnecessary.

Permeability of Fractured Rock.

As stated above, one of the primary areas of coupling between mechanical and
hydrologic behavior is via permeability. Permeability changes in fractured rock
masses are generally attributed to aperture changes in some of the fractures. Large
scale effective permeability of a fractured rock mass is often dominated by the nature
of the connections between “piping” segments of high flowing cracks, which can
form conduits for most of the flow through a rock mass. Preliminary investigations
of the coupled stress-flow mechanism suggest that there is a significant change in
permeability due to displacement under shear load. Linear flow experiments on
fractures loaded under compression and shear show a change in fracture
permeability that is due to a) dilation and b) a production of gouge material as
relative motion occurs along the fracture (Mohanty et al., 1994). Quantification of
the relative effects of the two mechanisms for permeability change has not been
determined. Field results confirm an increase in permeability with shear
displacement: Analyses of recorded borehole data in deep crystalline rock show a
correlation between sheared fractures and hydraulic conductivity (Barton, Zoback
and Moos, 1995). In addition, there is evidence that permeability depends on other
parameters as well, such as temperature (Darot, Gueguen and Baratin, 1992). Efforts
continue (Ge, 1997) to improve algorithms for fluid flow in rough fractures. Our
literature search found that most applicable research focused on the specifics of
aperture changes.

Creation of New Fracture Sutface.



Increases in the compressive stress and the temperature of the rock in the near field
may also cause the extension of existing fractures and/or the creation of new
fractures and this will in-turn alter the permeability. Crack creation and extension
can be analyzed using linear elastic fracture mechanics. This theory enjoys wide
application to geologic fracture processes. With this theory, tensile crack formation
is attributed to the tensile strength of a material, a measurable material property
which arises physically from largest flaws in the material, and fracture toughness,
another measurable property that quantifies the resistance of a material to crack
extension. Theoretically, in a continuum, cracks extend under the slightest opening
field stress because any load causes stress at the crack tips to become infinite. Yet
physically, the materials are not a continuum on the atomic scale, and energy is
required to form new crack surfaces. Fracture toughness and tensile strength vary
with material type and also can vary with parameters like temperature, water
saturation, and stress history.

There are analogous quantities for fracturing in shear: shear strength and a singular
shear stress at the crack tips. Shear strength has meaning along existing fractures
(joints) and is, therefore, dependent upon the state of each fracture in the material. If
a fracture is open, shear stress near the crack tip determines the amount of out-of-
plane bending occurring at the crack tips as the fracture propagates. However, when
a joint or fracture exists, the fracture plane is defined and slippage becomes the
predominant fracture displacement when the fracture remains closed. In the closed
state, surface asperities resist relative motion and this can often be expressed
quantitatively as friction. Joints that have been stable for a long time tend to form a
cement-like bond. The measured shear strength of a material is the level of shear
stress needed to break this bond. Relative motion along a fracture typically occurs as
stick-slip motion.

We are interested in drift excavation loads that can cause slippage along critically-
oriented fractures. We are also interested in the steepness of the heater-induced
thermal front and the effects of the generated local thermal stresses on fracture
slippage, and any reverse slippage as the thermal pulse diffuses.

Simulation of Coupled Thermal-Mechanical-Hydrologic Processes

The DEvelopment of COupled models and their VALidation against EXperiments
(DECOVALEX) program (Jing, L., C. F. Tsang, and O. Stephansson, 1995) was
designed for the evaluation of computer codes capable of simulating coupled
thermal-mechanical-hydrological processes as might occur in a nuclear waste
repository. The program did not emphasize permeability changes specifically, but
did address heating and excavation effects on fractures, which is of direct importance
in determining changes in permeability. Consequently, some results of these
investigations are pertinent here.



Test case 1 of the DECOVALEX program (Rosengren and Christianson, 1995) was
designed to gain insight into the coupled behavior of a fracture under conditions of
compression and shear stress. This study included both experimental and modeling
components. In the experimental component, the flow rate through a compressed
and sheared fracture was used to estimate the change in aperture of a fracture. The
distinct element model UDEC (Cundall, 1980; Hart and Cundall, 1992) was then used
to simulate the experiment. Qualitative arguments about the experiment are used to
explain how quantities, such as aperture, are determined and to explain differences
between prediction and simulation. Aperture estimations are further complicated
because the applicability of the cubic law for flow in a fracture deteriorates as the
normal stress and fracture roughness increase (Gale and Raven, 1980). Shortcomings
of the joint models in UDEC durmg cyclic and reverse shearing are mentioned here;
they are discussed in more detail in a Nuclear Regulatory Commission-sponsored
study (Hsiung et al., 1994). In particular, the three rock joint models (Mohr-
Coulomb, Barton-Bandis, and Continuously-Yielding) that are used in UDEC
demonstrate deficiencies in the prediction of joint shear and dilation behavior
during reverse shearing, which is likely to result from earthquakes or the thermal
cycle of a high-level waste repository. Consequently, these three models can
overestimate the stability around excavations and can predict erroneous near-field
flow patterns including preferential pathways for water and gas. These
considerations are of great importance to us. In general, the rock-joint models in
computer codes under consideration for seismic design do not correctly model the
expected pseudostatic cyclic joint behavior. Consequently, development of a new
rock-joint behavior model is underway (Ahola et al., 1995). This study also
illustrated the difficulty of performing meaningful shear tests on fractures using
laboratory-sized models.

Test case 2 of the DECOVALEX program (Borgesson and Hernelind, 1995a) employed
the finite element model ABAQUS for thermo-mechanical modeling of a fractured
rock volume that was affected by excavation and heating during a large scale test in a
French uranium mine. The calculations included thermal distributions from the
heating and cooling periods of the test and associated mechanical strains as well as
strains from the excavation process. Temperatures and floor displacements
compared well between model and test but attempts to calculate fracture
displacements and effects were inadequate. Fracture displacements are of major
interest to us because they are paramount in defining changes in fracture
permeability. Consequently, the model, as used in this test, is deficient for our needs
because of our requirement for accurate predictions of fracture displacement.

In another study a large scale laboratory test of heating and flow in an artificial
deposition hole, named BIG-BEN and designed for testing the Japanese concept for
nuclear waste disposal, was simulated with a version of ABAQUS (Hibbitt, Karlsson
& Sorensen, Inc., 1994) that included vapor flow processes (Borgesson and
Hernelind, 1995b). The test was performed on a water-unsaturated buffer material.
The calculations resulted in a prediction of void ratio, temperature, water
saturation, pore pressure and effective stress. The calculations were coupled thermo-



hydro-mechanical; the hydraulic and thermal results compared well with the
experiment but the prediction of mechanical response did not. The three-
dimensional finite element model THAMES underestimated the experimental
measurements of temperature in the buffer material (Ahola et al., 1995).

FLAC 2-D (Itasca Consulting Group, Inc., 1993) was used to model heat and water
flow through a 50 m x 50 m block of fractured granite (Israelsson, 1995). Stress-
induced permeability changes were limited to one order of magnitude and fractures
were taken to be randomly oriented, thus allowing the continuum approach in
FLAC. Zhang and Sanderson (1996) employed a distinct element code to illustrate
why rock masses with one or more systematic sets of oriented fractures should not
be represented as an equivalent porous medium.

Peer reviewers of the Coupled Thermal-Mechanical-Hydrological Program at the
Center for Nuclear Waste Regulatory Analyses made recommendations for future
research (Ahola et al., 1996): 1) Heating should be incorporated into single rock-joint
stress tests. 2) More research on thermal-hydrological processes such as
vaporization, migration, condensation, and capillary recirculation should have a
high priority. 3) Confirm that the primary mode of heat transfer within the
repository is conduction. 4) Re-evaluate the design of the shear box used for
mechanical-hydrological tests of single joints. 5) Conduct selected large-scale field
tests to define processes that might have been missed with laboratory experiments
and modeling efforts.

Comparison of 2-D and 3-D Models

Simulations of the thermal-mechanical behavior of the heat-up portion of the Large
Block Test (Lin et al., 1995, 1996) were conducted with 2-d and 3-d models by Blair,
Berge and Wang (1996), using FLAC (Itasca Consulting Group, Inc., 1993) for 2-d
modeling and ABAQUS (Hibbitt, Karlsson & Sorensen, Inc., 1994) for 3-d modeling.
The plane-strain assumption in the 2-d model is overly restrictive in this case
because the block is limited in the 3rd dimension and is stress-free at those
boundaries, while plane strain assumes infinite extent in the 3rd dimension. (It
should be noted that the plane-strain assumption of 2-d models is less restrictive
underground, where extent of the medium in the 3rd dimension can be assumed to
be infinite.) It was found that temperature predictions in the block were similar with
both the 2-d and 3-d models, but differences in predicted stresses became more
pronounced near the edges of the block.

The general geometry of a linear series of heaters in a continuum can be represented
in two dimensions if one takes a cross-section through the center of the heater drift,
perpendicular to the drift, while restricting results to a radial distance which is a
fraction of the length of the heater drift. If, however, regions of interest are farther
from the drift or in the region of the ends of the drift, a three-dimensional analysis
is required. Further restrictions apply when oriented fracture sets are present.



Because of the planar nature of each fracture, 2-d analysis can capture slipping
phenomena on favorably-oriented fracture systems. However, fracture systems at an
angle to the array of heaters (or the drift axis) require a 3-d analysis for completeness.

3. SUGGESTED PROCEDURE

The suggested approach for estimating changes in fracture permeability is similar to
one used by Case and Kelsall (1987). They estimated changes in rock mass
permeability as a function of radius due to excavation of vertical shafts. Their
procedure included estimating lower and upper bounds by using input parameters
bounds known to decrease or enhance permeability changes, respectively. Thus,
they obtained a lower-bound estimate of the'increase in rock mass permeability by
using an upper bound for the strength properties, a lower bound for the in situ
stresses, and a lower bound for the variation of permeability with stress.

The suggested procedural steps recommended in this report
are as follows:

1. Calculate stress changes from a mechanical model for construction-induced
effects and a thermal stress model for subsequent heating from waste canisters.
Regional stresses are incorporated as far-field boundary conditions. The stress
model can be finite difference or finite element (e.g., FLAC, ABAQUS) or it can be
distinct element (e.g., UDEC).

2. Determine if stress changes (a) open or extend pre-existing fractures and/or (b)
create new fractures. Pre-existing fracture statistics are obtained from previous
mapping of the ESF. The criteria for initiation, opening, or extension of fractures
can be based either on a fracture mechanics model, a stochastic fracturing model
(Blair, 1994), or on the Coulomb strength for shear stress (Barton et al., 1996) and
tensile strength for normal stress.

3. Estimate permeability change of rock mass. The overall change of fracture
permeability of the rock mass can be based on stochastic fracture models such as
FracMan (Golder and Associates, Inc., 1993) coupled with either a fracture-only flow
model or on a double porosity flow model (e.g., Preuss and Narasimhan, 1985),
Lattice-Boltzmann percolation models (e.g., Rothman, 1988), or network theory.
The estimated changes in the distribution function of transmissivity of individual
fractures from the effects of stress or temperature change are based on theory, and
laboratory and field measurements.

These three procedural steps are discussed individually in the following sections.
Determination of Hydraulically Conducting Fractures

The fracture permeability of the rock mass following excavation due to construction
or following heating due to radioactive waste requires determining the network of



hydraulically conducting fractures and their conductivities. Not all fractures,
whether pre-existing or created as a result of repository activity, are hydraulically
conducting. Barton et al. (1995, 1996) established a correlation between hydraulically
conducting fractures and their being in a critical stress state from studies of the Dixie
Valley, Nevada, geothermal reservoir and of a proposed low-level nuclear waste
disposal facility in central North Carolina. The critical stress state can be either a
tensile stress exceeding a critical value or it can be the Coulomb failure criterion of
the ratio of shear-to-normal stress exceeding about 0.6. Thus, the subset of
hydraulically conducting fractures is obtained from a consideration of the stress state
of each fracture.

Permeability Change of Rock Mass

The geometry of a discrete fracture system and the transmissivity of individual
fractures together determine the permeability of the rock mass. The FracMan code
of Golder Associates, Inc. (1993) simulates fluid flow in a three-dimensional rock
mass through realizations of distribution statistics of the fracture system. The code
permits several models of fracture system geometry such as the modified Baecher
mode] (Baecher, Lanney, and Einstein, 1977) in which fractures, whose lengths have
a log normal distribution, terminate where intersecting other fractures. Other
models are the Levy-Lee clustering model, the nearest neighbor model, and the War
Zone model (Golder Associates, Inc., 1993). These models are constrained by data
such as fracture traces mapped on the wall of the ESF (e.g., Barr, Borns, and Fridrich,
1996). FracMan accounts for the effects of geometrical bias of sampling a tunnel,
borehole, or outcrop surfaces.

The transmissivities of individual fractures are needed in addition to the fracture
system geometry (lengths and orientations). The transmissivities are also treated as
a statistical distribution function, based on laboratory and field data and theoretical
understanding of flow in individual fractures. Laboratory data on the effects of
normal stress have been obtained by Raven and Gale (1985) and are being obtained
in laboratory tests on 0.5m scale blocks of Topopah Spring Tuff under a separate
section of this task. The effects of shear stress are less well known, and bounds must
be estimated. The influence of temperature is also sketchy. It appears as if a decrease
in transmissivity due to thermal expansion into fractures is greater than an increase
due to thermal cracking of grains in the matrix. On-going laboratory tests on small
blocks at the 0.5 m scale (e.g., Blair and Berge, 1997) will provide more information
about temperature effects on permeability for individual fractures.

The final step to estimating permeability of the rock mass is to use an option in
FracMan to prepare the input file for the Golder Associates, Inc. three-dimensional
flow code MAFIC-3D (Matrix Fracture Interaction Code) (Golder Associates, Inc.,
1990) based on the fracture system FracMan has generated.



4. INPUT DATA FOR MODELS

A three-step procedure for estimating bounds on permeability changes due to stress
changes was described above. Each step requires some input data for the modeling.
The first step, calculating stress changes due to mechanical or thermal loads,
requires information about the original in situ stresses, mechanical properties, and
thermal properties of the rock being modeled. The second step, determining how
stresses affect fractures, requires statistical information about the original numbers
and sizes of the fractures, and data on rock strength and mechanical properties of
fractures. The third step, estimating permeability changes, requires either
assumptions or else additional information about the permeability of individual
fractures under different stress and temperature conditions. Field measurements of
in situ permeability for networks of fractures would also be useful. The following
sections discuss these input parameters, both in terms of what input parameters are
required, and what observations are available for different parameters.

Mechanical Properties of Tuff and Fractures

The modeling codes discussed in the previous sections require various input
parameters that describe the mechanical properties of the rock being modeled,
which is Topopah Spring tuff for our modeling. The number and type of parameters
used to describe the mechanical properties of the fractured tuff depend on what
constitutive model is being used to describe how the rock responds to stress. An
unfractured rock mass would be represented as a homogeneous, isotropic elastic
medium. The mechanical response of such a medium is described completely using
only three parameters, the density and two independent elastic moduli (where these
moduli can be determined from any two of the mechanical properties typically
measured in the laboratory or the field, e.g., bulk modulus, shear modulus, Young's
modulus, Poisson's ratio, compressional wave velocity, shear wave velocity). The
effects of the fractures on rock mass mechanical behavior can be included in several
ways, by relaxing one of the assumptions (i.e., homogeneity, isotropy, purely elastic).
Relaxing any of these assumptions means that additional parameters are required to
describe the fractured rock.

The simplest way to include the effects of the fractures on the mechanical properties
would be to assume that the fractured rock is isotropic and elastic, and that the
fractured rock is a homogeneous effective medium with elastic properties that can
be calculated from known elastic properties of the unfractured rock and known
fracture sizes and concentrations, using effective medium theories (e.g., Berryman,
1995). This approach requires a minimum of four parameters: the density and two
elastic moduli for the unfractured rock, and a parameter describing the amount of
fractures present (number, concentration, or relative volume) in a given amount of
rock. Some of the more sophisticated effective medium theories require an
additional parameter that describes the shape or aperture of typical fractures.
Although this approach is a good way to find mechanical properties of the fractured



rock, information about fracture orientation and connection is not used, and some
of the effective medium theories break down for very high concentrations of thin
fractures. This approach is probably best for the case of randomly-oriented fractures
that are moderately small in size or concentration. Although it may not be
appropriate for describing the large-scale fractures that initially govern fluid flow,
this approach may be a good way to model thermally-induced microcracks in the
tuff.

The simplest way to incorporate information about fracture orientation would be to
assume the fractured rock is elastic and effectively homogeneous, and to relax the
assumption of isotropy. For an elastic but anisotropic constitutive model, additional
elastic moduli would be required, e.g. three more for the case of transverse isotropy,
up to a maximum of 21 independent elastic moduli for the most general case of
anisotropy (Auld, 1973). There is some evidence from laboratory measurements that
the Topopah Spring tuff may be slightly anisotropic due to horizontal foliation
(Martin et al., 1992; Blair and Berge, 1997), and the presence of a dominant set of
subvertical fractures striking approximately to the north as mapped in the Large
Block (Lin and Ramirez, 1996) suggests that the tuff may be anisotropic with
orthorhombic symmetry. Since the Large Block also contains many other fractures
striking in different directions, the anisotropy may be weak compared to the
variations in rock properties due to heterogeneity of the Topopah Spring tuff. At
this time, we do not have sufficiently detailed laboratory or field measurements
available for determining all the independent elastic moduli that would be required
to quantify anisotropy in the Topopah Spring tuff (Blair and Berge, 1997). For the
purposes of our modeling, we will initially assume the rock is isotropic.

An isotropic, elastic, but inhomogeneous model can be used by assuming the tuff is
homogeneous except for a few fractures that can be represented in the computer
model as interfaces where displacement is allowed. Several of the modeling codes
described in the previous sections (e.g., FLAC, ABAQUYS) allow such interfaces to be
defined. Parameters required for such a model include density and two elastic
moduli for the tuff itself, and fracture length, orientation, and strength information
for each interface. Information about fracture orientation is used in this approach,
but it is impractical to incorporate many interfaces in the model. This approach is
best for representing a few major fractures, those that are considered most -
significant for fluid flow. It is complementary to the effective medium theory
approach described above, and we expect to use both techniques in our modeling.

If the assumption of purely elastic behavior is dropped and the ubiquitous joint
model is used to describe the fractured rock (e.g., Blair, Berge, and Wang, 1996;
Arulmoli and St. John, 1987), necessary additional parameters (besides density and
two elastic moduli for the unfractured rock) include the cohesion, dilation angle,
tension limit, and internal angle of friction for the tuff, as well as joint angle, joint
cohesion, joint tension, and joint friction angle for the fracture set represented in
the model. The main limitation of this approach is that it assumes that a high
concentration of parallel fractures is controlling the behavior of the rock mass. Note



that this approach and the effective medium theory and interface approaches are.
complementary, and so we expect to use all three approaches in our modeling.

Information about available measured mechanical properties of Topopah Spring
tuff and mechanical properties of fractures in the tuff (Table 1) is described in detail
in Blair and Berge (1996). In summary, this information comes from laboratory
measurements on cores at the scale of a few cm (e.g., Price, Connolly, and Keil, 1987;
Martin et al., 1994; Blair et al., 1996) and on small blocks of tuff at the scale of about
0.5 m (Blair and Berge, 1997), and field experiments at the scale of a few m (e.g.,
Zimmerman et al., 1986). Observations include elastic moduli and strength data for
the tuff under different temperature conditions (e.g., Price, Connolly, and Keil, 1987;
Blair and Berge, 1997) as well as mechanical properties of the fractures at laboratory
scales of a few cm to a few tens of cm (e.g., Olsson and Brown, 1994; Blair and Berge,
1997). Strength and moduli for the tuff are known to decrease with temperature
(Price, Connolly, and Kiel, 1987; Blair and Berge, 1997) and with sample size (Price,
1986; Blair and Berge, 1997). The laboratory measurements may overestimate
strengths and stiffnesses for the fractured tuff at larger scales, since the laboratory
measurements cannot incorporate the effects of multiple fractures that are longer or
more widely spaced than the laboratory sample size. On the other hand, laboratory
tests provide information not available from field data (e.g., Blair et al., 1996). At this
time, no mechanical properties observations are available from the Large Block Test,
and only preliminary data at ambient temperatures are available for the field
experiments in the ESF. We will incorporate new field data in our modeling as they
become available.

Thermal Properties of Topopah Spring Tuff

Our modeling requires the following parameters to describe the thermal properties
of the Topopah Spring tuff: thermal conductivity, specific heat or thermal
capacitance, and thermal expansion coefficient, for temperatures between about 25
deg. C and 250 deg. C. These parameters are discussed in detail in Blair and Berge
(1996) and summarized in TABLE 2. Observations are mainly from core samples at
the scale of a few cm. We will incorporate any new information from field-scale
tests as it becomes available. The thermal conductivity was measured in situ by
Nimick (1990). Thermal conductivity and thermal capacitance were measured in the
laboratory by TRW Environmental Safety Systems Inc. (1996), and measured values
for core samples are also found in the Reference Information Base (RIB) (DOE, 1994).
Measured values for each of these two thermal parameters vary by less than 10%
over a wide range of temperatures. The thermal expansion coefficient, however,
increases with temperature (Martin et al., 1996). Data from the RIB (DOE, 1994) show
this parameter increasing by a factor of 5 or more for measurements made at
temperatures of about 250 deg. C, compared to measurements made at about 25 deg,.
C. Values in the RIB show similar increases with temperature (DOE, 1994). In our
modeling, we will include a sensitivity study for this parameter to see how different
values affect our results.



Fracture Statistics

As discussed above, the required information about the fracture statistics includes
the lengths, orientations, concentrations, and apertures of the fractures. This
information is available at various scales, including descriptions of cracks in tuff
cores at the cm scale (e.g., Blair et al., 1996) and observations of cracks and vugs in
small blocks of tuff at the 0.5 m scale (Blair and Berge, 1997), descriptions of fractures
in core recovered from boreholes (e.g., Lin, Hardy, and Bauer, 1993), detailed maps of
fractures in the Large Block (Lin and Ramirez, 1996; Lin et al., 1996), and
information about fractures mapped in the ESF (Barr, Borns, and Fridrich, 1996).
Fracture statistics are discussed in detail in Lin and Ramirez (1996). In summary, the
fracture mapping from the Large Block and the ESF found subvertical fractures
striking predominantly to the north (Lin and Ramirez, 1996), with typical fracture
concentrations of about 0.5 to 0.75 fracture/foot for the Large Block and 1
fracture/foot (3-4 fractures/m) for the ESF (Lin and Ramirez, 1996). The orientation
data are consistent with earlier measurements from boreholes (Lin, Hardy, and
Bauer, 1993). Subhorizontal fractures were also mapped in the ESF and for the Large
Block, but the concentrations were lower than for the vertical fractures. Fracture
apertures observed for fractures mapped on the surface of the Large Block varied
from hairline (<0.5 mm) to about 2 cm and borehole camera footage from vertical
holes drilled in the Large Block showed large openings (apertures of several cm) for
some vertical fractures in areas near the base of the block (pers. commun., W. Lin,
1995). These observations do not provide information about which fractures control
the fluid flow. We also do not have detailed information about the fracture surface
morphology that could be used to infer which fractures are tensile and which
originated from shearing (e.g., Einstein and Dershowitz, 1990). Additional fracture
information from the ESF and Large Block field experiments will be incorporated in
our modeling as it becomes available.

Permeability of Fractures

Determining permeability variation with stress requires making assumptions or
else using information about in situ permeability before excavation or waste
emplacement. It is not possible to obtain complete information about the
permeability for the undisturbed site, since the boreholes drilled for permeability
measurements affect the permeability. Nevertheless, field measurements provide
an estimate of the large-scale permeability. For our modeling, we need information
about permeability for individual fractures, in addition to field data describing
permeability for networks of fractures. Thus we are also interested in laboratory
measurements of permeability in single fractures.

Air permeability data from air injection tests performed in the Large Block and as
part of the G-Tunnel tests showed that permeability in the Topopah Spring tuff at
the scale of a few meters varies over about 5 orders of magnitude due to



heterogeneity of the fractured tuff (Lin et al., 1995; Lin and Ramirez, 1996). LeCain
and Walker (1994) found that, because of fractures, the air permeabilities measured
in a borehole in Yucca Mountain were several orders of magnitude larger than
permeabilities measured in tuff cores. In situ values for Topopah Spring tuff were

- about 1.1 to 12.0 x 10-13 m2 (.11 to 1.2 D) (LeCain and Walker, 1994). In the Large

Block, measured air permeability values were about 1016 m? to 7 x 10-12 m2 (0.1 mD
to 7 D), with the highest values being measured near the bottom of the block where
large, open subvertical fractures intersect the vertical boreholes (Lin and Ramirez,
1996). The G-Tunnel test data showed that permeability changed after the rock was
heated. Regions where permeabilities were low before heating developed
microcracks and the permeabilities increased by about an order of magnitude after
the heating (Lin and Ramirez, 1996).

Lin and Roberts (1996) present laboratory measurements of water permeability in
cores of Topopah Spring tuff for intact cores and cores containing single fractures.
They found that for the intact cores, water permeability was independent of
temperature, time, and dehydration/rehydration cycles, for temperatures between
about 20 deg. C and about 140 deg. C at a confining pressure of about 5 MPa.
Permeability values for water in the intact core samples were found to be between

about 0.1 and 0.7 x 10-18 m2 (0.1 to 0.7 x 106 D) (Lin and Roberts, 1996).

Lin and Roberts (1996) found that permeabilities of fractured tuff samples responded
to elevated temperature in a fundamentally different way. They conducted several
experiments in which temperature and confining pressure were varied
independently, and also studied fracture healing after flowing water and steam
through a fracture during heating. For confining pressures between 1 and 5 MPa and
a constant pore pressure of 0.5 MPa, the permeability at room temperature for the
core containing a single fracture went from about 18 x 1015 m2 (18 mD) down to

about 11 x 10-5 m? (11 mD), and recovered to the initial value when the pressure
was released (Lin and Roberts, 1996). This indicates that the 5 MPa pressure did not
cause any inelastic deformation of the fracture surfaces. Cycling the temperature
from about 25 deg. C to 150 deg. C and back to 25 deg. C at constant confining
pressures of 1, 2, 3, and 5 MPa caused the permeability to drop, with the lowest value
measured being about 2 x 1015 m2 (2 mD) at a confining pressure of 5 MPa (Lin and
Roberts, 1996). Most of the drop occurred during the first heating cycle, at 1 MPa
confining stress. The permeability did not recover when the stress was reduced at
the end of the experiment. During this experiment, the decrease in permeability
corresponded to possible deposition of Si on the fracture surfaces.

The laboratory data give us approximate values to assign to individual fractures in
our modeling, and provide guidance for how permeability varies with temperature
and stress for individual fractures. The field data provide information about in situ
permeability for networks of fractures, and an indication of how much change to
expect in the large-scale permeability as a result of heating and microcracking. As
additional laboratory and field data become available, they will be incorporated in



our modeling. In particular, a new experiment in which water flow through a single
fracture in a small block of tuff (at the 0.5 m scale) is being measured as a function of
temperature and stress, is expected to provide useful information for our modeling.
On-going thermal tests in the ESF and the Large Block Test are also expected to
provide additional field observations of permeability changes due to heating.

In Situ Stress

Information about in situ stress is discussed in Blair and Berge (1996). Stock et al.
(1984, 1985) measured in situ stress values for the potential repository horizon in
Yucca Mountain in drill holes. They found that the vertical stress has an average
value of about 7 MPa, with a range of values from 5 to 10 MPa. The minimum
horizontal stress was found to have a bearing of about N 57 deg. W (+ or - 8 deg.),
and the bearing for the maximum horizontal stress was found to be about N 32 deg.
E (+ or - 8 deg.).

The ratio of horizontal stress to vertical stress had an average value of about 0.5 or
0.6 and a range of about 0.3 to 0.8 or 0.3 to 1.0 for the minimum or maximum
horizontal stress, respectively. These values provide the in situ stress information
that we need for our modeling.

5._SUMMARY AND CONCLUSIONS

A three-step procedure is proposed to estimate permeability due to construction-
induced stress changes and to heating. Firstly, a numerical stress model (FLAC or
ABAQUS) is used to calculate stress changes associated with construction or heating.
Secondly, shear and normal stress criteria for creation of new fractures and/or
opening of pre-existing fractures are applied, and permeability changes of individual
fractures or sets of fractures are estimated. The literature review shows that
permeabilities are sensitive to changes in shear and normal stress, but little direct
experimental data quantify the effect of stress changes or heating on permeability
changes. Predictions of permeability are based, therefore, indirectly on the effects of
stress on fracture aperture, and a cubic law relation between the aperture and
transmissivity. It is important to recognize that permeability of fractured rock
masses is often dominated by preferential flow paths. Thirdly, a network flow
model (FracMan, MAFIC) is applied to estimate the change in permeability of the
rock mass. This procedure is recommended because the comprehensive literature
review shows it to be consistent with availability of laboratory and field data and
numerical models.

The choice of the proposed continuum modeling codes FLAC-3D and ABAQUS
builds on results from the DECOVALEX program, which evaluated the performance
of these codes in simulating experimental and field data, which include coupled
thermal-mechanical-hydrological processes.



The input data required by the stress modeling codes include the in situ stress,
mechanical and thermal properties of tuff, mechanical properties of fractures, and
fracture statistics. These data are available for the repository site. Available
information about permeability can also be incorporated.



Table 1. Mechanical Properties of Topopah Spring Tuff and Fractures.

Property Conditions Value Source Comments
porosity ambient temp., 9-28% Lin & Roberts, lab. meas. on
press. 1996 cores, small
blocks
bulk density 2280-2360 Blair et al., lab. meas. on
kg/m3 1996 dry cores
peak strength 25 °C, unconf. 155£59 MPa Price, 1986 lab. tests on
uniax. compress. cores
" 1541436 MPa Blair et al., "
1996
" 139173 MPa " lab. tests on
irrad. cores
22 °C, unconf. 68-102 MPa Price, lab. tests on
uniax. compress. Connolly, &  dry & sat.
Keil, 1987 cores
150 °C, unconf. 89-136 MPa " lab. tests on
uniax. compress. sat. cores
22 °C, 5 MPa conf. 155-220 MPa " “
press.
150 °C, 5 MPa 48-155 MPa " "
conf. press.
22 °C, 10 MPa 152-305 MPa ; "
conf. press.
indirect tensile ambient temp. 4-16 MPa Martin et al.,,  Brazil tests on
strength 1994; 1995 sat. cores
Young's 25 °C, unconf. 33+5 GPa DOE, 1994 lab. tests on
modulus uniax. compress. cores
" 25 °C, unconf. 38-40 GPa Price, Martin, "
uniax. compress. & Haupt, 1994
25 °C, unconf. 2543 GPa Blair et al., "
uniax. compress. 1996
" 25 °C, unconf. 2315 GPa ! lab. tests on
uniax. compress. irrad. cores
" 22 °C, unconf. 27-46 GPa Price, lab. tests on
uniax. compress. Connolly, &  dry & sat.
Keil, 1987 cores
" 150 °C, unconf. 28-33 GPa " lab. tests on
uniax. compress. sat. cores
" 22 °C, 5 MPa conf. 36-41 GPa ; "
press.
" 150 °C, 5 MPa 16-36 GPa " "
conf. press.
22 °C,10 MPa 33-41 GPa " “

conf. press.




Poisson's ratio

compress.
wave velocity

ambient temp.,
unconf., 8.5 MPa
uniax. compress.

amb. temp.,
unconf., 0.1-4
MPa uniax.
compress.

amb. temp.,
unconf., 4-8.5
MPa uniax.
compress.
ambient temp.,
unconf., 5-8.5-5
MPa stress cycle
ambient temp.,
unconf., 5-8.5-5
MPa stress cycle
85 °C, unconf., 5-
8.5-5 MPa stress
cycle

85 °C, unconf., 5-
8.5-5 MPa stress
cycle

ambient temp.,
unloading from
8.5 MPa

22 °C, unconf.
uniax. compress.

1"

22 °C, 5 MPa conf.
press.

22 °C, 10 MPa
conf. press.
ambient temp.,
press.

3.6-31 GPa Blair & Berge,

0.2-0.65 GPa

approx. 4 GPa

approx. 6 GPa

15-20 GPa
approx. 54 GPa
approx. 10 GPa
approx. 32 GPa

approx. 11 GPa

0.0910.07
0.14-0.40
0.22-0.30
0.12-0.32
0.17-0.21
0.18-0.24

4,0-47 km/s

1997

"

Martin et al.,
1993

Martin et al,,
1994; 1995
DOE, 1994
Price,
Connolly, &
Keil, 1987

Martin et al,,
1994; 1995

lab. tests or
0.5 m block,
meas. across
matrix &

matrix+frac.
meas. across
frac. only

meas. across
matrix+frac.

meas. across
matrix only

meas. across
matrix-+frac.

meas. across
matrix only

meas. across
matrix+frac.
(permanent
strain
observed)
lab. tests on
cores

"




shear wave
velocity
cohesion for
tuff

tuff angle of
intern. frict.
fracture
cohesion

friction angle
for fracture

coeff. of frict.
for frac.

dilation angle
for fracture

ambient temp.,
unconf., 3.5 MPa

uniax. compress.

ambient temp.,
unconf., 8.5 MPa

uniax. compress.

50 °C, unconf., 5
MPa uniax.
compress.

80 °C, unconf., 5
MPa uniax.
compress.
ambient temp.,
press.

ambient temp.,
unloading from
8.5 MPa

ambient temp., 5-

10 MPa normal
stress

3.6-4.7 km/s

3.1-4.5 km/s

2.6-4.0 km/s

2.8-45km/s

3.2-5.6 km/s

2.4-3.0km/s
18-38 MPa

20-37°

approx. 1 MPa

28.4°

0.8-1.1

5-11°

Blair & Berge,
1997

Martin et al.,
1994; 1995
DOE, 1994

“"

Blair & Berge,
1997

MacDougall,
Scully, &
Tillerson, 1987
Olsson &
Brown, 1994

lab. tests on
0.5 m block

lab. tests on
cores

lab. tests on
0.5 m block

lab. tests on
fracs. in dry
cores




Table 2. Thermal Properties of Topopah Spring Tuff,

Property Conditions Value Source Comments
thermal in situ 2.14£0.2 W/m-°K Nimick, 1990 in situ tests
conductivity '

" 30-290 °C 1.67+0.15 W/m-°K TRW Env. Safe. lab. tests on
Sys. Inc., 1996 rock from ESF
specific heat 840 J/kg-°K DOE, 1994
" 25-300 °C 928 ]/kg-°’K TRW Env. Safe. lab. tests on
Sys. Inc., 1996 rock from ESF
thermal 25-94 & 2.0-2.3 J/cm3-°k DOE, 1994
capacitance  115-275°C
" 95-114 °C 11 J/em3-°K (dehydration)
thermal 25-100 °C 7.7-10.8 x 10-6 °K-1 Martin et al., 1996 lab. tests on
expan. coeff. cores
X 5.4-9.1 x 106 °K-1 DOE, 1994 "
" near 250 °C  14.2-20.6 x 10-6 °K-1 Martin et al., 1996 "

" 1}

25-35.6 x 1076 °K-!

DOE, 1994

"
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