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ABSTRACT

The percolation flux through the unsaturated zone at the proposed Yucca Mountain
repository for high-level nuclear waste can potentially affect (a) the occurrence and magni-
tude of water influx into the emplacement drifts, (b) the onset and rates of waste-package
corrosion, (c) the mobilization of waste into aqueous states, and (d) the transport of ra-
dionuclides to the saturated zone. The magnitude and spatial and temporal variations of
percolation flux depend on the infiltration rate but may be significantly influenced by (a) lat-
eral diversion of flow at stratigraphic interfaces between nonwelded and welded tuffs above
the repository horizon, (b) focusing of flow within or near steeply dipping fault zones, and
(c) lateral diversion of flow within thermal-mechanical altered zones. Results from numeri-
cal modeling are presented to argue that (a) areas of the repository located close to and on
the up-dip side of faults that intersect the PTn would experience elevated percolation flux,
irrespective of whether the faults act as flow barriers or conduits; (b) mechanical response of
the rock mass to waste-generated heat will likely cause the development of laterally discon-
tinuous zones characterized by dilation of horizontal fractures and net dilation or closure of
vertical fractures; (c) areas of the repository located on the downstream side of the thermal-
mechanical altered zones would experience elevated percolation flux; and (d) repository areas
subjected to elevated percolation flux would experience faster rewetting of dryout zones and,
thus, longer periods of wetness and elevated humidity. These results indicate that models
used to predict the occurrence and magnitudes of water influx into emplacement drifts and
the variations of relative humidity within the drifts need to consider the location of the drifts
relative to faults that intersect the PTn and the development, geometry, and hydrological

characteristics of thermal-mechanical altered zones.



INTRODUCTION

The U.S. Department of Energy has proposed a geologic repository for high-level nuclear
waste at Yucca Mountain, a semiarid desert mountain in southern Nevada. The proposed
site lies within a sequence of welded and nonwelded and variably fractured volcanic tuffs.
The repository is located in the unsaturated zone, approximately at 300 m above the water
table and about the same distance below the ground surface. The waste would be encased
in cylindrical metal containers (waste packages) and placed in a horizontal array of under-
ground openings (emplacement drifts). One design option being considered relies on the
emplacement drifts remaining dry for long periods of time to slow down the corrosion of
the waste packages and, consequently, delay the release of radionuclides to the environment.
Heat produced by radioactive decay of nuclear waste would vaporize and drive away moisture
from the vicinity of the emplacement drifts and prevent moisture return to the resulting dry
zones for a long time.

The extent and longevity of such dry zones depend on the thermal load (i.e., the heat
output and spatial distribution of the waste packages) and the amount of water seepage
(percolation flux) through the repository horizon. For a given thermal load, the percolation
flux determines whether such dry zones may develop, how fast they develop, and how long
they remain dry. Areas of the repository that receive higher percolation flux will be less
likely to experience drying of the emplacement drifts, and the dry zones that develop in
such areas will rewet faster than dry zones in areas of lower percolation flux. In addition to
its effect on the drying and rewetting of the emplacement drifts, the percolation flux also
determines how fast and in what quantities radionuclides may be transported down to the
saturated zone after containment failure.

As a result, an understanding of the magnitudes and distributions of percolation flux

and how they may be affected by the waste-generated heat is essential to predicting the



occurrence and magnitudes of seepage into the emplacement drifts, the onset and rates of
waste-package corrosion, and the transport of radionuclides in aqueous states to the saturated
zone. The percolation flux at the repository horizon depends on the net infiltration rate
from the ground surface and the hydrological characteristics of the overlying rock units. The
time-averaged infiltration rate at Yucca Mountain varies spatially from less than 1 mm/yr
to about 40 mm/yr, depending on factors such as soil and vegetation cover and topographic
relief.> 2% %5 The spatial average of the time-averaged infiltration rate lies in the range
of 5-15 mm/yr. The hydrological characteristics of the rock units are controlled by the
degrees of welding and fracturing. Generally, the welded units have low matrix porosity and
permeability but are highly fractured; the nonwelded units have higher matrix porosity and
permeability but lower fracture density. Consequently, water flow in the unsaturated zone
is fracture dominated in the welded units whereas matrix flow is an important contributor
to the overall water flux through the nonwelded units. This contrast between significant
matrix flow in the nonwelded units and fracture-dominated flow in the welded units results
in a capillary barrier at the contacts between the nonwelded and welded rock units.

As a result, a fraction of the vertical percolation flux entering a nonwelded unit that
is underlain by a welded unit may be diverted into lateral flux. Similarly, flux diversion
from lateral to vertical may occur as a result of a change in property or lateral continuity
of the nonwelded rock unit. For example, results from an earlier numerical-model study®
indicate the occurrence of a significant lateral flux in a nonwelded unit above the repository
horizon and increased vertical flux on the up-dip side of a fault where the nonwelded unit is
juxtaposed against a welded unit on the down-dip side. Consequently, the characteristics of
the nonwelded rock units above the repository horizon that may affect the repository-level
percolation flux include (a) the structural attitude of the rock unit, which has a strong effect
on the occurrence and direction of lateral flow; (b) lateral change in properties (such as

porosity, permeability, and capillarity), which may cause an interruption of lateral flow; and



(c) a change in the lateral continuity of the unit, such as may result from faulting.

Characteristics of the welded rock units that may affect the percolation flux are the
aperture, continuity, and frequency of fractures. Because the proposed repository horizon
lies within welded rock units, there is concern that the fracture attributes important to flow
may be altered significantly by thermally driven geomechanical and geochemical processes
during the period of regulatory concern.” All three fracture attributes important to flow may
change as a result of thermally driven mechanical deformation (in addition to deformations
induced by excavation and potential seismic loading). If mechanical deformation consists
mainly of movement on preexisting fractures, as would be expected for an already fractured
rock mass, then changes in fracture aperture would be more likely than changes in fracture
frequency or continuity. Consequently, the welded and densely fractured rock units within
the influence zone of heat generated from radioactive decay of the emplaced nuclear waste can
be expected to experience fracture-aperture changes caused by thermally driven mechanical
deformation.

The current study examines potential geomechanical effects on the distributions of perco-
lation flux at the repository horizon and how the percolation flux may interact with thermally
driven moisture. The geomechanical effects considered are (a) preexisting geomechanical
effects, which are manifested through structural-geologic features such as faults and the as-
sociated effects on hydrological properties and (b) anticipated future geomechanical effects
associated with the mechanical response of the rock mass to heat generated from radioac-
tive decay of nuclear waste. A series of numerical analyses was conducted using a site-scale
thermal-hydrological model in which the hydrological properties were selectively modified
to represent zones that have been altered by faulting or are anticipated to be altered by
thermal-mechanical effects. The anticipated fracture-aperture changes from thermally in-
duced geomechanical effects and the geometrical characteristics of the zones within which

such changes occur were determined from thermal-mechanical modeling.



The analysis results indicate that the vertical percolation flux at the repository hori-
zon may vary significantly within the proposed waste-emplacement area, because of the
structural-geologic features in the overlying nonwelded rock units and the anticipated ther-
mally induced fracture-aperture changes within and close to the emplacement area. Rela-
tively high percolation flux can be expected on the up-dip side of faults that intersect the
overlying nonwelded Paintbrush Tuff unit. Also, areas of elevated flux and adjoining areas
of reduced flux can be expected to occur within zones that experience thermally induced
fracture-aperture changes. It is argued that these observations provide additional support
for two of the key technical issues that are considered by the Nuclear Regulatory Commission

to be critical to the long-term performance of the proposed Yucca Mountain repository.®

Study Area

The study domain is an east-west vertical section through Yucca Mountain that extends
from E 169,926 to E 172,212 m along N 232,715 m (in Nevada State Plane coordinates).
The section line passes through the intersection of the Solitario Canyon Fault and a north-
northeast-south-southwest trending fault splay in the west and Antler Ridge in the east,® 10
at about the middle of the southern half of the proposed repository block.!' The stratigraphy
of the model section (Fig. 1 ) was extracted from a three-dimensional geologic framework
model of Yucca Mountain.!? The hydrogeological units encountered in the section are (in
top-down order) the Tiva Canyon welded tuff (TCw), Paintbrush nonwelded tuff (PTn),
Topopah Spring welded tuff (TSw), and the Calico Hills nonwelded tuff (CHn). The hy-
drogeological units have been subdivided into smaller subunits (model layers) by the Yucca
Mountain Project (YMP)!? ! to better represent the vertical variation of hydrological prop-
erties (Table I ). The PTn was, however, treated as a single unit in the current model despite

its division into five subunits in the YMP model, for reasons of computational expediency.



Geologic Features Important to Flow

Yucca Mountain consists of a thick accumulation of gently east-dipping Miocene volcanic
tuff layers that are cut by an array of primarily north-trending normal faults and northwest-
trending dextral strike-slip faults.®!® The larger faults in the two dominant orientations
bound major fault blocks at Yucca Mountain. The two sets of faults are interpreted to be
coeval, based on mutual terminations and secondary structures between them such as pull-
apart basins.® Some northwest-trending faults are dominantly normal faults, accommodating
extension in relay ramps between overlapping normal faults.1% 15 6 Four reverse faults with
north-south or northeast-southwest strikes have also been identified at Yucca Mountain.% !0
In addition to block bounding faults, there are numerous intrablock faults at Yucca Moun-
tain, which include fault splays, relict fault tips,'® connecting faults,'® and isolated intrablock
faults.10

The proposed repository area is bounded on the west by the Solitario Canyon Fault, and
some of its splay faults, and on the east by the Ghost Dance Fault (GDF), a major intrablock
fault.® 1° Major intrablock faults that cut through the repository block include the north end
of the Abandoned Wash Fault, a north-northeast trending fault connecting the Abandoned
Wash Fault and GDF, a north-northeast trending splay from Solitario Canyon Fault, the
Sundance Fault, the Diabolous Ridge reverse fault, and a fault cutting the southeast end of
Tonsil Ridge.% '° These faults have displacements on the order of 5 m to > 10 m. In addition,
there are approximately 50 smaller faults with lengths of 10’s to 100’s of meters, mapped in
the Tiva Canyon Tuff within the repository outline.

A primary control on water flow in stratified rocks is the difference in hydrologic prop-
erties of sequential rock layers. If the stratigraphic sequence is undeformed, this “vertical”
inhomogeneity and anisotropy will dominate. In faulted strata, however, such as those at

Yucca Mountain, geologic structures (faults and fractures) exert additional controls on flow:



(a) fault offsets alter the overall geometry of and communication between fault blocks,!”
(b) fault zones commonly form relatively impermeable barriers to cross-fault flow and per-
meable pathways for along-fault flow,!® ! (c) relatively small faults and fractures lead to
permeability anisotropy in fault blocks,?® and (d) fault and fracture conductivity (and per-
meability anisotropy) may be influenced by the in situ stress field.2!: 22

Several recent studies have focused on fault zone deformation processes and resulting
effects on the hydrological properties of the fault zones.!®: 23 1% 21,22 Faylt zones in porous
granular rock (e.g., nonwelded tuff such as the PTn)?* may produce cataclastic grain-size
reduction,’® producing gouge zones or deformation bands (or deformation band swarms)
that have lower permeability and porosity than the host rock.!® !° In contrast, fault zone
deformation in densely lithified rocks (e.g., crystalline rocks, welded tuff, and other rocks
characterized by high intergranular strength) may tend to produce coarse-grained breccias
and wide fault damage zones with increased permeability relative to the host rock.?! With
increasing displacement, a lower permeability fault core may also develop within fault zones
in densely lithified rocks.®

Fault zones within the welded or nonwelded tuff units at Yucca Mountain may affect
flow because of the effects of fault-related deformation on hydrological properties. Faults
that intersect the PTn unit may be of particular importance to flow in the unsaturated
zone because of the potential of such faults to intercept lateral flow, resulting in focused
vertical flow. Lateral flow along the PTn is expected considering the contrast in hydrologic
properties between the PTn and the underlying TSw unit. The evidence, however, suggests
that lateral down-dip flow of water through the PTn is limited to tens of meters before
vertical breakthrough.?> No perched water has been found, nor has any evidence of springs
been found at exposed PTn bedding contacts. Several hypotheses have been suggested for

the lack of persistent lateral flow and ponding. Flow through fractures in the PTn does

not explain the lack of persistent lateral flow because matrix imbibition of water flowing in



fractures is strong in the PTn based on estimated hydrologic properties of the matrix and
fractures.?® Laterally, the PTn is a relatively uniform pyroclastic series of deposits with some
local evidence of slight reworking.?” Primary lateral variations in the PTn generally occur
over large distances and thus cannot explain the lack of continuity of lateral flow.

The periodicity of breakthrough of flow through the PTn may be explained by consid-
ering that the unit may be intersected by several faults, potentially spaced on the order of
tens of meters, with sufficient property contrast between the fault zone and host rock to
intercept lateral flow and cause locally elevated vertical flux. An indirect evidence for the
occurrence of elevated vertical flux in the vicinity of faults arises from anomalous concen-
trations of 3°Cl identified in matrix pore-water specimens collected from the Exploratory
Studies Facility.?> #® Several matrix pore-water samples containing elevated 3Cl values are
spatially correlated with structural features like faults or intensely fractured zones, either
with the surficial trace of the structural feature or the trace at depth. Some elevated 36Cl
values, however, show no such correlation. The authors believe that the correlation of 3¢C]
values with faults would be improved by considering only faults that intersect the PTn.
Numerical-model results are presented here to illustrate the potential effects of such faults

on repository-level percolation flux.
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MODEL DESCRIPTION

The model cross section (Fig. 1) was discretized into 3708 cells (nodes) for integrated fi-
nite difference analyses (Fig. 2). The cells are aligned parallel and normal to the model-layer
interfaces, with approximate dimensions of 30 and 10 m in the layer-parallel and normal
directions, respectively. The Ghost Dance Fault was not assigned special cells but is repre-

sented in the model as a contact between dissimilar materials.

Thermal-Hydrological Model

Thermal-hydrological behavior was simulated using the mass and energy transport
(METRA) module of the thermal-hydrological-chemical simulation system MULTIFLQ.2®
METRA uses an integrated finite difference spatial discretization to solve two-phase (water
and air) flow and heat transport in fractured porous media. METRA was specifically de-
signed for modeling strongly heated geological repositories and other geothermal systems.
Unlike conventional groundwater simulation codes that consider the air phase to be a passive
bystander in the flow process, METRA models explicitly the flow of water vapor and air
and includes the effects of condensation and vaporization. Lookup tables provide accurate
values for the thermodynamic properties of water and water vapor.

Flow in the fractured porous rock was simulated using a dual-continuum model (DCM)
option. Flow and heat transport in the DCM option takes place in two overlapping continua:
one representing the interconnecting fracture system and the other the host rock (matrix).
Interchange between the two media is proportional to the potential difference between the
two, including the effects of capillary pressure (p.) on mass transfer in systems not fully
saturated with water. The DCM option provides the capability for modeling nonequilibrium
flow in fractures, in contrast to the equivalent continuum model (ECM), which presumes

instantaneous thermodynamic equilibrium between the two continua.® The matrix porosity
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(¢m) and permeability (k) and the fracture porosity (¢;) and permeability (k) vary among
the model layers (Table I). In general, the fracture permeability is anisotropic with a vertical
component (ky,) that is larger than the horizontal component (ks3). Anisotropy in the matrix
permeability was assumed negligible.

Moisture retention properties are critical to modeling flow in unsaturated rock. The van
Genuchten relationships®® were used to relate capillary pressure to liquid saturation s; for

both continua:

ipe| = é{(seff)*l/)‘— 1}1/771 M

¢77 is the effective saturation:

Here, s

st =(si= )/ (50 - 5]) (2)

where s is the residual saturation and s} is the maximum saturation. The relative perme-

ability for liquid (%,;) was modeled as

2
ke = Vst {1 - [1- (s“‘f)l”]A} 3)
and the gas relative permeability (k) was modeled as k. = 1 — k.

The van Genuchten relationship involves two empirically determined parameters: o,
which is related to the air-entry or bubbling pressure of the medium, and m, which controls
the shape of the moisture-retention curve. The parameter ) is determined as A = 1 —
1/m, a relationship frequently invoked for many classes of geologic material to allow for
the use of Eq. (3) when the amount of relative permeability data is limited.®® The values
of o and m are significantly different for fractures and matrix; also both parameters vary
between different model layers (Table II). In determining the flow between two adjacent
nodes with differing hydrologic properties, upstream weighting was used to calculate the
relative permeability, and harmonic averaging was used for the absolute permeability, a

hybrid weighting for permeability that is standard for two-phase porous media flow systems.
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Flow between fractures and matrix was calculated the same way, except that the unsaturated
relative permeability from fractures to matrix was reduced by a factor A; (Table II). The
reduction factor accounts for the fact that only a fraction of the fracture surface is active
(i.e., contains moisture) in unsaturated flow systems. A further refinement of this procedure
for accounting for moisture distribution in fractures would be to represent A; as a function
of saturation. The treatment of Ay as a constant in this work is considered adequate because
fracture saturations did not change significantly over the course of the simulations.
Simulation of thermal behavior was based on heat flow by conduction and convection,
including the effects of vaporization and condensation. Conductive heat flow was modeled
using bulk thermal properties (Table III), with bulk thermal conductivity, &, determined as
a function of s; and the dry and saturated rock-mass thermal conductivities, kary and Keyt,

respectively3?:

K = Kdry + (Ksat - K'dry)\/s_l (4)

Boundary and Initial Conditions

The boundary condition at the ground surface (top of model) consists of a constant
infiltration flux and spatially variable but time-independent temperature and gas pressure.
A mass flux equivalent to an infiltration rate of 10 mm/yr was applied, considering that
estimates for the current averaged annual infiltration rate at Yucca Mountain lie in the range
of 5-15 mm/yr.l»2 % %5 The ground-surface temperature was determined as a function of
elevation, z. (m above sea level), using an equation obtained from regression analyses of

Nevada State temperature data (S. Stothoff, personal communication):
Tna = 21.667 — 0.006063 2, (5)

where T},, is the mean annual temperature at the ground surface in °C. The atmospheric

pressure P, was also evaluated using an equation derived from regression analysis of Nevada
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data (S. Stothoff, personal communication):
P, = 29372 — 2.84942, (6)

which gives P, in units of 0.001 in. of mercury.

The base of the model, z. = 730 m, coincides with the water table. Consequently,
the boundary condition at the base was set to a constant temperature of 30°C, which was
established based on estimates of the average water-table temperature,3® a saturation of 1.0,
and atmospheric pressure of 92,486 Pa from Eq. (6). The east and west boundaries were
assigned no-flow conditions.

The initial conditions were developed through transient analyses to steady state (start-
ing with an arbitrary set of field variable values) using the specified thermal-hydrological
properties (Tables I, II, and III) and boundary conditions. The results of such analyses are
considered as the initial steady-state conditions.

Repository thermal loading was simulated as a time-decaying heat source applied over
cells marked with dark dots in Fig. 2. The heat-source cells lie approximately along the hor-
izontal broken line in Fig. 1, which represents the intersection of the proposed emplacement
drifts with the model cross section. One design currently being considered for the proposed
repository (referred to as the EDA-II design®) calls for 5.5-m-diameter emplacement drifts
spaced at 81 m center-to-center (in a horizontal array) with waste packages placed end-to-
end to give an initial average heat output of about 1.2 kW/m (of drift). The linear heat
load decays with time to approximately 0.017 kW /m at 10 000 yr. This design corresponds
to an areal thermal load equivalent of 60 tonnes U/acre (metric tons of uranium per acre).
A time-decaying heat source strength with an initial value of about 1.2 kW/m was applied
to each heat-source cell (Fig. 2). Because of the large cross-sectional area of each cell, about
300 m? compared to about 24 m? for an emplacement drift, the applied heat source is di-

luted by a factor of about 12 relative to the proposed thermal load design. As a result, the
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calculated maximum temperatures at the source locations are expected to be lower than the

anticipated maximum drift-wall temperatures.

Analysis Cases

Three sets of analyses were conducted. The first set consists of the base case, which
examines the effects of stratigraphy, structural attitude, and geometric offset at the GDF
(Fig. 1) on percolation-flux distributions and thermally driven moisture at the repository
horizon. The base case uses the properties in Tables I, II, and III. The second analysis
set examine the effects of a generic minor fault that intersects the PTn without necessarily
producing a geometric offset of the unit. Such a generic fault was represented through a
modification of hydrologic properties for one column of PTn cells across the entire thickness
of the unit. The specific changes of the hydrologic properties are discussed later. The third
analysis set examines the effects of a laterally discontinuous thermal-mechanical altered zone
at the repository horizon through changes in the fracture porosity and permeabilities within

the zone. The specific changes are discussed later.

Hydrologic Properties of a Generic Minor Fault

The values of fault-zone hydrologic parameters, such as ¢, k, o, and m for both matrix
and fractures, are required to model the effect of a small fault crossing the PTn. No direct
data are available for the values of these parameters for fault zones in nonwelded tuffs at
Yucca Mountain. Therefore, the parameter values are estimated in this work by modifying
the corresponding ambient values for the PTn. The type and magnitude of the applied
modifications were determined through examination of published work on measurements in
fault zones in poorly lithified sediments.

A discussion of the features of fault zones in poorly lithified sediments?® noted the occur-
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rence of a general grain-size reduction resulting from combinations of several mechanisms:
(a) deformation-induced mixing of clays with framework grains, (b) pressure solution, (c) cat-
aclasis, (d) clay smear, and (d) cementation. These changes will lead to reductions in ¢,
k, and a. Permeability reductions of three to four orders of magnitudes for faults with
discrete slip bands and up to two orders of magnitude for homogeneous faults have been
reported.?® Large permeability and porosity reductions were measured for sandstones at
Moab, Utah,'® 23 in deformation bands, zones of deformation bands, and slip planes associ-
ated with faults. The study!® noted that the intensity of cataclasis and the clay content of
the host rock control the magnitude of permeability reduction. A porosity reduction of one
order of magnitude and permeability reduction of three orders of magnitude relative to the
host rock were measured for the deformation bands (Table IV).

Similar results were obtained from laboratory and field measurements of hydraulic prop-
erties in directions parallel and perpendicular to small faults at two sites in the Rio Grande
Rift basin of New Mexico®® (Table IV). At both sites, the fault zone exhibited a wide
range of permeability values while the undeformed. areas exhibited a narrow range, giving a
bimodal distribution of measured permeabilities in the damaged or mixed zones. The low-
permeability population was interpreted as representing the areas with grain-size reduction
and the high-permeability population was associated with pods of less deformed sediments.3¢

These results indicate that the porosity and permeability of the PTn rock unit (non-
welded volcanic tuff similar to poorly lithified sediments) may decrease by about one and
three orders of magnitude, respectively, between the relatively undeformed host rock and
deformed zones associated with faulting. Information about the effect of faulting on the
van denuchten parameters may be developed by associating faulting-induced particle-size
changes with a shift in the particle-size classification category of the affected sediment. Then
the van Genuchten parameters may be estimated from hydrologic property values for the

soil classification category taken from the literature.3” Using this scheme, the particle-size
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changes observed at the Moab site, for example, may be likened to a shift in particle-size
category from loamy sand to clay loam. Such a change would correspond to a two-order and

one-order of magnitude decrease in permeability and van Genuchten «, respectively.

Thermal-Mechanical Effects on Hydrologic Properties

A changé in fracture aperture may result either from an increase or decrease in the
fracture-normal stress (normal deformation response) or from the dilation of an individual
fracture or a fracture network owing to fracture slip. The normal deformation response
is considered elastic in that the associated aperture change is generally recoverable upon
reversal of the stress change.3® 3 On the other hand, fracture slip and the associated dilation
are inelastic processes. Heat generated by repository thermal load is expected to cause
an increase in compressive stress because of supressed thermal expansion of the rock, but
the compressive stress will slowly decrease as the heat dissipates. As a result, fractures
oriented normal to the thermally induced compressive stresses will experience a decrease in
aperture that is expected to recover as the heat diésipates. Furthermore, fracture slip may
occur in areas where the shear component of the induced stress is sufficient to overcome the
shear resistance of fractures, and the associated dilation (fracture-aperture increase) is not
reversible.

Because of the geometry of the proposed emplacement area (i.e., horizontal dimensions
on the order of kilometers and a vertical dimension of only a few meters), the maximum
compressive stress from repository thermal loading is expected to be horizontal, whereas the
minimum compressive stress will be vertical.“’ Therefore, vertical and near-vertical fractures
are expected to experience decrease in aperture owing to thermally induced compressive
stress. The expected magnitude of aperture change will vary depending on the magnitude of

compressive stress increment and can be estimated from test data.3® 3° A key aspect of the
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proposed EDA-II design®® is the close indrift packing of waste packages with large interdrift
separation, which is expected to give a relatively high temperature at the drift wall that
decreases rapidly to a lower temperature in the interdrift pillars. The associated maximum
compressive stress is expected to be relatively high near the drifts but decrease with distance
from the drift wall. As a result, the occurrence of appreciable decrease in vertical-fracture
aperture is expected to be limited to zones close to the drifts. Therefore, such zones will
be laterally discontinuous. The fracture-aperture decrease within such zones is expected to
be reversible as the repository heat dissipates. Existing laboratory data3® 3° suggest that
the vertical fracture apertures within such zones may decrease to about 70 percent of their
preemplacement values and increase again thereafter.

The magnitudes of fracture-aperture increase associated with the inelastic response of
a rock mass are more difficult to estimate. Although the dilation response of individual
fractures can be characterized through laboratory testing,®® 3% increase in fracture aperture
associated with the inelastic response of a rock mass is a product of the fracture-network
characteristics and less dependent on the behavior of individual fractures.*! Considering that
the inelastic deformation of a fractured rock is contributed almost entirely by movement
on fractures, it can be shown that the fracture-porosity change, A¢y, associated with the
inelastic deformation of a rock element is equal to the inelastic volumetric strain, €Y. For
a regularly fractured rock element with fixed fracture aperture, b, and spacing, d, in three
mutually perpendicular directions, the fracture porosity and aperture can be shown to be

related as follows:

3b, 3Ab

¢fo = —d— and A¢f = —d— (7)

where ¢y, and b, are the initial fracture porosity and aperture, respectively, and Ab is the

fracter-aperture change. Using these relationships, it can be shown that the aperture-change
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ratio, R, and the fracture-porosity change ratio, Ry, are related as follows:

Ab Agy eN
R, = 1+— = R; = 1+ = 1+
’ bo ’ B0 B1o

(8)

Therefore, the ratio R, can be calculated from the inelastic volumetric strain with the ini-
tial fracture porosity or aperture. It is worth noting that the fracture-permeability change

ratio, Rx = kf/kys, (kso is the initial fracture permeability), can be related to R, using the

relationship between fracture permeability and aperture,*? 43 which results in
b3 5 eN\?
kf=— = R, = R = [1+
7= 124 k b ( ¢ fo) (9)

A series of continuum thermal-mechanical analyses was conducted using a drift-scale model
to examine potential R, distributions from thermal-mechanical response of the proposed
repository rock mass. Results from the analyses (e.g., Fig. 3) indicate that the intensity of
thermally induced fracture dilation is spatially variable. The thermal-mechanical analyses,
based on a two-dimensional (plane-strain) model, were conducted using ABAQUS, a com-
mercially available finite element code.* The model (e.g., Fig. 3) extends vertically from a
depth of 350 m below the drift axis to the ground surface at 320 m above the drift axis. It
extends 40.5 m horizontally from the center of the drift to the middle of the interdrift pillar,
which gives a drift center-to-center spacing of 81 m as specified in the EDA-II design.?* The
drift is represented by a semicircular hole with a diameter of 5.5 m. The analyses followed
a sequentially coupled thermal-mechanical procedure**: a heat-conduction analysis was per-
formed to generate temperature histories that were used as input in a mechanical analysis.
The material properties and boundary conditions for the heat conduction and mechanical
analyses are given in Tables V and VL

The results indicate that fracture dilation is greatest in the immediate vicinity of the
opening and in the center of the interdrift pillar. The values of Ry are up to 10 in the

pillar center and greater than 10 in the drift area, which correspond to R; values of up
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to 1000 in the pillar center and greater than 1000 in the drift area. The dominant ori-
entations of the dilating fractures may be obtained from discontinuum thermal-mechanical
modeling, in which rock fractures are represented explicitly. For example, Fig. 4 indicates
dominant orientations of thermally induced fracture slip at Yucca Mountain‘ that vary from
subhorizontal in the RMQS5 rock-mass category (most competent rock) to subvertical in the
RMQL1 (least competent rock) category.*® This pattern of predicted geomechanical response
for Yucca Mountain, which is consistent with results reported previously,* %6 arises because
the response is stress-controlled in the RMQ5 rock-mass category, such that the orientation
of slip is determined by the orientation of thermally induced stress. On the other hand,
response is structure-controlled in the RMQ1 rock-mass category, where slip follows the
exposed preexisting structural weaknesses in the rock irrespective of the stress orientation.

Previous studies on the effects of faults on groundwater flow have shown that faults fa-
vorably oriented for slip in the ambient stress field tend to be the most active groundwater
flow pathways.?? 4> %8 This observation has been explained by increased small-scale fractur-
ing and faulting in the vicinity of faults on the verge of shear failure.#” Slip on a preexisting
fracture or fault generates movement on neighboring fractures, resulting in a dilation zone
that follows the dominant fracture-slip orientation. Therefore, the orientation of dilation
zones associated with thermally induced fracture slip follows the pattern illustrated in Fig. 4
(i.e., subhorizontal in RMQ5 rock-category areas and subvertical in RMQ1 areas).

The information presented in this section indicates that geomechanical response to ther-
mal loading in a fractured rock mass would lead to the development of hydrologically altered
zones that are laterally discontinuous. The altered zones are characterized by increased
aperture of horizontal fractures and a net increase or decrease in aperture of vertical frac-

38,39 and the results presented here on

tures. Existing data on stress-induced fracture closure
fracture dilation suggest that R, values may vary from approximately 0.7 to > 10 for vertical

fractures and from 1.0 to > 10 for horizontal fractures. An altered zone with these charac-
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teristics was incorporated in the thermal-hydrological model by modifying the aperture of
vertical and horizontal fractures within a zone that extends approximately 160 m laterally
and approximately 25 m above and below the repository axis. Different combinations of R,

values for vertical and horizontal fractures were investigated as discussed later.
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INITIAL STEADY-STATE MOISTURE FLOW: BASE CASE

The vertical profiles of matrix saturations at the initial steady state reflects the occur-
rence of welded and nonwelded rock units (Fig. 5). Matrix saturations are generally 0.9-1.0
in the welded units and approximately 0.5-0.7 in the nonwelded. Measured matrix satu-
rations from Yucca Mountain exploratory boreholes close to the model section (e.g., UZ16,
SD7, and SD‘12)33 show the same general pattern. An important difference between the
measured saturation profiles®® and the calculated profiles (Fig. 5) is that the transition from
PTn saturations of 0.5-0.7 to TSw saturations of 0.9-1.0 occurs more rapidly (over approxi-
mately the top 40 m of the TSw) in the calculated profiles. The same transition occurs over
about 100 m of the TSw unit in the measured saturation profiles.3® This difference may be
related to the lumping of the PTn subunits into a single unit, which was necessitated by
model discretization.

The GDF and the PTn-TSw contact have important effects on repository-level vertical
flux as shown in Fig. 6. Flux entering the PTn is diverted laterally over an area of approx-
imately 150 m wide near the up-dip (i.e., west) bbundary of the model domain. Vertical
flux is reduced (relative to the input flux) in this area, increases back to the input value of
10 mm/yr throughout most of the PTn on the west side of the GDF, and increases at the
up-dip side of the GDF. The vertical flux on the up-dip side of the GDF increases because
the lateral flux in the PTn unit is interrupted by the GDF where the nonwelded PTn unit
is juxtaposed against the welded TSw unit on the down-dip side (Fig. 1). These features of
the vertical flux profile are consistent with theoretical analyses of model systems involving
capillary diversion along sloping layers.*® On the up-dip side of the system, vertical flux is
diverted to lateral flux because of the effects of a capillary barrier against moisture flow from
the PTn to the TSw. The zone of reduced vertical flux is limited, however. The saturation

in the PTn increases from west to east (down dip) in this zone (Fig. 6), with a corresponding
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decrease in capillary pressure. After approximately 150 m, the capillary pressure in the PTn
becomes too small to prevent moisture flow into the underlying TSw unit, and the vertical
flux returns to the input value of 10 mm/yr.

The repository-level vertical flux follows the same pattern: reduced flux (relative to the
input infiltration flux) within the diversion zone, flux close to the input infiltration rate
over most of the repository area, and elevated flux close to and on the up-dip side of the
GDF. The elevated vertical flux on the up-dip side of the GDF is consistent with results
from previous studies.® ** As was discussed earlier (in Geologic Features Important to Flow),
several other major intrablock faults that cut through the repository block can be expected
to produce similar effects on repository-level vertical flux.

The role of capillarity contrasts as the dominant mechanism for lateral diversion in the
PTn is important because of the implication that lateral diversion in the PTn cannot be
relied on to support an argument for reduced percolation flux (relative to the infiltration
flux) throughout the proposed repository block. The results from a previous study®? that
indicate repository-level percolation fluxes are generally lower than the infiltration flux over
the repository area may need to be reexamined. Results from the current study (e.g., Fig. 6)
indicate that the repository-level percolation flux is equal to or greater than the infiltra-
tion flux over most of the repository area, except for the diversion zone near the upstream

boundary.

Effects of Minor Faults in the PTn Unit

The effects of an altered zone in the PTn caused by a generic minor fault that inter-
sects the unit without necessarily producing measurable offset were investigated. The fault
zone was represented by the vertical ellipse in Fig. 2. The reduction factors applied to the

matrix porosity, van Genuchten «, and horizontal and vertical fracture aperture are given in
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Table VII. The matrix permeability was reduced by the square of the matrix-porosity fac-
tor and the fracture permeability by the cube of the corresponding aperture factor. Hence,
the reduction factors of 0.1 for b, and 1.0 for b, (Table VII) imply a reduction factor of
0.001 for horizontal fracture permeability and 1.0 (no change) for vertical fracture perme-
ability. Such fracture-permeability change combined with the isotropic matrix permeability
produced a permeability anisotropy that is consistent with the observation that fault zones
commonly form relatively impermeable barriers to cross-fault flow and permeable pathways
for along-fault flow.® 1*

Three cases were analyzed as described in Table VII, in addition to the base case (rep-
resenting the response of the system without the changes described in Table VII). The
resulting profiles of percolation flux along the PTn (Fig. 7) indicate that the fault zone
acted as a lateral-flow barrier in the first two cases (¢/10 and ¢/2 cases) but as a conduit in
the third case (¢/2 + «/10 case). For the first two cases, lateral flow is decreased relative to
the base case and is close to zero on the upstream side of the fault intersection. For the third
case, lateral flow is increased relative to the base case on the upstream side but is negative
with a greater magnitude than the base case on the downstream side. As a result, water
flows laterally toward the fault from both the downstream and upstream sides.

On the other hand, the effect of the fault on vertical flux at the repository depth follows
the same pattern in all three cases: an increase in flux magnitudes on the upstream side of
the fault and a decrease on the downstream side (Fig. 7). A fault intersecting the PTn would
cause focused vertical flux at the repository horizon, irrespective of whether the fault acts as
a flow barrier or a conduit. Both major faults associated with a significant offset of the PTn
(such as the GDF) and minor faults that may often be ignored because of not producing
measurable offset can be expected to produce similar effects on repository-level percolation

flux (compare Figs. 6 and 7). A flux magnification factor of up to 2.5-3.0 was obtained from

the models, but this factor can change, depending on the fault-zone properties and possibly
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the infiltration rate.

Effects of a Generic Thermal-Mechanical Altered Zone

The effects of a generic thermal-mechanical altered zone, represented by the horizontal
ellipse in Fig. 2, were investigated by changing the apertures of horizontal and vertical
fractures as described in Table VIII. The fracture permeabilities consistent with the modified
fracture apertures were determined using Eq. (9). The applied combinations of horizontal-
fracture dilation and net vertical-fracture closure or dilation can be expected from various
combinations of elastic and inelastic response as indicated in Table VIII. As explained
earlier, the dilation of horizontal fractures is anticipated to result from inelastic response
in areas of high rock-mass quality, dilation of vertical fractures from inelastic response in
low rock-mass quality areas, and closure of vertical fractures from elastic response in areas
of high stress. Therefore, the specific combination of fracture opening and closure response
that may occur in a given area depends on the rock-mass quality and whether the rock-mass
response is elastic or inelastic.

Six cases were analyzed, representing different combinations of horizontal-fracture di-
lation and vertical-fracture closure or dilation (Table VIII). In all cases, fracture dilation
or closure resulted in a redistribution of vertical flux magnitudes within the altered zone
(Figs. 8 and 9). The closure of vertical fractures tends to divert flux to the outside of the
altered zone, while the dilation of horizontal fractures tends to divert flux to the down-
stream side, but within the perimeters, of the altered zone. If horizontal-fracture dilation
and net vertical-fracture closure occur simultaneously, as may be expected over the roofs
of drifts in high rock-mass quality (such as RMQ5) areas (Fig. 4), the effects of horizontal-
fracture dilation on flow would be dominant. For example, the 10b,-and-b, case (represent-

ing horizontal-fracture dilation with no change in vertical fractures) and the 10bs-and-0.1b,
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case (representing horizontal-fracture dilation with vertical-fracture closure) gave essentially
identical results (Fig. 9). Both cases resulted in elevated vertical flux within and on the
downstream side of the altered zone, indicating that the effect of horizontal-fracture dilation
would be dominant irrespective of the magnitude of simultaneous vertical-fracture closure
within a closure ratio of 1.0-0.1. A flux magnification factor of up to 4.0 was obtained from
the models, but the value of this factor depends on the magnitudes and orientation of frac-
ture dilation or closure and possibly on the geometry of the altered zone and the infiltration

rate.

Effects on Thermally Driven Moisture Flow

The temperature and saturation profiles from the base case with thermal load (Fig. 10)
indicate that above-boiling temperatures and dry conditions would prevail at the repository
level for 500 to 1000 yr. Matrix saturations return to the ambient values by about 1000 yr,
but high temperatures are maintained at the repository level for a much longer time. The
10 000-yr temperature profile shows temperatureé significantly higher than the ambient
(preemplacement) values. This combination of high temperature and high saturation would
imply elevated humidities in the emplacement drifts for much of the period of regulatory
concern.

The rate of rewetting (i.e., matrix saturations returning to ambient values after a dry
period) is influenced by focused moisture flow. Results presented earlier in this paper demon-
strate that focused moisture flux may result from fault zones that intersect the PTn or from
thermal-mechanical altered zones that may develop following waste emplacement. The satu-
ration histories in Fig. 11 indicate that areas subjected to focused moisture flux would rewet
faster than other areas. Although the dryout rate appears not to be influenced significantly

by focused moisture flow, the rate of rewetting is significantly affected. In the results in
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Fig. 11, matrix saturation returned to its ambient value of about 0.98 at about 500 yr for
the node that is under focused moisture flux and about 1000 yr for the neighboring node.
Therefore, emplacement drifts in areas of focused moisture flux would not only experience
high humidities for longer periods but would also be more likely to experience dripping

(water seeping into drifts) because of the availability of increased quantities of water.



IMPORTANCE TO REPOSITORY ISSUE RESOLUTION

The Nuclear Regulatory Commission (NRC) has embarked on a prelicensing program for
the proposed Yucca Mountain repository that focuses on developing information toward the
resolution of key technical issues (KTIs) considered critical to repository performance.® Each
KTTis divided into subissues with reduced technical scope to facilitate incremental resolution.
Information in this paper will help establish the technical bases for specific subissues in two
KTIs: thermal effects on flow (TEF) and repository design and thermal-mechanical effects
(RDTME).

One subissue in the TEF KTI addresses the sufficiency of the DOE thermohydrologic
modeling approach to predict the nature and bounds of thermal effects on flow in the near
field.5° The aspects of the technical scope of this subissue addressed in this paper include
(a) effects of discrete geologic features, such as faults and fractures; (b) lateral movement
of moisture (derived either from surface infiltration or from condensation); (c) effects of
heterogeneity of media properties; and (d) effects of coupled processes. Related questions
are addressed in a second TEF subissue that deals with the abstractions used to account
for thermal effects on flow in the DOE total system performance assessment. The subissue
requires that the abstracted model used to predict water influx into an emplacement drift
must be demonstrated to reproduce the lower- and upper-bound process-level predictions
of water influx into a drift. Thermal-mechanical effects on flow into emplacement drifts
are also considered in a subissue of the RDTME KTI with specific emphasis on changes in
hydrological properties associated with thermal-mechanical response of the rock mass.4°

Percolation flux has a significant effect on drift seepage in that the likelihood of water
influx into drifts and the magnitude of such influx increase as the percolation flux increases.5!
The results discussed in this paper illustrate that discrete geologic features, such as faults

that intersect the PTn, are potential locations for focused percolation flux at the repository
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horizon. As a result, drifts located in such areas would experience higher likelihoods and
magnitudes of water influx. Furthermore, because of lateral flow within thermal-mechanical
altered zones, emplacement drifts on the downstream side of and within such altered zones
are likely to receive elevated percolation flux. Therefore, the occurrence of faults in the PTn,
including those faults that may be ignored because of their failure to produce measurable
offset, needs to be considered in the prediction of water influx into emplacement drifts. Also,
thermal-mechanical altered zones (including their rate of development and geometrical and
hydrological characteristics) have been shown to be essential to repository-level percolation

flux and, consequently, the influx of water into emplacement drifts.
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CONCLUSIONS

In this paper, numerical-modeling results are presented to examine the effects of discrete
geologic features and thermal-mechanical altered zones on the distributions of percolation
flux and thermally driven moisture at the proposed repository horizon at Yucca Mountain.
Thermal-hydrological flow was simulated using a series of two-dimensional site-scale models.
The geometrical and hydrological characteristics of thermal-mechanical altered zones were
developed through separate thermal-mechanical modeling. The percolation flux through the
unsaturated zone has significant effects on (a) the occurrence and magnitude of water influx
into the emplacement drifts, (b) the onset and rates of waste package corrosion, (c) the
mobilization of waste into aqueous states, and (d) the transport of radionuclides to the
saturated zone. The following observations are presented:

1. Areas of the repository close to and on the up-dip side of faults that intersect the PTn
experience relatively high percolation flux. Such faults intercept lateral flux in the PTn and
redirect the flux vertically because of contrasts in hydrologic properties between the fault
zone and the surrounding host rock. The fault may act either as a flow barrier or conduit
because of the property contrast, but the effect on repository-level percolation flux is the
same in both cases. Relatively large faults (such as the GDF) and smaller faults that may
be ignored because of their failure to produce measurable stratigraphic offset may produce
the same effect on repository-level percolation flux, depending on the fault-zone property
contrast.

2. Thermal-mechanical altered zones are likely to be laterally discontinuous, being local-
ized around emplacement drifts and in the middle of interdrift pillars. The type, magnitude,
and orientation of the fracture-aperture change associated with such zones depend on the
rock-mass quality and on whether rock-mass response is elastic or inelastic. Elastic re-

sponse is associated with vertical-fracture closure, while inelastic response is associated with
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horizontal-fracture dilation in high rock-mass quality areas and vertical-fracture dilation in
areas of low rock-mass quality.

3. Lateral flow within thermal-mechanical altered zones results in redistribution of perco-
lation flux, with elevated vertical flux occurring on the downstream side of the altered zone.
Flux is diverted from altered zones characterized by vertical-fracture closure. Horizontal-
fracture dilation appears to have the dominant effect on flux, always causing elevated flux
within and on the downstream side of the altered zone.

4. Elevated percolation flux appears to have little effect on dryout rates, but the rewetting
of dryout zones within elevated-flux areas is relatively accelerated. Consequently, emplace-
ment drifts located in areas of elevated flux would experience longer periods of wetness and
elevated humidity.

Predictions of (a) the onset and rates of water influx into emplacement drifts and (b) the
temporal variation of relative humidity within the drifts are essential in the assessment of the
long-term performance of the proposed Yucca Mountain repository. Results discussed in this
paper indicate that models used to perform such predictions need to consider (a) the location
of an emplacement drift relative to faults that intersect the PTn; and (b) the development,

geometry, and hydrological characteristics of thermal-mechanical altered zones.
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Table I: Hydrologic Parameters for the Base Model!4
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Model | Model | Hydro-
Layer | Layer | geologic bg k¢ ksy km

Number | Name | Unit | (107 Units) | (107 m?) | (107 m?) | ¢, | (107Y7 m?)
1 tcwl2 TCw 2.99 60.3 138. 0.066 0.540
2 ptn PTn 0.484 5.25 5.25 0.369 1610.
3 tsw32 | TSw 1.29 7.08 151. 0.146 18.2
4 tsw33 | TSw 1.05 8.91 263. 0.135 2.04
5 tsw34 | TSw 1.24 4.27 67.6 0.089 0.408
6 tsw35 | TSw 3.29 9.12 38.0 0.115 2.22
7 tsw36 | TSw 3.99 12.0 12.0 0.092 0.870
8 ch2ve | CHn 0.714 2.88 2.88 0.321 5500.
9 pp3vp | CHn 0.714 6.92 7.08 0.274 191.
10 pp2zp | CHn 0.110 0.646 0.251 0.197 1.75
11 bf3vp | CHn 0.714 6.92 7.08 0.274 191.
12 bf2zp CHn 0.110 0.646 0.251 0.197 1.75




Table II: Van Genuchten Fitting Parameters for the Base Model'*

Model
Layer of Qm Ay
Name | sj; | Ay | (107*Pa™) | sj,, | Am | (107% Pa™') | (10~* Units)
tcwl2 | 0.01 | 0.669 2.37 0.13 | 0.2447 2.01 5.00
ptn | 0.01 | 0.667 0.913 0.10 | 0.3859 34.3 5020.
tsw32 | 0.01 | 0.667 1.42 0.04 | 0.2861 20.0 5.00
tsw33 | 0.01 | 0.667 1.73 0.06 | 0.2479 6.21 5.00
tsw34 | 0.01 | 0.643 0.934 0.18 | 0.3212 1.19 12.3
tsw35 | 0.01 | 0.667 1.26 0.08 | 0.1983 4.01 5.00
tsw36 | 0.01 | 0.667 1.32 0.18 | 0.5138 0.808 5.00
ch2vc | 0.01 | 0.667 1.18 0.06 | 0.2291 41.2 5000.
pp3vp | 0.01 | 0.667 1.42 0.07 | 0.3142 16.6 5.00
pp2zp | 0.01 | 0.667 1.14 0.18 | 0.3568 8.39 5000.
bf3vp | 0.01 | 0.667 1.42 0.07 | 0.3142 16.6 5.00
bf2zp | 0.01 | 0.667 1.14 0.18 | 0.3568 8.39 5000.
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Table III: Bulk (Rock-Mass) Thermal Parameters for the Base Model*

p Cnm Kdry Ksat

Name | (kg/m’) | [J/(kg:K)] | [J/(smK)] | [J/(smK)]
tewl2 | 2510.0 837.0 1.28 1.88
ptn 2340.0 1080.0 0.35 0.50
tsw32 | 2550.0 866.0 1.06 1.62
tsw33 | 2510.0 883.0 0.71 1.80
tsw34 | 2530.0 948.0 1.56 2.33
tsw3d | 2540.0 900.0 1.20 2.02
tsw36 | 2560.0 865.0 1.42 1.84
ch2ve | 2240.0 1200.0 0.58 1.17
pp3vp | 2580.0 841.0 0.66 1.26
pp2zp | 2510.0 |  644.0 0.74 1.35
bf3vp | 2580.0 841.0 0.66 1.26
bf2zp | 2510.0 644.0 0.74 1.35
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Table IV: Permeability and Porosity Reductions in Fault Zones That Intersect Poorly Lithi-

fied Sediments

Site

Measurement Permeability Porosity

k (darcy) @

Host Rock | Fault Zone | Host Rock | Fault Zone

Moab??
Santa Ana3®

Elmendorf36

0.6-5.0 0.002-0.01 | 0.17-0.22 | 0.01-0.05
3.0-46 0.01-7 0.28 0.16-0.24
4.0-12 0.2-8.0 0.25 0.17

1 darcy ~ 1072 m?

Table V: Heat Conduction Analysis Model

Boundary conditions

Thermal load

Thermal conductivity

Density

Specific heat capacity

Symmetry on vertical boundaries; fixed temperature 18.7°C at top
and 34.3°C at base.

Decays with time from 1.2 kW/m (of drift) to 0.017 kW /m at 10 000
yr. Distributed uniformly over drift cross-sectional area.

213 W/m-K

2210 kg/m®

Varies with temperature to account for water evaporation and conden-
sation, with values of 969, 4741, 4741, and 988 J/kg-K at temperature

of <92°, 96°, 112°, and > 116°C, respectively.
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Table VI: Continuum Mechanical Analysis Model with Temperature Change

Boundary conditions

Young’s modulus
Poisson’s ratio

Thermal expansivity

Friction angle
Dilation angle

Cohesion

Initial fracture poros-

ity

Symmetry on vertical boundaries; free surface at top and no vertical
displacement at base.

32.6 GPa

0.21

Temperature dependent, with values of 7.14, 9.07, 9.98, 11.74, 13.09,
and 15.47 (107%/K) at temperatures of < 50°, 100°, 125°, 150°, 175°,
and 200°C, respectively.

34.4°

17.2°

Varies with time to represent mechanical degradation, with values of
5.08 MPa at 0-50 yr and 2.54 MPa at 100 yr and later.

10™* (Used to calculate R,)




44

Table VII: Reduction Factors Applied to PTn Hydrologic Parameters to Define a Generic

Fault Zone and the Resulting Repository-Level Flux Magnification

Reduction Factors

Case Name for ¢, | for o, | for by | for b, | Flux Magnification
¢/10 case 0.1 1.0 0.1 1.0 2.5
®/2 case 0.5 1.0 0.5 1.0 1.5
#/2 + a/10 case 0.5 0.1 0.5 1.0 2.6

®m, Q¥m, bp, and b, are matrix porosity and van Genuchten o and

horizontal and vertical fracture aperture, respectively

Table VIII: Fracture-Aperture Change Ratios Applied to Define a Thermal-Mechanical Al-

tered Zone and the Resulting Flux Magnification

Ry, Ry, | Flux Magnification Remarks

1.0 | 1071 | 4.0 All elastic, high stress

1.0 | 10793 1.5 All elastic, relaxing stress
10%% | 1.0 1.25 Inelastic and elastic

10.0 | 107! 2.5 Inelastic and elastic

10.0 | 1.0 2.25 Inelastic and elastic

10.0 | 10.0 1.25 All inelastic

Ry = 1+ Ab/b,; subscripts h and v represent horizontal and vertical,
respectively.




List of Figure Captions

1

Model domain: an east-west vertical section through Yucca Mountain. Circled
numbers represent the model stratigraphic names as defined in Table I.
Finite difference discretization of the model domain. Cells used for heat-source
application are marked with dark dots. Two ellipses with dashed boundaries
represent generic geomechanically altered zones: a fault zone intersecting the
PTn represented by the subvertical ellipse centered at about (860, —240),
and a thermal-mechanical altered zone represented by the horizontal ellipse
centered at about (500, —434).

Fracture-aperture change ratio R, (= b/b, = R,lc/ *) from continuum thermal-
mechanical analysis of a drift-scale model of the proposed Yucca Mountain
repository. Only the part of the model within 50 m above and below the
repository axis is shown. There was no change in fracture aperture (i.e.,

R, = 1) outside this zone.

45

Distributions of fracture shear displacement from discontinuum thermal-mechanical

analyses using drift-scale models of the proposed Yucca Mountain repository.
Dotted lines represent individual fractures; dark lines represent shear dis-
placement, with line thickness proportional to shear-displacement magnitude.
RMQS5 is the most competent rock-mass category, whereas RMQL1 is the least
competent. Additional information about the model is provided in a separate

publication.*®



Vertical profiles of matrix saturation at horizontal distances of 450, 1200, and
1600 m from the west model boundary. Broken lines represent the interfaces
between welded and nonwelded tuff units. The profiles represent the initial
steady-state moisture distribution (before waste emplacement) calculated us-
ing the base-case model.

Profiles of matrix saturation and vertical and lateral fluxes at mid-depth of the
PTn unit, and vertical percolation flux at the repository depth, illustrating
the effects of PTn-TSw contrast, stratigraphic dip, and major faults such as
the GDF on deep percolation. The PTn profiles include only the part of the
PTn on the west side of the GDF (Fig. 1).

Profiles of percolation flux at the mid-depth of the PTn unit and at the repos-
itory depth, illustrating the effects of a generic fault zone that intersects, but
does not necessarily offset, the PTn. Lateral flux is positive in the direction
of increasing horizontal distance.

Profiles of percolation flux at the repository depth, illustrating the effects
of a generic thermal-mechanical altered zone. The results represent the ef-
fects of horizontal-fracture dilation with no change in vertical fractures and

vertical-fracture closure with no change in horizontal fractures. Both cases are

compared with the base case for which there is no change in fracture aperture.

Profiles of percolation flux at the repository depth, illustrating the effects
of a generic thermal-mechanical altered zone. The results represent the ef-
fects of combining horizontal-fracture dilation with different magnitudes of
net vertical-fracture dilation and closure. Parameters b, and b, represent the

horizontal and vertical fracture apertures for the base-case

46



10

11

Vertical profiles of temperature and matrix saturation from the base-case
model with thermal loading. Profiles represent the behavior at a horizon-
tal distance of 450 m from the west model boundary.

Histories of temperature and saturation illustrating the effects of focussed
water flux from a generic minor fault in the PTn. Taken from a thermal-
load case that includes the PTn fault zone as illustrated in Fig. 2. Solid and
broken-line curves are for the seventh and sixth heat-source nodes (counting

from the east), respectively.
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