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ABSTRACT: A numerical simulation of coupled multiphase fluid flow, heat transfer, and mechanical
deformation was carried out to study coupled thermal-hydrological-mechanical (THM) processes at the
Yucca Mountain Drift Scale Test (DST) and for validation of a coupled THM numerical simulator. The
ability of the numerical simulator to model relevant coupled THM processes at the DST was evaluated
by comparison of numerical results to in sifu measurements of temperature, water saturation,
displacement, and fracture permeability. Of particular relevance for coupled THM processes are
thermally induced rock-mass stress and deformations, with associated changes in fracture aperture and
fractured rock permeability. Thermally induced rock-mass deformation and accompanying changes in
fracture permeability were reasonably well predicted using a continuum elastic model, although some
individual measurements of displacement and permeability indicate inelastic mechanical responses. It
is concluded that fracture closure/opening caused by a change in thermally induced normal stress
across fractures is an important mechanism for changes in intrinsic fracture permeability at the DST,
whereas fracture shear dilation appears to be less significant. Observed and predicted maximum
permeability changes at the DST are within one order of magnitude. These data are important for
bounding model predictions of potential changes in rock-mass permeability at a future repository in
Yucca Mountain.

1. INTRODUCTION

The Yucca Mountain Drift Scale Test (DST) is a multiyear, large-scale, underground heating test
conducted by the U.S. Department of Energy at Yucca Mountain, Nevada. The DST is designed to
study coupled thermal-hydrological-mechanical-chemical (THMC) processes in unsaturated fractured
and welded tuff. The DST evolution has the same processes operating over a similar range of thermal
conditions as that of a future Yucca Mountain repository. Therefore, DST data are used to validate




models of those processes such that the models can be shown to be useful for modeling the post-closure
behavior of the system.

Pre-test predictions of coupled thermal-hydrological (TH) and thermal-mechanical (TM) processes at
the DST and validation of TH and TM models have previously been conducted as part of the Yucca
Mountain site characterization project. These predictions included three-dimensional simulations of TH
processes conducted by the Lawrence Berkeley National Laboratory using the TOUGH2 code [1, 2, 3]
and the Lawrence Livermore National Laboratory using the NUFT code [4]. Coupled TM processes
have been simulated by the Sandia National Laboratories using the JAS-3D code [5] and by the
Lawrence Livermore National Laboratory using the 3-DEC code [6]. However, no fully coupled THM
analysis of the DST was performed until recently, when Rutqvist et al. {7, 8] applied a model for the
analysis of coupled THM processes under multiphase flow conditions. This paper presents the current
results of such a coupled THM analysis of the DST.

Experience from the earlier modeling studies of coupled TH and TM processes at Yucca Mountain has
been very valuable for development of the coupled THM model applied in this paper. In the pre-test
prediction of coupled TH processes at the DST, Birkholzer and Tsang [1, 2] developed a three-
dimensional numerical model based on previous experience in simulating the Yucca Mountain Single
Heater Test (SHT) in the same formation. The modeling of the SHT had shown that an overlapping
continuum model, is appropriate for modeling fracture and matrix interactions with multiphase,
multicomponent fluid flow and heat transfer. As a result, an overlapping continuum model, or more
specifically, a dual-permeability model (DKM), was also adopted in the pre-test prediction of coupled
TH processes at the DST.

In a pre-test prediction of coupled TM processes at the DST, Francis et al. [5] applied a ubiquitously
fractured continuum model also based on their previous experience in modeling the SHT. A reasonably
good agreement between simulated and measured displacements in both studies confirmed the
appropriateness of the continuum approach. Furthermore, a comparison between simulation results of a
discrete-fracture model and a continuum model by Blair [6] showed minor differences regarding
mechanical displacements. This indicates the dominance of thermo-elastic expansion of the rock
matrix, although locally a small slip may occur along fracture planes.

This paper presents recent results of a numerical analysis of coupled THM processes at the DST. The
analysis was conducted with TOUGH-FLAC [7], a simulator based on the coupling of two established
computer codes: TOUGH2 [9], used for coupled thermal-hydrological analysis and FLAC3D [10}], used
for mechanical analysis. Simulated processes include heat transfer by conduction and convection,
liquid and vapor water movements, rock stress and deformation, and stress-induced changes in fracture
permeability. In this paper, model predictions of coupled THM responses are compared to in situ
measurements of temperature, water saturation, rock-mass displacement, and changes in fracture
permeability. Recent code-to-code comparison with measured data at the DST within an international
code-comparison project is also briefly summarized.

2. THE YUCCA MOUNTAIN DRIFT SCALE TEST

The ongoing Drift Scale Test is located at Yucca Mountain, in a side alcove of an underground tunnel,
the Exploratory Studies Facility (ESF), at a depth of about 250 m in the middle nonlithophysal zone
(Tptpmn) of the Topopah Spring Tuff formation. The DST centers around a heated drift, 5 m in
diameter and 50 m long (Fig. 1). Heating is provided by floor heaters along a 47.5 m long section of
the heated drift, as well as by 50 rod heaters, referred to as “wing heaters,” which are placed into
horizontal boreholes emanating from, and orthogonal to, the heated drift (Fig. 1). The heaters of the
DST were activated on December 3, 1997, and the heating continued for approximately four years,




until January 14, 2002, when heater power was turned off. Currently, the DST is in the midst of a four-
year period of natural cooling.

Measurements at the DST include laboratory and field characterization of fractured and welded tuff
formation surrounding the heated drift. Preheat laboratory characterization included measurements of
thermal, hydrological, and mechanical properties, mineral-petrology studies, and pore-water chemical
and isotopic analysis. Preheat field characterization involved rock-mass classification, fracture
mapping, video logging of boreholes, geophysical measurements, and air-injection fracture
permeability testing.

After activation of the heaters, scientists conducted passive monitoring and active testing during the
heating phase, which is still ongoing as part of the subsequent cooling phase. The rock mass
surrounding the heated drift has been instrumented with thousands of sensors to monitor the thermal,
mechanical, hydrological, and chemical processes on at least an hourly basis [11].

In Fig. 1, the instrumented boreholes are color-coded according to their functions. For the purposes of
studying THM processes, the focus is on boreholes designed to measure thermal (yellow), hydrological
(blue), and mechanical (green) responses. Radial arrays of 20 m long boreholes drilled from the heated
drift, and boreholes drilled parallel to the drift, are used for monitoring the temperature evolution.
Temperature sensors in each borehole are installed at approximately 30 cm intervals. Most boreholes
labeled as “hydrology” in Fig. 1 originate from the observation drift. These are clusters of 40 m long
boreholes forming vertical fans that bracket the heated drift and the wing heaters. These boreholes are
used for periodic active air-injection testing to track changes in permeability of the fracture system.
Deformation of the rock mass is being monitored with an array of multiple-point borehole
extensometer (MPBX) systems. In the radial MPBX boreholes, four anchors are attached to the
borehole wall at a distance of about 1, 2, 4, and 15 m from the drift wall. The displacements of each
anchor relative to the drift wall are continuously monitored.

3. MODEL CONCEPTUALIZATION OF THE DST

The DST is simulated with TOUGH-FLAC in a two-dimensional cross section (250 m high, 200 m
wide) oriented normal to the drift axis (Fig. 2a). The highly fractured rock mass at the test site is
modeled as a dual-permeability medium, which consists of interacting matrix and fracture continua [1,
2]. The dual-permeability continuum model approach has been proven suitable for modeling of fluid
flow and heat transfer in the unsaturated zone at the Yucca Mountain, since it realistically captures the
partitioning of simultaneous fluid flow in both the fractures and rock matrix. The continuum approach
is deemed appropriate, because the rock mass in the unsaturated zone at Yucca Mountain is intensively
fractured. Fracture mapping at the site shows three dominating fracture sets [12):

1) A prominent vertical, southeast trending
2) A less prominent vertical, southwest trending
3) A less prominent subhorizontal

The average spacing for mapped fractures of length larger than 1 m is about 0.3 to 0.4 m. However,
detailed cell mapping has shown that about 80% of

the fractures at the site are less than one meter, and therefore the fracture spacing counting all fractures
would be less than 0.3 m. Moreover, air-permeability tests conducted in short-interval (0.3 m) packed-
off boreholes sections show that fluid conducting fractures exist at least every 0.3 m [13]. This
evidence of a highly fractured rock justifies the use of a continuum modeling approach.




For the Yucca Mountain site, incorporation of stress effects into hydraulic- properties is based on a
conceptual model of a highly fractured rock mass that contains three orthogonal fracture sets, as shown
in Fig. 2b. Porosity correction factor (Fy) and permeability correction factors (Fiw, Fiy Fig) are
calculated from the initial and current apertures (byi, b2, b3 and by, bz, b3, respectively) in fracture sets
1, 2, and 3, according to [7]:
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where fractures in sets 1, 2, and 3 are assumed to be equally spaced and oriented normal to X, y, and z
directions, respectively, and a parallel-plate fracture flow model is adopted. The capillary pressure is
corrected for porosity and permeability changes according to a Leverett [14] type of relationship:
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where

In this study, the current fracture aperture b depends on the current effective normal stress o'n,
according to an exponential function:

b=b +b, =b, +b., [exp(do;)] 5)

where b, is a residual aperture, by, is mechanical aperture, bpa is the maximum mechanical aperture,
and d is a parameter related to the curvature of the function (Fig. 2c). Equation (5) can be inserted into
Equation (2) to derive expressions for rock-mass permeability correction factors in X, y, and z
directions.

4. MATERIAL PROPERTIES AND INITIAL CONDITIONS

The material properties of the DST test block are presented in Table 1. These include both matrix and
fracture hydrological properties for the dual-continuum approach, as well as equivalent continuum
rock-mass mechanical properties. Hydrological properties include water-retention curves and relative
permeability functions based on van Genuchten’s [15] model. Mechanical properties include a
fractured rock-mass deformation modulus of 14.77 GPa, which is about 50% lower than Young’s
modulus of intact rock. A temperature-dependent thermal expansion coefficient derived based on
measurements of intact core samples from the site (See also Millard and Rutqvist, [16]). The
parameters bpax and d defining the stress-aperture relationship in Equation (5) have been estimated by
model calibrations against various field experiments at Yucca Mountain (described by Rutqvist and
Tsang [17]). In the analysis presented here, a Bmax of 150 pm and d of 0.6 Pa were determined by
recent calibration presented in Rutqvist 2004 [18].

The initial conditions for the simulation are presented in Table 2. At Yucca Mountain, vertical stress
calculated from the weight of the overburden is the maximum principal stress, whereas the horizontal
stresses are estimated to be about half the magnitude of the vertical stress. At an ambient temperature
of 25°C, the matrix is almost fully saturated with water, whereas fractures are almost dry (as a result of
matrix water imbibition).




5. MAIN THM RESPONSES DURING THE HEATING TEST

The coupled THM responses at the DST are driven by changes in rock temperature during the four-year
heating period and the following natural cooling period. After the heaters are turned on, the
temperature at the drift wall rise to the boiling point (about 96°C) within three months (Fig. 3). After a
short pause in the temperature rise, while liquid water in the rock matrix and reflux water in the
fractures was vaporized, the temperature continues to rise at a slower rate. During the test, the thermal
input was manually reduced by 10% a few times to maintain the drift-wall temperature at about 200°C
(Fig. 3).

Fig. 4a—f present simulated results of TOUGH-FLAC after one year of heating, illustrating the main
coupled THM processes at the DST. Fig. 4a shows that after one year of heating, the temperature has
risen above the boiling point around the heated drift and near the wing heaters. High temperature
induces evaporation of liquid matrix water and drying near the heat source (Fig. 4b and c, dryout zone).
Some of the evaporated water is transported as vapor away from the heat source in the permeable
fracture system toward cooler regions, where it is condensed to liquid water (Fig. 4b, dark zone). As a
result, a dryout zone is created near the heat source, and a condensation zone moves progressively
away from the heat source. The remaining part of the evaporated water is lost through bulk head at the
entrance of the heated drift.

High temperature gives rise to thermal expansion of the rock matrix, with associated TM-induced
displacements and stresses (Fig. 4d and e). Near the heat source, the horizontal compressive stress
increases strongly, with a maximum increase at the drift wall and near the wing heaters (Fig. 4¢). Such
an increase in compressive stress reduces fracture apertures, leading to a decrease in fracture
permeability. Away from the heat source, on the other hand, the horizontal stress decreases slightly
(Fig. 4e, top). This decrease in horizontal stress unloads pre-existing vertical fractures that open to

greater apertures, leading to an increase in fracture permeability in this area.

Fig. 4f presents the calculated THM-induced changes in air permeability in the fracture system.
Changes in air permeability are caused by the combined effect of TH-induced changes in fracture
moisture content, shown in Fig. 4b, and TM-induced changes in fracture aperture, shown in Fig. 4e.
Near the heat source, permeability decreases mainly because of fracture closure, but is also affected by
TH-induced wetting and drying. Away from the heat source, a zone of increased permeability has
developed as a result of the opening of vertical fractures (Fig. 4f, near borehole section 74:4). The
modeling indicates that fracture closure/opening by changes in stress normal to fractures is the
dominant mechanism for intrinsic permeability changes at the DST. This finding indicates that
permeability changes caused by shear slip are small compared to those by normal stress.

6. COMPARISON OF MODEL PREDICTIONS AND FIELD DATA

This section compares simulated to measured THM responses in the DST test block. Simulated and
measured rock temperatures are first compared in Section 6.1, since temperature change is the driving
force behind the coupled THM processes at the DST. Sections 6.2 and 6.3 provide comparison of
simulated and measured displacements, and fracture permeability, respectively.

6.1. Rock Temperature

Fig. 5 presents simulated and measured temperature profiles along a vertical borehole emanating from
the crown of the heated drift, and Fig. 6 shows simulated and measured temperature evolution at the
drift wall. The figures indicate an excellent agreement between simulated and measured temperature.
Such an agreement could only be achieved by an explicit simulation of heat loss through the bulk head,
located near the entrance of the heated drift. An extra grid element was added to the two-dimensional
model to simulate out-of plane heat loss through the bulkhead. The properties of the bulkhead element,




corresponding to a heat-loss coefficient of 0.4375 W/°K, were determined through model calibration
against an early temperature measurement. Specifically, the calibration was made by matching a
measured temperature of 150°C at the top drift of after 1 year of heating (Figure 5). Using this single
calibration point, the model properly predicts the entire four-year temperature evolution and
distribution. ‘

6.2. Rock Displacements :

Fig. 7 presents a comparison of the time evolution of rock-mass incremental displacements along
extensometer boreholes (locations of extensometer boreholes are shown in Fig. 4d). Sensitivity
analyses showed that displacement magnitudes are mainly dependent on the coefficient of thermal
expansion, and to a lesser extent on the rock-mass deformation modulus. To display typical trends of
the field data and their variability, the calculated values are compared to measurements that have been
grouped into equivalent categories, based on their location relative to the heated drift.

The comparison shown in Fig. 7 is for six 60° inclined boreholes (BH 147, 148, 154, 155, 178 and 179
in Fig. 4d) located in three borehole arrays at y = 41.1, 21.0, and 13.7 m. All these arrays are located
within the axial extension of the heated drift, with the one at 41.1 m being farthest out, located about
4.6 m from the end of the heated drift. The noticeable spread of the results may be attributed to the
local rock-mass heterogeneities, such as fractures. With the exception of Anchor 1 and the early time
results of Anchor 4, simulated displacements are within the range of the measured ones. The best
agreement is obtained for Anchors 2 and 3, whereas the calculated displacement at Anchor 1 is a lower
bound prediction. In Anchor 4, the early time displacements are slightly underpredicted, while the final
average displacement at 50 months is well predicted. These results indicate that the intact-rock thermal
expansion coefficient determined from core samples was appropriate for the in situ conditions at the
DST.

In addition to a direct comparison of the evolution of measured and calculated individual values, we
conducted a quantitative evaluation using statistical measures according to Wagner et al. [19]. One very
useful statistical measure presented by Wagner et al. [19] is normalized-absolute-mean difference
(NAMD). The NAMD for a specific time is described as:
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where Vhmeas: in this case is measured displacement. NAMD provides a percentage of the absolute
difference between measured (Viueas, ) and simulated (Vym ;) variables relative to the measured
variable.

Fig. 8 presents the evolution of NAMD based on measured and calculated data for Anchors 1 to 4
along the various types of extensometer boreholes (inclined and vertical above and below drift). The
NAMD is about 45% at 6 months, but gradually reduces to less than 25% after 24 months of heating.
Thus, as a whole, the displacements at DST are predicted within 25% of measured values.

6.3. Fracture Permeability

The evolution of fracture permeability was compared at specific borehole locations where air-injection
tests are conducted at regular time intervals of about three months. In this paper, three packed-off
boreholes sections—denoted as 76:4, 74:4 and 76:1, located in a borehole array at y = 30.2 m—are
selected for a detailed comparison of simulated and measured evolution of fracture permeability (see
locations of packed-off sections in Fig. 4f). These borehole sections are selected for comparison




because they represent characteristic responses of fracture permeability at various locations around the
heated drift: near the heat source (Section 76:4), far above the heat source (Section 74:4), and on far the
side of the heat source (Section 76:1).

As discussed in Section 5, changes in air permeability are caused by the combined effect of TH-
induced changes in fracture moisture content (Fig. 4b) and TM-induced changes in fracture aper-ture
(Fig. 4e). TH-induced changes in fracture moisture content cannot be directly measured, since the
moisture in the fracture system is only a small fraction of the total moisture content for the entire
fracture-matrix system. The drying in the matrix at the DST is monitored by geophysical methods that
include ground penetrating radar, electric resistivity tomography, and neutron logs [11]. A comparison
of those geophysical data with the simulated results indicates that the extent of the dryout zone is well
captured in the numerical results.

TM-induced changes in fracture permeability are controlled by thermal stress and the adopted stress-
versus-permeability relationship. ~Sensitivity studies show that the stress-versus-permeability
relationship is the most important parameter for predicting the evolution of fracture permeability.
Obviously, if a2 more sensitive relationship between stress and permeability is adopted in the analysis,
stronger changes in permeability will be predicted. It was also shown that the permeability changes in
vertical and horizontal fractures can be very different in some areas around the drift. In general, the
permeability changes more in vertical fractures than in horizontal, because vertical fractures are
exposed to greater TM-induced stress changes.

Fig. 9 presents a comparison of measured and simulated fracture permeability (airflow permeability in
the fracture system) for the three borehole sections. In this comparison, the calculated mean
permeability is compared to the measured results. The mean permeability correction factor is
represented by the geometric mean Fi of permeability correction factors for directional permeability
change factors according to Equation (4). In general, the simulated results are in agreement with the
measured results.

At 76:4, the simulation correctly predicts a decrease in air permeability during the first two years. This
decrease in air permeability is the combined effect of TM-induced fracture closure and TH-induced
condensation in the fracture system. The modeling shows that a TM-induced decrease in intrinsic
permeability occurs in both vertical and horizontal fractures. After about two years of heating, the
measured air permeability appears to recover somewhat. Modeling shows that this partial recovery of
air permeability can be explained by drying of the fracture system as the dryout zone expands beyond
borehole section 76:4.

At 76:1, the model predicts a gradual reduction in air-permeability with time. Modeling showed that at
this location, the intrinsic permeability of vertical fractures decreases, while the intrinsic permeability
of horizontal fractures slightly increases. In the field, the net effect is a slight decrease in air
permeability.

For Section 74:4, measured air permeability increases during the first two years and then gradually
decreases. The modeling showed that this increase in permeability can be explained by a reduction in
horizontal stress that tends to increase the aperture of vertical fractures. Section 74:4 is located so far
from the heated drift that no significant changes in fracture moisture content occur at that location.
Thus, measured changes in air permeability at 74:4 are likely to be a result of purely TM-induced
fracture opening/closure.



7. CODE-TO-CODE COMARISON WITHIN THE DECOVALEX PROJECT

As part of the international cooperative project DECOVALEX 11l (DEvelopment of COupled models
and their VALidation against EXperiments, Project Phase III), four research teams used four different
numerical models, including the one presented in this paper, to simulate and predict coupled THM
processes at the DST [20]. The four research teams—Commissariat a 'Energie Atomique (CEA),
France, Center for Nuclear Regulatory Analyses (CNWRA), USA, Lawrence Berkeley National
Laboratory (LBNL), USA, and Technical University of Catalunya (UPC), Spain—all used continuum
model approaches but with slightly different model conceptualizations. The analyses by UPC and
LBNL included fully coupled THM modeling, whereas CEA and CNWRA conducted simplified TM
analyses based on the measured temperature field. That is, the temperature field measured at the DST
was imported at selected time intervals to their models and then thermally induced mechanical
responses were calculated.

Other notable differences in the model approaches included different conceptualizations for mechanical
analysis and for analysis of permeability changes. Most notably, CEA and CNWRA used elasto-plastic
mechanical analysis, whereas LBNL and UPC used elastic analysis. The models by CNWRA and CEA
included the concept of elasto-plastic ubiquitous joints for analysis of mechanical behavior of the rock
mass. For the analysis of changes in permeability, CNWRA adopted an approach similar to that of ’
LBNL (presented in this paper) with permeability changes calculated as a function of changes in
normal stress across sets of fractures and having nonlinear relationships between normal stress and
fracture permeability. However, instead of an exponential function (Equation (5)), CNWRA used the
Bandis’ [21] joint model to relate normal stress and changes in fracture aperture. In addition, CNWRA
included changes in fracture aperture as a result of fracture shear displacements.

Fig. 10 presents comparison of the evolution of mechanical displacement and permeability changes. In
general, the coupled THM responses were well captured by all teams and were in general agreement
with the results presented in this paper. TM-induced rock deformations were generally well simulated
using an elastic model, aithough some individual displacements appear to be better captured using an
elasto-plastic model. More details about this code-intercomparison are provided in Rutqvist et al. [20].

The elasto-plastic analyses by CEA and CNWRA indicated that the highest potential for inelastic
deformation in the form of fracture shear slip occurs near the drift wall, as well as in a zone of thermal
stress decrease located more than 15 m above the heated drift. However, it appears that such shear slip
is relatively small in magnitude and does not induce significant increases in fracture permeability. This
is also indicated by the recent trends of permeability changes measured during the cooling phase of the
DST. The measurements do not indicate any dramatic increases in permeability that could be a sign of
shear slip dilation. Thus, fracture closure/opening caused by change in normal stress across fractures
appear to be the dominant mechanism for TM-induced changes in intrinsic fracture permeability at the
DST.

8. CONCLUSIONS

This paper presents analysis of coupled multiphase fluid flow, heat transfer, and mechanical
deformation at the Yucca Mountain Drift Scale Test. The generally good agreement between simulated
and measured temperature, displacement, and changes in air permeability shows that the numerical
models and underlying conceptual models have captured the coupled THM processes at the DST. From
the analyses and discussions presented in this paper, the following specific conclusions can be drawn:

e A continuum model approach is appropriate for simulating relevant coupled THM processes at
the DST.



e TMe-induced rock deformations are generally well simulated using an elastic model, although
some individual displacements appear to exhibit partly inelastic behavior.

e Away from the drift wall, fracture closure/opening caused by changes in normal stress across
fractures is an important mechanism for TM-induced changes in intrinsic fracture permeability,
whereas fracture shear dilation appears to be less significant. ‘

e TM-induced changes in permeability at the DST, which are within one order of magnitude, are
likely to be mostly reversible.

It will be very beneficial to follow the evolution of permeability changes during the cooling phase to
confirm that TM-induced permeability changes are indeed partly or almost fully reversible.
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Table 1. Rock properties of the fractured welded tuff (Tptpmn unit) containing the DST test block

Property l Value
Matrix Hydraulic and Thermal Properties
Permeability 1.24E-17 m*
Porosity 0.11
Van Genuchten, o, 2.25E-6 Pa’
Van Genuchten m,, 0.247
Residual saturation 0.18
Rock grain density, p 2,530 kg/m3
Rock grain specific heat 953 J/kg K)
Dry thermal conductivity 1.67 WmK
Wet thermal conductivity 20 W/mK

Fracture Hydrological and Hydro-Mechanical Properties

Permeability, k 1.00E-13 m*
Porosity 0.263E-3
Van Genuchten, o 9.73E-5 Pa’
Van Genuchten, mg (-) 0.492
Residual saturation 0.01
Fracture frequency 432m’
bymax for Equation (5) 150 um
Exponent d for Equation (5) 0.6 MPa’'

Rock Mass Mechanical Properties

Young’s Modulus

14.77 GPa

Poisson’s ratio

0.21

Thermal Expan. Coeff.

5+0.0583xT 107%°C

Table 2. Initial conditions

Parameter Approximate value
at the level of DST’

Vertical stress, 6, ~ 5.7 MPa

Min horizontal stress, Cy; ~ 2.9 MPa

Max horizontal stress, G ~ 3.4 MPa

Initial temperature, T = 25°C

Initial Fracture saturation =~ 9%

Initial matrix saturation =~ 90%

Initial gas pressure = 0.9 bar

! Approximate values of the depth-dependent parameters at the drift level.
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Fig. 1. Three-dimensional view of the Yucca Mountain Drift Scale Test. The color-coded lines indicate boreholes for
various measurements of thermally driven THMC responses.
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Fig. 2. TOUGH-FLAC simulation of the DST: (a) schematics of two-dimensional model geometry and dual-permeability model;
(b) conceptual model for stress-permeability coupling; (c) normal stress versus aperture relationship for fractures.
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15



MEASURED (1 Year)
MEASURED (4 Years)
Simulated
MEASUREMENT USED
FOR CALIBRATION OF TH

BULK HEAD'S HEAT-LOSS
COEFFICENT

DISTANCE FROM DRIFT CENTER (m)

0‘1.11.1,,..“...1...._1_.
50 100 150 200 250
TEMPERATURE, T (°C)

Fig. 5. Measured and simulated temperature profile along borehole 158 extending upward from the crown of the drift.
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Fig. 6. Comparison of evolution of simulated and measured temperature at the drift wall.
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Fig. 7. Measured and simulated displacements for 60° inclined boreholes
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Fig. 8. Normalized-absolute-mean difference (NAMD) as a statistical measure for displacement comparative analysis [18].
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(c) Section 76:1

ability correction factor (Fy = k/k;) for three different borehole sections.
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Fig. 10. Comparison of measured and simulated displacements by various research teams within the international DECOVALEX
project [20].

21



