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ABSTRACT

We analyzed a data set of thermally induced changes in fdatock permeability during a
four-year heating (up to 200) and subsequent four-year cooling of a large volume, partially
saturated and highly fractured volcanic tuff at the Yucca Mountaift Bcale Test, in
Nevada, USA. Permeability estimates were derived from about 7@@natie (air-injection)
tests, taken periodically at 44 packed-off borehole intervals dtimdreating and cooling
cycle from November 1997 through November 2005. We analyzed air-pelityeddiia by
numerical modeling of thermally induced stress and moisture mevsmand their impact on
air permeability within the highly fractured rock. Our analysiws that changes in air
permeability during the initial four-year heating period, which wengéd to about one order
of magnitude, were caused by the combined effects of thermdlamieally-induced stress
on fracture aperture and thermal-hydrologically-induced chandescinre moisture content.
At the end of the subsequent four-year cooling period, air-permeability des(éags low as
0.2 of initial) and increases (to as high as 1.8 of initial) wéserved. By comparison to the
calculated thermo-hydro-elastic model results, we identiffezse remaining increases or

decreases in air permeability as irreversible changes imgiatrfracture permeability,
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consistent with either inelastic fracture shear dilation (whm¥ameability increased) or

inelastic fracture surface asperity shortening (where permgateiireased). In this paper, we
discuss the possibility that such fracture asperity shorteanty associated decrease in
fracture permeability might be enhanced by dissolution of higingssed surface asperities

over years of elevated stress and temperature.

1 INTRODUCTION

Coupled thermal-hydrological-mechanical (THM) processes in geab media must be
assessed when evaluating the performance of a geologicabhnughste repository [1]. The
heat released by the emplaced waste leads to elevated temgaral changes the stress field
in the rock mass for thousands of years. Such elevated tempenaduseess lead to changes
in hydrogeological properties that can impact the performanae gdological repository,
because the flow processes in the vicinity of emplacement tunnels wouldred &om what
they were initially. Changes in hydrogeological propertiey mave a bigger impact on the
long-term performance if they are permanent (irreversible)hich case they would persist
after the temperature has cooled down to ambient. That is, they affald the entire

repository compliance period, which may be as long as a million years.

The Yucca Mountain Drift Scale Test (DST) is a largdescanultiyear, rock-mass heating
experiment designed to study thermally driven coupled procesd$exciured rocks by using
electrical resistance heaters to simulate the thewadirg that results from the emplacement
of radioactive waste, albeit at an accelerated rate. The DST also providigsi@ opportunity

to study potential irreversible changes in hydrologic rock rpagserties that might occur as



a result of several years of thermal and mechanical loadirgDBT, which started in 1997,
included a four-year period of forced heating, followed by a four-pesiod of unforced
(natural) cooling. A volume of over 100,000 of highly fractured volcanic tuff was heated,
including several-tens-of-thousand of cubic meters heated to aboweglieihperature. This
massive heating induced strongly coupled thermal-hydrologicahanézal-chemical
(THMC) changes that were continuously monitored by thousands ofrsesrabedded in the
fractured rock mass. Of particular interest to this studii@speriodic active pneumatic (air-
injection) testing used to track changes in air permeabilithinvthe variably saturated

fracture system around the DST.

Previous coupled THM analyses of the initial four-year heatingoghe(lasting from
December 1997 through January 2002) indicated that the observednagapédity changes
were a result of both thermal-mechanical (TM) changes ictura aperture and thermal-
hydrological (TH) changes in fracture moisture content [2, 3Méfeover, those previous
analyses indicated that the TM-induced changes in fracturtusgand intrinsic permeability
would be mostly reversible. That is, most TM-induced changes rmsitt permeability
occurring during heating would diminish when the temperature cooleulceat. However,
the prediction of reversible behavior was based on analysis ofrdatdahe four-year heating
period and did not include the newly available data from the subsefpuentear cooling

period.

In this study, we analyze thermally induced permeability chaagése DST for both the

four-year heating period and the subsequent four-year cooling peraydolér, whereas the



previous analyses were focused on permeability evolution in a festegllocations within
the rock mass, here we analyze all available air-permealdiatg. This includes air-
permeability data from over 700 pneumatic (air-injection) teskert in 44 packed-off
borehole intervals from November 1997 through November 2005. By analyzinjgahatdéne

entire heating and cooling cycle, we are here able to idanyersible changes in intrinsic

fracture permeability and discuss the potential mechanisms behind suclsibiéiyer

2 THE YUCCA MOUNTAIN DRIFT SCALE TEST

The DST is located at Yucca Mountain, Nevada, in a side alcoaa ahderground tunnel,
the Exploratory Studies Facility (ESF), at a depth of about 250 partially saturated, highly
fractured volcanic tuff (Fig. 1a) [5]. The DST is centered arcauwmiift, denoted the Heated
Drift, which is about 50 m long and 5 m in diameter. It is locateadhighly fractured welded
tuff described as Topopah Spring Tuff (Formation), Crystal-Poom{déz), Middle Non

Lithophysal (Zone) (Tptpmn), and is one of the units considered fiog dite proposed

nuclear waste repository at Yucca Mountain.

From a hydrological perspective, the highly fractured weldedl atfthe site may be
characterized as a partially saturated dual-continuum medium, toopses interacting
fracture and matrix continua. The effective rock-mass permeability attéhef the DST is on
the order of ¥10*°* m?, dominated by the permeability of the fracture system, velsettee
permeability of the rock matrix is on the order efl@*’ m? [2, 5]. The main part of the 11%

total rock-mass porosity is comprised of matrix porosity, witctlire porosity estimated to



be less than 1% [6]. At ambient conditions, the matrix pores are about 90% saturatedswhe

the fracture system is considered to be almost completely dry.

From a mechanical perspective, the welded tuff at the sitdagvely competent, although
intense fracturing substantially reduces rock-mass stiffraesb strength. For example,
Young’s modulus of intact rock determined from laboratory tests rdng@sabout 30 to 35
GPa, whereas the correspondingsitu deformation modulus of the fractured rock mass has
been estimated to be about half of the intact value (i.e., about 15[85P3]) Thermal
properties of the welded tuff are dominated by those of itsimaircluding a thermal
conductivity of about 1.7 to 2 W/mK (depending on the degree of liquidaden) and a

thermal expansion coefficient of about 8 to 20 microstt&@iidlepending on temperature) [2].

Through extensive fracture mapping at the DST drifts and iménghboring ESF tunnel,
three orthogonal fracture sets have been identified in the Tptpnmin7+a prominent
subvertical, NW-SE trending, a less prominent subvertical, NE-S&Hditng, and a
subhorizontal. The average strike of the fractures belonging tovtheubvertical fractures
sets are approximately parallel and perpendicular to the atie ddeated Drift (Fig. 1a). In
addition, there are randomly oriented fractures that account for 80étitof the mapped
fractures in the Tptpmn unit. The average spacing obtained fronsumveys of fractures
larger with trace lengths than 1 m has been estimated to abant[0]3However, alternative
detailed-line surveys of small-scale fractures have showedthénanajority of fractures in the
Tptpmn unit are small-scale fractures with trace length shitvd® 1 m; fractures longer than

1 m accounted for less than 20% of all fractures. Thus, including-so@ddl fractures, the



average fracture spacing is much less than 0.3 m. Moreover, a rargber of air-
permeability tests conducted in short-interval (0.3 m) packebea#hole sections (not part
of the air-injection tests analyzed within this study) in thepirpt unit show that fluid-
conducting fractures exist at least every 0.3 m [8]. This is evidehan intensively fractured

media forming a well-connected network of hydraulic conductive fractures [7]

During the four-year forced heating period, heat was provided byteahsaters meant to
simulate radioactive waste packages along a 47.5 m long settiom ldeated Drift, as well
as by 50 rod heaters, referred to as “wing heaters,” placetdontmntal boreholes extending
from, and orthogonal to, the Heated Drift (Figs. 1la and 2a). Tihg Wweaters provided
additional heat to the rock mass, simulating the effect of meat heighboring drifts that
would occur at a full-scale nuclear waste repository. Duringetitiee eight-year heating and
cooling cycle, the heated drift was isolated from the connecting lttmoigh a thermally

insulated bulkhead (Figs. 1a and 2a).

Fig. 1b shows the time-evolution of heater power and drift-wall teamtyer for the entire
eight-year DST heating and cooling cycle. The heaters actreated on December 3, 1997.
Within three months, the temperature at the drift wall rogbedooiling point (about 96°C)
and then continued to rise at a slower rate (Fig. 1b). This sl@ters a function of the
energy required to vaporize liquid water as the zone of boilingressed from the drift wall
and several meters into the rock. Towards the end of the fouhgating period, the thermal
input was deliberately stepped down by 10% a few times in order that the maxinftenvalri

temperature did not exceed about 200°C (Fig. 1b, upper). The forced heatingezbmbr



approximately four years, until January 14, 2002, when the heatersuneed off. At that
time, the boiling isotherm (about 96°C) had extended tens of metersfeomayhe Heated
Drift and wing heaters (Fig. 1a). During the subsequent fourg@aling period, the Heated
Drift remained isolated from the connecting tunnel through the thigrmallated bulkhead.
At the end of the cooling period, the temperature at the drilit wess still significantly
elevated (at about 6Q) compared to the initial temperature of@4Fig. 1b). The unforced
cooling period was formally terminated in June 2006, and monitoring of the mass

ceased.

Throughout the entire eight years of heating and cooling, passiveamogitand active
testing of THMC changes were conducted in the near-field rock fhsThe monitoring
was conducted through thousands of sensors installed in 147 boreholes aroHedtdte
Drift. Our focus here is on the results of periodic pneumaticirfgction) testing of
permeability. These pneumatic tests were conducted in cluste4® m long boreholes
forming vertical fans that bracket the Heated Drift andwitey heaters at three locations
(Fig. 2a to d). A string of custom-designed high-temperaturegpsakere installed to divide
each of the 40 m long boreholes typically into three or four isblabmes (or intervals) of
about 5 to 10 m each. After installation of the pneumatic packegstiiaseline air-injection
tests were performed in each borehole interval before therfieatse turned on. The
pneumatic packers were then left inflated in the boreholes, andjegtion tests were

performed typically every three months during the eight-year heatingoafidgcycle.



During each air-injection test, local air permeability wasneated from the steady-state
pressure response to a constant-flux air-injection [5]. By reggperforming measurements
using the same testing configuration and applying the samesenaipdel, changes in the
rock mass response could be temporally resolved with high accuracyheveourse of the
eight-year DST experiment. However, measurement of air duilitg in a humid, high
temperature environment is challenging. As temperature increased atkhmass, many air-
injection tests showed responses that were considered anomalousofMbst unusual
behavior was attributed to two-phase processes, such as vapor condamshgyaporation,
in which case no meaningful steady-state flow response was edf&jh Moreover, as the
heating progressed, many of the pneumatic packers failed datedefnder the intense heat.
Air-permeability values used in this paper are derived fromngeciion tests conducted in
intact packer intervals, and from pressure and flow data fromhvéhineaningful steady-state

pressure response could be obtained and interpreted.

Fig. 2e shows the results of air-permeability measurementiucted in 44 test intervals over
the eight-year heating and cooling cycle. Initially, 46 tesrugls were installed. However,
for two intervals (77:2 and 77:3), no reliable data could be retlieduring heating and
cooling. The results in Fig. 2e are presented as the evolutiopeshreeability change factor,
defined as the ratio of current permeability over initial (preheatinggebility k/k). Taking
the available measurements as a whole (without the benefit detaged evolution at each
and every individual test interval), we can conclude that air-pdiitgachanges remain
within about one order of magnitude throughout the entire heating andgogtle. At the

end of the cooling period, 11 out of the original 46 test intervals nadantact. For those 11



test intervals, permeability-change factors range from 0.2 tofiti@e initial value through
the cooling period. Permeability changes remaining at the ettteafooling period are of
particular interest to our study, since they may be a resuleokrsible (inelastic) changes in

intrinsic fracture permeability.

3 THM MODEL SETUP OF THE DST

To simulate the coupled THM response of the rock mass to theyeladg a model approach
similar to what was successfully applied in the previous modelintheofinitial four-year
heating period was followed [2]. The model simulation was conductedwo-aimensional
(plane strain) model in a cross section perpendicular to tleecdxihe Heated Drift. The
simulation was conducted with TOUGH-FLAC, which is a simulator &malysis of
multiphase fluid and heat transport coupled with geomechanical nugions [9]. The
conceptual model for multiphase fluid flow and heat transport and the appfoa
calculating stress-induced changes in permeability withirhigpely fractured rock duplicate
those used in the previous modeling of the four-year heating pha3éi2jncludes a dual-
permeability continuum model, considering important hydraulic intersctbetween rock
matrix and fractures [10, 11]. Moreover, changes in intrinsic peitiey are evaluated from
thermal-elastic changes in fracture aperture, caused by changressn®rmal to fractures of

the three dominant fracture sets [9].

3.1 Hydromechanical Model of the Highly Fractured Volcanic Tuff

The hydromechanical model considers changes in porosity, perityeaild capillarity, in

the fractured continua as a result of stress-induced changestuwé apertures [9]. Changes



in hydrological properties are calculated using a conceptual nuafdéiree orthogonal
fracture sets consistent with the three main fracture setsvaosat the site (Fig. 3b). The
permeability along X, y, and z directions are calculated flmraperturelh, and spacings, of
fractures belonging to the three orthogonal fracture sets uspaga#iel-plate fracture flow
model [9, 12]. The current fracture apertbrdepends on the current effective normal stress
o' n, according to the following exponential function [14]:

b=b, +b, =b, +b,,[exdac,)] (1)
wherelby; is a residual aperturéy, is a mechanical apertureyax is the mechanical aperture
corresponding to zero normal stress, anis a parameter related to the curvature of the
function (Fig. 3c). This relationship can also be expressednrstef an initial aperturdy;,
and changes in aperturdh, as:

b=b +Ab=b +b_ [exdeo,)-exdao, )] (2)
wherea is the initial stress normal to the fractures. In Equat{@hsnd (2), the engineering
sign convention used for effective normal stress, which impliestehatle stress is positive
and compressive stress is negative. In this conceptual model weeatisainthe aperture
uniform within the fractures, whereas in the nature it could be higdriyable both within a

fracture and between fractures.

3.2 Material Propertiesand Initial and Boundary Conditions

Table 1 presents material properties we use to model the Tptpmn Hyaitological
properties include water-retention curves and relative permgattictions based on van

Genuchten [15] and Corey [16] models. Mechanical properties includetar&a rock-mass
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deformation modulus of 14.77 GPa and a temperature-dependent thermal axpansi

coefficient [2].

The parameterbna, a andb, defining the stress-aperture relationship in Equations (1) and
(2) need to be calibrated against site-specific field measuatenoé permeability changes
during stress changes. The parameters definingntrsitu stress-aperture relationship can
generally not be determined from small-scale laboratory erpets, because of scale
dependency and/or sampling biases [17]. The investigation and calibodititre stress-
aperture relationship is described in detail in Section 4.2 below, since it ipartant part of

our analysis and involves detailed interpretation of the above mentionegeeiion tests.
Nevertheless, the final calibrated parameters valid for theemppbnceptual stress-versus-
permeability model, with initial permeability ofx10** m? and fracture spacing of 0.23 m,
arebmax = 37.6um, a = 0.07 MP& andb, = 22.1um. These are the basic calibrated stress-

aperture parameters applied when deriving model results presented in this pape

Initial and boundary conditions are presented in Table 2 and 3 (se€iglsa). The initial
stress, temperature, and phase saturations shown in Table 2 ra®uttseof an initial steady-
state simulation using the boundary conditions shown in Table 3. At Yucca Mountairglvertic
stress resulting from the weight of the overlying rock is theximum principal stress,
whereas the two horizontal principal stresses are estinatagl about half the magnitude of
the vertical stress. At ambient (initial) conditions, the maiialmost fully saturated with

water, whereas fractures are considered almost dry (as a resuttimfwader imbibition).
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4 MODELING SEQUENCE AND RESULTS

The model simulation in this study is focused on the analysis wh#tly induced changes in
air permeability, meaning that we need to make an accuratdason of the evolution of
temperature, stress, and moisture movements within the fractoc&dsystem. We first
studied the temperature evolution to ensure that simulated tempemtolion and
distribution closely matched field observations (Section 4.1). We theliedtthe thermally
induced changes in stress and fracture moisture content (liquidtisstuend sampled the
evolution of stress and gas saturation at each air-injection interta used for calculating
the air-permeability evolution (Section 4.2). We calibrated thestiperture relationship by
matching the evolution of calculated and measured changes in aegi®litg in each air-
injection interval during the heating and cooling cycle (Section EiBally, we conducted a
detailed comparison between the calculated permeability evolution asirgglibrated model
and the measured permeability evolution, and we identified irrélersthanges in

permeability (Sections 4.4 and 4.5).

4.1 Analysisof Temperature

Similar to the previous modeling of the initial four-year heatpegiod, we had to consider
heat loss through the bulkhead located between the Heated Drift acdnihecting drift

system [2]. Further, for an accurate modeling of the temperauai@tion during the entire
eight-year heating and cooling cycle in our simplified two-direered analysis, it was also
necessary to consider out-of-plane heat loss into the surrounding reskfia 4a compares

evolution of measured and calculated drift-wall temperature with and withoutlecatson of
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out-of-plane heat loss. Fig. 4b depicts temperature profiles along a vertielableoextending
from the top of the drift for the best-match solution. The bestimaas obtained with a heat-
loss coefficient of 0.075 W/K-fAfor heat loss thorough the bulkhead and 0.005 W#demn

out-of-plane heat loss into the rock.

Fig. 5 presents calculated temperature contours at the end of thee&wureating period and

at the end of the subsequent four-year cooling period. At the end dduhgear heating

period, the maximum temperature near the drift wall and wintgrses about 20, and the

zone of above-boiling temperature extends as much as 10 m above and below the center of the
drift and 20 m laterally (Fig. 5a). At the end of the cooling peribd,temperature is still
significantly elevated, with a temperature above®fAear the drift and a zone of abové@0
extending to a distance of more than 30 m from the center of ifthéRily. 5b). Given the

good match between the calculated and measured temperature, thatedltemperature

distribution shown in Figure 5 should be representative ahtbeu temperature at the DST.

4.2 Calculated Thermally-Induced Stressand Moisture M ovements

The coupled THM analysis shows that the high temperature neatdritheand the wing
heaters causes strong TM and TH responses in the form of tlyemtced stress and
moisture movements (Fig. 6 and 7). In the field, thermally indwtethges in stress and
moisture content will change the amount of fracture void space laleaitaairflow, which in
turn should be reflected in the measured air permeability. In regfdnsreased compressive

stress, fractures will tend to close, resulting in a reducedsp@de and hence a reduced air
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permeability. Moreover, in regions with increased moisture conferareased liquid
saturation) in fractures, the nonwetting void space available ®flga would be reduced,

also resulting in reduced air permeability.

Fig. 6 shows how TH-induced processes affect moisture movemeriigard! saturation
within the fracture system. During the heating period, high terhperanduces evaporation
of liquid matrix water and drying near the heat source. Vaponeaeér is transported as
vapor away from the heat source in the permeable fracture systeard cooler regions,
where it is condensed to liquid water (Fig. 6a, dark zone). Asuli,rasiryout zone is formed
near the heat source, and a condensation zone moves progressivelfrcamwaiie heat
source. At the end of the four-year cooling period, the previouslyetsed water in the
fracture system has either drained by gravity or been imbibed into the magidryout zone
is rewetted by capillary suction, but in a zone around the HeatédaBd wing heaters the

fracture system still remains slightly dryer than the initial prehgatonditions (Fig. 6b).

Fig. 7 shows how TM-induced processes affect the stress fielchamdmpact on fracture
aperture. The high temperature gives rise to thermal expansitime aock matrix, with

associated thermally induced stress changes. At the end ajuhgeiar heating period, the
maximum horizontal stress has increased by up to about 20 MPtheehift wall and wing

heaters. A zone of increased compression has extended to covea dmaaracludes all air-
injection test intervals (compare Fig. 7a to borehole locationgyir2lr During the four-year
cooling period, the thermal stresses decrease with the degréamperature and with the

loss of thermal gradient.
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4.3 Analysisof Thermally-Induced Changesin Air Permeability and M odel
Calibration

In this section, we present an analysis of thermally induced chamges permeability as
well as calibration of the stress-aperture relationship usedmfwdeling stress-induced
changes in intrinsic permeability. The calibration requires ap@i@models for evaluating
TM and TH-induced changes in air permeability at each air-injedest interval and a
careful analysis and comparison of calculated and measured pdityeabnges. Moreover,
to calibrate the stress-aperture relationship, we must dissimchetween air-permeability
changes caused by TM-induced changes in stress from TH-indbeedjes in moisture

content.

4.3.1 Mode for evaluating TM-induced changesin air per meability

In this model calibration, we assume that the measured amepéility changes evaluated
from the air-injection tests are controlled by the aperture aondtume changes in the
prominent NW striking subvertical fracture set. Thus, we compdred measured
permeability change factor to changes in permeability withenNW-striking fractures set. In
the previous published study analyzing the DST heating period, &iNermaodels were
applied in which the measured permeability was compared to at@duwthanges in geometric
mean of anisotropic permeability changes, thus a calculated esjually affected by
permeability changes in all three orthogonal fracture sets. Howekien analyzing the entire
heating and cooling period, we found that the field data can be better matcherdnielpility

changes in the NW-striking fracture set. This finding isameable since fractures within the

15



NW-striking subvertical fracture set strike approximatedypendicular to the subhorizontal
monitoring borholes, which implies that fractures from this set raost likely to be

hydraulically connected to the boreholes. However, we recogmaettis also possible that
fractures other than those belonging to the NW-striking dracset could intersect and

significantly impact the air-injection response.

Using Equation (2) and the cubic law of the parallel-plate flavdeh[12], the permeability

change factor along the NW striking fracture set may be calculated a

FkTM — Fk (AO’) — :((ng — bi + bmax (exdal;jx)_ eXdao-xi )):| (3)

XI 1

where oy and oy is the current and initial stress in x-direction (i.e., curegmt initial normal
stresso;, and oy, across the NW striking fracture set). The initial aperydepends on the

initial intrinsic permeability kas:
b =3/k 12s 4)
where s is the fracture spacing. Note that in Equation (3), amdyof the three parameters

defining the stress-aperture functidma.xand ¢, are present, whereas the residual apeljure

is given by
br = bl - bm = bl - bmax exp@o_xi) (5)

Thus, for an initial aperture given from the initial intrinsicrpeability in Equation (4), we
only have to calibrate two of the three parameters defining tesssaperture function.

However, whereas the permeability in the rock mass surrounding thesDf the order of

16



1x10"® m? the initial permeability measured in each of the 44 aictiga test intervals
ranges from 7.8L0"° to 9.0<10*° m?. Assuming the fracture spacing to be 0.23, this range of
permeability results in an equivalent initial aperture randgnogn about 27 to 104um,
according to Equation (4). Although we used the initial homogeneous pelityezftix10*3
m? in our simulation of thermally induced changes in stress and nmoistatent, we believe
that it is important to consider the actual local permeabilitg bbcal estimated initial
aperture, when interpreting the evolution of permeability in eacijaction interval. In
effect, if we are using Equation (2) and the same calibratesgevalfb,,.x anda in all test
intervals, then a different initial permeability and initial apex will result in a different
residual aperture for fractures intersecting each boreholesahtéd different approach to
scaling the fracture hydromechanical properties with initiangability was derived by Liu
et al. [18]. They used the same exponential stress-aperturéofuastin Equation (1), but

defined a dimensionless paramd®gias:

R, = 6)

Equation (3) can then be rewritten in the following form:

F" =F(A0) = o) _ { i exp(““”)T (7)

k(oy) |R,+expao,)

Note that the permeability change factor defined in Equations(f)dependent of initial
permeability. This is achieved by scalibgandbpmaxproportionally with initial permeability,
keeping the paramet&; constant. Such scaling would be consistent with a concept that the
initial fracture permeability at a certain normal stressid be dependent on the roughness of

the fracture surfaces. A rough fracture would have a larggalimiperture than a smooth

17



fracture; consistently, a rough fracture would have labggrandb, than a smooth fracture.
Equation (7) is the basic function used to evaluate TM-induced changesnsic fracture

permeability and its impact on air permeability at each air-igedest interval.

4.3.2 Mode for evaluating TH-induced changesin air per meability

In this study, consistent with current dual-permeability modeteehighly fractured welded
tuff at Yucca Mountain, the relative permeability for gas flawfractures is modeled

according to the commonly applied Corey [16] model:
~\2 A~
k, =0-5f[-$?) (®)
where S is an effective saturation, defined as

S=(s-s,)/l-s -s,) 9)

whereS, S, andS;s are (respectively) current, residual, and satdratgliid-saturation values,
andS; is residual gas saturation. In this stufly= 0.0 andS;, = O for the fracture continuum
(Table 1). With these parameteé,z S and the permeability change factor in terms of gas

relative permeability is calculated as a functiéfiquid saturation, according to:

FkTH = Fkrg (AS ): K, (SI ) = (1_ s )2(1_ Slg

k(S)_@-s)0- 32)) 10)

Equation (10) is the basic function used to evaluBitl-induced changes in gas relative

permeability and their affect on air permeabilityeach air-injection test interval.
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4.3.3 Mode calibration of stress-aperturefunction

The model calibration was conducted by simulatimg éntire sequence of four-year heating
and subsequent four-year cooling, using the basitemal parameters in Table 1 and
comparing calculated and measured permeabilityudeol in each air-injection interval. We
sampled the calculated evolution of stress andsgagration at the midpoint of each air-
injection interval, and applied Equations (7) add)(to calculate the evolution of TM-
induced changes in intrinsic permeability and THuoed changes in gas relative
permeability. The total permeability change factaused by the combined effects of changes

in TM- and TH-induced changes was calculated as:

F(A0,,A8)=F,(A0,) Fiy (AS) (11)
or

FM=F™.-F™ (12)

By comparing the measured and calculated permgabliange factor for the entire eight-
year cycle and for different regions around thetéxkalrift, we could distinguish between
TM- and TH-induced changes in air permeability. Ewample, along boreholes far above the
Heated Drift, the measured air permeability changes caused by TM-induced changes,
without interference from TH-induced changes. Udihig technique, we found the “best”
overall match folR, = 0.59 andx = 0.07 MP&. However, when including data from all 700
air-injection tests and the evolution of perme#pithange factor in 44 test intervals, we also
found it impossible to obtain a simultaneously petf match between calculated and

measured permeability at all test intervals. Welatoanly match the general trend of
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evolution of permeability (e.g., matching the rewf increase or decrease in permeability

and average magnitudes of the permeability change).

For the initial homogeneous permeability ofl0"® m? and fracture spacing of 0.23 m, the
calibrated value®, = 0.59 andx = 0.07 MP& would correspond to the basic stress-aperture
parameters db = 51.7um, bpax = 37.6um, a = 0.07 MP& andb, = 22.1um in Equations (1)
and (2). However, these numbers should be considertve calibration parameters, valid
specifically for the conceptual model of highlydmared media with equal uniform spacing
0.23 m and with all fractures having identical prdjes. Consider a case in which the
permeability responses would be dominated by oreswpen fracture in a 10 m long air-

injection interval. FoR, = 0.59 andx = 0.07 MP&, the equivalent aperture values in such a

case would increase by a fackt0/023 = 35, leading tdo; = 155.1um, bnax= 131.6um,

= 0.07 MP& andb, = 77.2um. However, by using the dimensionless paranfjewe end
up with a permeability change factor that is indefnt of initial permeability and fracture

spacing, which is very convenient for model calilorain a heterogeneous rock mass.

4.4 Comparison of Calculated and Measured Air Permeability for Calibrated M odel

In Fig. 8, we present the measured and calculatgeeemeability for all 44 air-injection test
intervals at the DST. (As mentioned in Sectiond?,tivo of the 46 test intervals, 77:2 and
77:3, no reliable permeability data could be reed and hence these are not included in Fig.
8.) The locations of the test intervals can aleddund in Fig. 2 and the initial (baseline)

permeability measured in each test interval andtleof each test interval are given in Fig. 8.
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The measured results (square symbols) are comparedlculated TM-induced changes
(solid line), as well as to the calculated total, TéiM-induced, change in air permeability,
which includes the combined effects of TM- and Tidiiced changes (dashed line). Overall,
Fig. 8 shows that the general trends in the ewvaiubf measured permeability (e.g., increases
or decreases) are well captured by the model at tess intervals, although the measured
data are scattered at several intervals, and #Hrersystematic deviations between measured
and calculated data at some intervals. Some dewngtin the measured and calculated
responses are expected, considering the existehdecal heterogeneities that are not
accounted for in the numerical model. Moreover jalgans between measured and calculated
permeability values appear to increase during thelimg period. Deviations during the
cooling period might be a result of inelastic chesignd will be discussed in detail in Section

5 below.

At several air-permeability test intervals locatdaise to the heat source, the results indicate a
significant signature of TH-induced change in pahilgy, in addition to the prominent TM-
induced changes. This is most evident at 76:3,,788:3, and 186:4, and also (somewhat
less prominently) indicated at 59:4, 58:2, and 5&8r example, in interval 76:4, the
permeability first decreases as a result of thessqposed effect of increasing stress and
decreasing gas permeability (due to wetting), tcihea minimum of kik~ 0.1 at about 2
years (Figure 9a). Thereafter, the modeling shdves some of the reduced permeability
recovers as a result of drying of the previouslytede fractures and stabilizes at jk/& 0.5.

The temporary wetting and subsequent drying issaltr®f the condensation zone shown in

Figure 6a, which progressively moves outward armtessively crosses several air-injection
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intervals. The remaining k/k=~ 0.5, at about 4 years, is caused by the elevateddmtal

stress that keeps the vertical fractures compressaa aperture smaller than its initial value.

There is a consistent rapid reduction in air petiigafor measurement points located below
the Heated Dirift (Intervals 60:1, 60:2, 60:3, 60/8;3, 78:4, 186:2). The model shows that
this rapid reduction in permeability can be atttdalito superimposed TM- and TH-induced
changes. As shown in Figure 6a, the rapid TH-indymmeability reduction in this region is

caused by increased moisture from local condensatich is amplified by gravity-driven

liquid flow from overlying condensation zones. Urtmately, as these are the zones in
closest proximity to the wing heaters, the intetgien of air-injection responses became
problematic because of two-phase processes. Fomtiney the highly elevated temperatures
led to failures in the pneumatic packers, elimmgany possibility of collecting addition data

within this region.

At some air-permeability test intervals, the moubelicates that the observed changes in air
permeability are caused entirely by stress-indudehges (e.g., most intervals in boreholes
57, 74 and 185). These test intervals are locae@iove the Heated Drift, away from the
maximum extent of the dryout and wetting zonessuh a distance from the heat source, the
fractures stay dry, at the ambient liquid saturatidd about 9%. For test intervals in these
boreholes, we may compare calculated and measuvethduced changes in permeability
without interference for TH-induced changes. Faregle, in interval 57:1, the model shows
that the permeability slowly decreases with indreasompressive horizontal stress, to reach

a minimum of k/k~ 0.6 at the end of the four-year heating periodyFe 9b). Thereafter, as
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the rock mass cools down, the compressive stresseagduced and the permeability recovers
to reach a kik= 0.8 at the end of the four-year cooling period.ughthe remaining
permeability reduction by a factor k/k 0.8 is attributed to the remaining thermal stress

keeping the fractures slightly compressed as thmpéeature is still elevated above ambient

conditions.

Fig. 10 presents three composite scatter-plots iti@dtide all of the more than 700 air-
permeability measurements. In Fig. 10a and 10bhee $iow stress and saturation correlates

with permeability change. Fig. 10a shows calculdtadture normal stress versus measured
and calculated permeability change factors causedttess changesk". The figure

indicates that the measured permeability changerfagenerally correlate with the calculated
stress changes. However, the calculated permgalihtatnge factor caused by stress

changeF,", is somewhat higher than the average of the medsuermeability change (A

larger portion of the measured values are locaidté left rather than to the right of the line
of calculated values.). Similarly, Figure 10b showsgeneral correlation between the
measured permeability change factor and calculgdsdsaturation. However, on average, the
calculated permeability change factor caused bygbs in gas saturatiori,’", is higher
than the average of measured values, especidtiglatgas saturations (dry fractures). Thus,
Fig. 10a and 10b illustrate that we need to comsidéh TM- and TH-induced changes to find

a good overall match between the measured andladwevolution in air permeability.
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Figure 10c shows a comparison of the measurBdf*, versus calculated,F,™ ,

permeability change factors, in which the calcwatecluded both TM- and TH-induced
effects on air permeability. Again, the figure slsothat the model captures the “average”
behavior reasonable well, although there are madividual points deviating from average
behavior. Many of these deviations between theutaied and measured permeability
change factor occurred during the cooling periodl @y be the results of inelastic processes,

as discussed in Section 5 below.

4.5 ldentification of Irreversible Changes after Cooling

At the end of the heating phase, the measured péititg decreased in all but a few
measurement intervals. During the subsequent apgiimase, the permeability at many
intervals began to recover. This is consistent wilie calculated thermal-hydro-elastic
response, which shows that the decreasing temperdtuwing the cooling period results in a
reduction of thermal stresses acting across frastuwhich leads to fracture reopening.
Unfortunately, air-injection testing for the enteght-year heating and cooling cycle could
only be completed in 11 out of 44 test intervalso3e 11 intervals are located at a distance of
10 to 15 m from the heat source, where moistur@litions do not change significantly and
where the stress and temperature changes are red&raomposite plot showing the time
evolution of measured and calculated permeabihlignges in those 11 intervals is shown in
Figure 11. (Detailed comparison for each intenaal be found in Figure 8.) Figure 11 shows
that the calculated thermo-hydro-elastic solutieads to a minimum permeability at the end

of the heating period and a subsequent recovermpglwooling, ending at a permeability
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change factor of about 0.7 to 0.8. The measuretugeo of permeability follows reasonable
close to that of the thermo-hydro-elastic solution3 out of 11 test intervals (57:1, 75:1,
76:1). An example of an interval in which the meadupermeability followed the trends of
the calculated thermo-hydro-elastic, solution isl5&hown in Figure 10b. However, the
measured permeability change factor in 8 out oflthentervals deviates significantly from
the thermo-hydro-elastic solution indicating irresible changes in permeability (Figure 11).
Five out of 11 intervals (74:1, 75:1, 57:1, 58:858) show irreversible permeability
increases, whereas irreversible permeability deseeaan be observed in 3 out of 11 intervals

(74:2, 185:1, 186:1).

5 DISCUSSION: CAUSE AND RELEVANCE OF IRREVERSIBLE
CHANGES

In Figure 11, irrecoverable increases in permedstalie observed in 5 out of 11 test intervals.
From the TM perspective such irreversible increaeepermeability may be the result of
fracture shear dilation. During the heating andliogocycle, fractures may have sheared
under dilation, leading to a permanent increadeacture aperture and thereby an irreversible
increase in fracture permeability. We investigatbd evolution of shear stress and slip
potential (i.e., ratio of shear stress to normasst at each test interval) assuming both vertical
fractures and randomly oriented fractures. At sdmeations, the shear-to-normal stress ratio
exceeded 0.6 to 0.8, indicating that shear sligdcbe triggered. However, it would be very
difficult to predict exactly where and when such earent would occur. For example, the

calculated evolution of stress was very similainggrvals 74:1 and 57:1, but irreversible
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permeability increase indicated shear slip occgronly at 74:1. Thus, local heterogeneities,

such as local fracture orientation and strength,rhaye played a role here.

In Figure 11, irreversible permeability reductienobserved in 3 out of 11 test intervals. Such
permeability reduction (compared to the thermalrbyelastic solution) indicates irreversible
contraction of the fracture surfaces, which mayltesom crushing or dissolution of highly
stressed surface asperities under years of elevstieds and temperature conditions.
Dissolution of surface asperities has been suggiestea mechanism that could explain field
and laboratory observations of fracture-permeghbdécrease during increasing temperature,
even under constant normal stress [19]. Pressuwmiao involves the serial processes of
dissolution at highly stressed fracture surfacesagp contacts, the diffusive transport of
dissolved mass along the contact boundaries, dimdatély the precipitation of mineral mass
on available free fracture faces. In Figure 11,dfnengest irreversible decrease is observed in
test interval 74:2. At this interval, the initiatneability was relatively small, suggesting that
the initial aperture could be small and that thespure solution and associate mineral
precipitation could be detectable even after a years. However, the observed irreversible
permeability decrease in 3 out of 11 test intenads only be considered as anecdotal

evidence of such a process.

It is unfortunate that the permeability measuremeantthe test intervals experiencing the
highest stress (up to 10 MPa) and the highest teatype (up to 13C)—where the potential
for dissolution might be the highest—failed afteflew years. The permeability decrease was

indeed most substantial in those intervals, but awe no data to indicate whether
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permeability in those test intervals would remaw lor whether they would rebound during
the cooling of the rock mass. The observed irreblerpermeability changes in the 11 intact
intervals located 10 to 15 m from the heat sousregyed from 0.2 to 1.8 of the original
permeability. Such small and local changes mightoeovery significant for the performance
of a nuclear waste repository. However, they o@uafter only a few years and in intervals
with only moderately elevated stress and tempezatdoreover, each measurement interval
is typically 5 to 10 m long and is intersected bha@e number of fractures of various sizes
and apertures. The observed response likely rdafleatesponses in the most open fractures or
the most open channels, which dominated pressowerfisponses during an air-injection test.
Permeability in wide-open fractures and channelsildvde less impacted by chemically
mediated dissolution and mineral precipitation. tlre longer term, under sustained
temperature and stress increases lasting for thdssaf years, the chemically mediated

changes would be expected to be much stronger.

6 CONCLUDING REMARKS

We have analyzed a data set of thermally-inducexh@és in fractured rock permeability
during eight years of heating and cooling of péytisaturated, highly-fractured volcanic tuff
at the Yucca Mountain Drift Scale Test, Nevada. ¥Wwlyzed the permeability data by
numerical modeling of thermally induced stress amasture movements within the highly
fractured rock and their impact on air permeabilBased on our analysis, the following

conclusions can be made:
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Much of the observed changes in air permeabilithatsite can be explained by thermal-
mechanically-induced changes in fracture apertsrg@vated temperature induced

thermal stresses around the DST.

There is also a strong signature of moisture-indwtgnges in air permeability,
especially near the heat source, where drying andensation under above boiling

temperature conditions are significant.

Permeability changes during the heating phase liveited to about one order of
magnitude, and were caused by the combined efiéttermal-mechanically induced
changes in fracture aperture and thermal-hydroédlgicnduced changes in fracture

moisture content.

Irreversible permeability changes that significamtéviated from the reversible thermo-
hydro-elastic solution could be identified in 81df test intervals for which reliable
permeability data could be retrieved until the ehthe cooling cycle. At these test
intervals, which were located in areas of modeyattdvated temperature and stress,
remaining permeability change factors ranging f@ito 1.8 of their initial value were

observed at the end of the cooling period.

The identified irreversible permeability changesyrba attributed to inelastic thermal-

mechanical processes consistent with either inelaatture shear dilation (where
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permeability increases in 5 out of 11 test intesyal inelastic fracture surface asperity

shortening (where permeability decreases in 3 bl dest intervals).

The observed irreversible permeability decrease iadtcated inelastic fracture surface-
asperity shortening may be a result of crushingliesolution of highly stressed fracture
surface asperities during years of elevated saedgemperature conditions. However, partly
because of the difficulties in measuring air peroilég in areas of the highest temperature
and stress, the available air-permeability datandoprovide conclusive evidence of such a

process.
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Tables

Table 1. Rock properties of the highly fracturedded tuff (Tptpmn unit).

Property [ Value
Matrix Hydrologic and Thermal Properties
Permeability 1.24E-17 M
Porosity 0.11
Van Genuchten, P 4.44E6 Pa
Van Genuchten m 0.247

Residual liquid saturation,,S 0.18
Saturated liquid saturationS | 1.0
Residual gas saturation,$r | 0.0
Corey gas relative permeability]

Rock grain densityp 2,530 kg/m3
Rock grain specific heat 953 J/kg K)
Dry thermal conductivity 1.67 W/m K
Wet thermal conductivity 2.0 WimK
Fracture Hydrological Properties
Permeability, k 1.00E-13'm
Porosity 0.263E-3
Van Genuchten, P 1.027E4 Pa
Van Genuchten m 0.492

Residual liquid saturation,,S 0.01
Saturated liquid saturationS | 1.0

Residual gas saturationg,Sor | 0.0

Corey gas relative permeability]
Fracture spacing for fracture- | 0.23 m
matrix hydrologic interactions
Rock M ass M echanical Properties

Young’s Modulus 14.77 GPa
Poisson’s ratio 0.21
Thermal Expan. Coeff. 5+0.058%T 10°%°C
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Table 2. Initial conditions

Par ameter Approximate value
at thelevel of DST?

Vertical stressg; ~ 5.7 MPa

Min horizontal stresssy; ~ 2.9 MPa

Max horizontal stressy; ~ 3.4 MPa

Initial temperature, T ~ 24°C

Initial Fracture saturation ~ 9%

Initial matrix saturation ~ 90%

Initial gas pressure ~ 0.9 bar

!Approximate values of the depth-dependent paramatehe drift level.

Table 3. Boundary conditions

Top boundary

Bottom boundary

Lateral boundaries

T=22.8°C T=28.0°C 0y = oy = 6,-0.6= [3.61+2,200-9.81- (z-100)] -0.6 MPa
0= 0, =3.61 MPa | P;=0.085 MPa | =0
P,=0.085 MPa | U,=0 Qo = O
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List of Figure Captions

Figure 1. The Yucca Mountain Drift Scale Test:l(ayout and approximate measured extent
of the boiling isotherm (9&) after four years of heating; (b) Evolution oBheower (total
power in drift and wing heaters) and measured-dréll temperature at a point located at the
top of the drift about 10 cm into the rock.

Figure 2. The location of borehole cluster and déked off intervals for measurement
intervals for pneumatic (air-injection) tests aadttresults: (a) Horizontal view indicating the
locations of the three borehole clusters alongHeated Drift. (b, ¢, d) Vertical cross sections
at each borehole cluster showing the exact locati@ach measurement interval, with solid
thick line indicating the extent of each sectiod apen circles indicating their center points.
(e) Test results in terms of a permeability chafiagéor (k/k) derived from more than 700 air-
injection tests in 44 sections over eight yearseating and cooling.

Figure 3. TOUGH-FLAC simulation of the DST: (a) Twlanensional model geometry; (b)
conceptual model for stress-permeability coupliicynormal stress versus aperture
relationship for fractures.

Figure 4. Comparison of measured and simulateddeaiyre evolution: (a) Evolution of
drift-wall temperature, indicating the effect oftaaf-plane heat loss; (b) Comparison of
temperature profiles along a vertical borehole eating from the top of the drift. The
measured results are taken from a vertical bordbolged at Y = 22.8 m (i.e., near the center
of the Heated Drift).

Figure 5. Calculated temperature contours at tkeoéthe four-year heating period (a) and at
the end of the subsequent four-year cooling pgipd

Figure 6. Calculated changes in liquid saturatiothe fractured continuum as a result of
thermally driven vaporization and condensation gssc(a) At the end of the four-year
heating period and (b) at the end of the subsedaanyear cooling period.

Figure 7. Calculated changes in horizontal stregsivalent to changes in stress normal to
drift-parallel vertical fractures: (a) At the enfitbe four-year heating period and (b) at the
end of the subsequent four-year cooling period.

Figure 8a. Comparison of calculated (solid lineTy and dashed line for THM) and
measured (symbols) permeability change factorik/kiorehole cluster 57-to-61, located at y
=10 m. See Figure 2 for location of each testruatie

Figure 8b. Comparison of calculated (solid line T and dashed line for THM) and

measured (symbols) permeability change factorik/kiorehole cluster 74-to-78, located at y
= 30 m. See Figure 2 for location of each testruatie
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Figure 8c. Comparison of calculated (solid line TV and dashed line for THM) and
measured (symbols) permeability change factarik/korehole cluster 185-to-186, located at
y =44 m. See Figure 2 for location of each tetgriral.

Figure 9. Results from two test intervals in whattess- and moisture-induced changes can
be clearly distinguished by the modeling: (a) Ressal test interval 76:4, in which the model
simulation shows that both TM and TH processes anihee measured evolution in the
permeability change factor; and (b) results atitéstval 57:1, in which the model simulation
shows that the measured evolution in the permégabhiange factor is caused solely by TM
changes.

Figure 10. Composite plots illustrating the overaditch between measured and calculated
permeability change factors, including data fronerox00 air-injection tests: (a) Calculated
stress normal to vertical fractures as a functiomoth measured and calculated permeability
change factor caused by stress-induced changadtufe aperture, (b) calculated gas
saturation in the fracture system as a functiobath measured and calculated permeability
change factor caused by moisture-induced changgasimelative permeability; and (c)
measured versus calculated permeability changerfachsidering both stress- and moisture-
induced changes.

Figure 11. Composite plot for the evolution of theasured and calculated permeability
change factors at 11 test intervals (57:1, 57:21,58}:1, 74:2, 75:1, 75:2, 76:1, 185:1, 185:3,
186:1) where interpretable air-permeability datalddoe retrieved for the entire eight-year
heating and cooling cycle.

35



Figures

Approximate location of boiling

Vertical Section (A-A) temperature isotherm after 4 years E 200
= /d’l)"—f__\\\//\ -~ i 100
5 I/—le’ate ”\t Wing Heaters ; ~< 2
2 / __/@ O \ - O o L L L L " " " )
£ " ) ) /// a
s \_ Drift Heaters 7 / // Bulkhead 250 — i )
|| Tcee___-- /////// F Forced Heating Unforced (natural) cooling
wv —~
< / S 200F
= y7 w r
[v] @ F
g a 150 :—
3 S ;
o &100 Boiling temperature (96°C) - - - #Hpp- - - ----------
& a I
> =
S Average strike of two %0
© 9€ =R Amblent (mmal) temperature (24°c) _______________
5 subvertical fracture sets o b P B I
EL 0 l 2 3 4 5 6 7 8
w

TIME (Years)

~
QD
N—

(b)

Figure 1.The Yucca Mountain Drift Scale Test: (a) Layout and approximate mebsxtent of the

boiling isotherm (96C) after four years of heating; (b) Evolution of heat power (total powerfin dri
and wing heaters) and measured drift-wall temperature at a poirgdaahe top of the drift about
10 cm into the rock.
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Figure 2.The location of borehole cluster and 46 packed off intervals for measnténtervals for
pneumatic (air-injection) tests and test results: (a) Horitoiga indicating the locations of the three
borehole clusters along the Heated Drift. (b, ¢, d) Verticascsections at each borehole cluster
showing the exact location of each measurement interval, with solid théciktiicating the extent of
each section and open circles indicating their center points. gejeBeilts in terms of a permeability
change factor (kfkderived from more than 700 air-injection tests in 44 sections over egrs gf
heating and cooling.
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Figure 3. TOUGH-FLAC simulation of the DST: (a) Twlanensional model geometry; (b)
conceptual model for stress-permeability coupliicynormal stress versus aperture

relationship for fractures.
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Figure 4. Comparison of measured and simulateddeaiyre evolution: (a) Evolution of
drift-wall temperature, indicating the effect oftaaf-plane heat loss; (b) Comparison of
temperature profiles along a vertical borehole eating from the top of the drift. The
measured results are taken from a vertical bordbobded at Y = 22.8 m (i.e., near the center
of the Heated Drift).
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Figure 5. Calculated temperature contours at tldeoéthe four-year heating period (a) and at
the end of the subsequent four-year cooling pgdd
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Figure 7. Calculated changes in horizontal stregsivalent to changes in stress normal to
drift-parallel vertical fractures: (a) At the enfitbe four-year heating period and (b) at the
end of the subsequent four-year cooling period.
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Figure 8a. Comparison of calculated (solid lineT¥ and dashed line for THM) and
measured (symbols) permeability change factarik/korehole cluster 57-to-61, located at y

10 m. See Figure 2 for location of each testuate
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Figure 8b. Comparison of calculated (solid line M and dashed line for THM) and
measured (symbols) permeability change factarik/korehole cluster 74-to-78, located at y
= 30 m. See Figure 2 for location of each testruatie
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Figure 8c. Comparison of calculated (solid line T and dashed line for THM) and
measured (symbols) permeability change factarik/korehole cluster 185-t0-186, located at
y =44 m. See Figure 2 for location of each tetgriral.
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Figure 9. Results from two test intervals in whattess- and moisture-induced changes can
be clearly distinguished by the modeling: (a) Ressal test interval 76:4, in which the model
simulation shows that both TM and TH processes anihee measured evolution in the
permeability change factor; and (b) results atitéstval 57:1, in which the model simulation
shows that the measured evolution in the permégabhiange factor is caused solely by TM
changes.
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Figure 10. Composite plots illustrating the overaditch between measured and calculated
permeability change factors, including data fronerox00 air-injection tests: (a) Calculated
stress normal to vertical fractures as a functiomoth measured and calculated permeability
change factor caused by stress-induced changadatufe aperture, (b) calculated gas
saturation in the fracture system as a functiobath measured and calculated permeability
change factor caused by moisture-induced changgasimelative permeability; and (c)
measured versus calculated permeability changerfaochsidering both stress- and moisture-
induced changes.
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Figure 11. Composite plot for the evolution of theasured and calculated permeability
change factors at 11 test intervals (57:1, 57:21,58}:1, 74:2, 75:1, 75:2, 76:1, 185:1, 185:3,
186:1) where interpretable air-permeability datalddoe retrieved for the entire eight-year
heating and cooling cycle.
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