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ABSTRACT

Sixteen creep experiments were performed on weldédpecimens from the vicinity of Yucca
Mountain, NV. The testsvere performed under two conditions. One suite eAsurementa/as
performed on nominally dry specimens at a confipressureof 10 MPa, a temperature of 225, and
differential stressebetween 40 and 130 MPa. The second suite of expetgnwasconducted on water
saturated specimens at a confining presstife0 MPa, a pore pressure of 1.0 MPa, and a teahpe of
150 °C over a range of differential stresses from 11550 MPa.Six of the specimens tested at T8&D
failed in shear. Theemaining experiments were terminated aftér stonds prior tdailure. All of the
specimens tested showed primary aedondary stages of creep. The secondary cre@pisteaseds
the differential stress was increased. The speditiatfailed exhibited a tertiary creep stage. The
specimens broughb failure were analyzed in terms of static fatigBased orimited data, the time to
failure, (t), is given by an expressiaf the form

(ty = 10*1 e-0.6460

whereao is the differential stress applied to the specimen
Copyright © 1997 Elsevier Science Ltd
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INTRODUCTION

Site characterization for the potential high lewetlear waste isolation facility at Yucca MountdW/ is
well underway. If the site characterization phassuccessful, the site will be nominated to thesiBest,
and a license application filed with the Nucleag®atory Commission by the Department of Energy.
The procedures leading to the selection and liognatie controlled by the nuclear waste isolatidro&c
1982. In 1987, the act was amended and Yucca Mimuwis designated as the primary site for
characterization and evaluation. If the site isnde unsuitable by the Secretary of DOE, the site
characterization will be terminated and other sitédsbe considered. A repository design will
accompany the license application and will be dgwedl on specific characteristics of data developed
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during the site characterization phases of theystud

An integral part of the site characterization aprehensive suite of laboratory measurements to
determine the elastic, strength, thermal, elediraoad flow properties of the tuffs at Yucca Mounta
Many of these studies are well underway and haaehed significant milestones. In this study we are
concerned with the time dependent strength of toftee potential repository horizon as a functidn
saturation, temperature, confining pressure, affierential stress. With the emplacement of waste th
temperature of the rock mass in the vicinity of ygository will rise. Depending on the final desif
the emplacement of canisters, the temperatureegbdtential repository may rise as high as 250
locally. Thermal stresses will develop during tleating. The thermal stresses coupled withitrstu
tectonic stresses will cause the rocks in the icof the emplacement horizon to deform.

Hardy , Bauer 1992 estimated that the greatestipahcompressive stress due to these effects will
approach 20 MPa ten years after the emplacemeheafanisters. The exact value will depend on the
canister density within the repository. To compléte performance assessment of the potential
repository, it is prudent to determine the magreto@ithe strain developed due to thermal loadirgytan
determine whether or not the rocks will fail as tesult of the increased stress. The design lithef
proposed repository is ten thousand years. Conatlguee are looking at the time to failure for koc
thermally loaded to temperatures of several hundegpiees centigrade under stress conditions ttiat wi
exist in the repository due to thermal and tectstiesses. In light of these considerations, aydtad
been undertaken to evaluate the time dependentndatfion of tuff at elevated temperatures for two
water saturations, and to examine the effect (felparameters on the long term strength of the rock
mass in the vicinity of the emplacement canisters.

BACKGROUND

One of the most striking characteristics of britdeks is that at temperatures well below the melti

point, a rock subjected to a constant load exhi@itentinuous increase in strain with time. This
time-dependent deformation is termed creep. Stuaheageep indicate that the observed strain depends
upon the applied stress, the temperature, theappréssure of water, and the confining pressure
(Matsushima 1960; Rummel 1969; Martin 1972b; Pe9ig831 Kranz , Scholz 1977). Moreover, the same
mechanism responsible for the strain of brittleksoim constant strain-rate tests is also operaticeeep.
That is, cracking, both along grain boundariestanough individual grains, produces the observealrst
(e.g., Braceet al. 1966; Scholz 1968; Wawersik 1972). Above apprataty one half to two-thirds of

the compressive strength, the dominant mode ofraheftion for brittle rocks is the opening and growth
of axial cracks.

If time-dependent strains observed in brittle alste rocks are related to axial cracking, it ntigk
asked, “Is there a basic time dependence assoeigttethe formation and growth of axial cracks that
may be related to creep?” One approach is to asswahexial cracks lengthen with time under a
constant load and that the strain rate of rockseep is related to the time-dependent growth efeh
cracks.

Experimental results indicate that stable time-dépat crack-growth at a constant compressive load o
at a constant stress intensity factor occurs imtgw@and glass in the presence of water vapor. M@go
the rate of crack growth depends on the appliexssithe temperature, and the partial pressureerw
in the atmosphere surrounding the crack. The velatieakening of quartz or silicate glass, refledigd

an increase in the rate of crack growth with ameéase in any of the three variables, is consistéhtthe
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general theory of stress corrosion in silicateppsed by Charles 1965. He postulated that the wglofc
a slowly propagating crack with a high tensile strat the crack tip is proportional to the ratéhef
hydration reaction at the crack tip. Wiederhorn886antified the relationship with the following
general equation for environment-sensitive crackvjn

= v BP" exp (AE-V*0 , YVm 1
v = VoP p(———QRT prT) ()

wherev is the rate of crack growth, P is the partial poes of waterAF is the activation energy for the
process, T is temperature, R is the universal gastant, V* is the activation volume,is stressy is the
surface energy of the solid, Vm is the molar voluwh#he solidp is the radius of curvature of the crack
tip, andf and n are constants.

If the partial pressure of water, the temperatangl the applied stress are constant, a constaik cra
propagation velocity will be observed. When any ofthe thermodynamic variables is increased, the
crack velocity increases. This expression has kegfied with experimental studies (Wiederhorn 1968
Martin 1972a; Scholz 1972; Martin , Durham 1975nDung et al. 1978; Atkinson 1984).

Next, let us examine the behavior of brittle rodksing creep and then compare these observatidghs wi
the results of stable, time-dependent crack growthically, creep is reported in terms of thredid
phases: primary or transient creep, secondaryadgtstate creep, and tertiary or acceleratingocree

Transient creep has been reported for a varietyakf types over a wide range of temperatures and
pressures (Lomnitz 1956; Matsushima 1960, Misraurrsll 1965; Rummel 1969; Kranz , Scholz 1977).
The strain in this region decelerates rapidly anadfien reported as proportional to the logarithrinoe.
Moreover, both the lateral and the longitudinaaists exhibit this logarithmic time dependence.

At low stresses, transient creep may account otiserved strain. However, at high stresses, dacpn
creep is often observed. Generally, in secondasgygroften called steady-state creep, the strain is
proportional to time. The total strain caused bghigwimary and secondary creep is often represented
an equation of the form

e=A+Blogt+Ct (2)

whereg is strain, t is time, and A, B, and C are consant

If secondary creep is allowed to continue, evehtuhé strain rate increases (tertiary creep) aedock
fails. All three stages of creep have been obsearvgdanite, quartzite, diabase, and granodiorite
(Lomnitz 1956; Matsushima 1960, Rummel 1969; Mat®72a; Kranz , Scholz 1977).

Stable crack growth in quartz reported by Martii@2®, Martin , Durham 1975, and Dunnirgal. 1975
illustrated specific characteristics that are etlab creep deformation. In these studies, thespes
were loaded to a fixed compressive stress andrtvetly of a crack parallel to the applied load was
observed. The crack was initiated by drilling a Brinale through the center of the specimen to aci a
stress concentrator to initiate the crack. Eaclispen was tested in a controlled environment aed th
change in crack length was noted as a functionmgd.tA typical data set obtained on a single spenim
of quartz tested at a temperature of 281and a partial pressure of water of 4.5 2 kPa is shown in
Figure 1. The test specimen geometry is showndrugiper left portion of the graph. At a stress®f 6
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MPa, the change in crack length with time is vemyilar to that observed in the creep of brittle
crystalline rocks. The crack exhibits an initiatipd of rapidly decelerating growth followed by a
quasi-linear or secondary segment. After 6.3 «sHgonds, the stress was increased to 74 MPa.
Immediately, the rate of crack growth increasede $ame characteristics observed at the lower stress
were exhibited for the 74 MPa segment. There watsoag transient followed by a secondary or
quasi-linear crack growth segment. At approxima8ek/1¢* seconds, the stress was increased to 83
MPa. The rate of crack growth increased dramatictle experiment was terminated when the crack
length reached 3.7 mm. These data are consistdmBguation 1; that is, the rate of crack growth
increased with increasing stress and nearly vasighlw stresses. Additional experiments showatl th
increasing either the partial pressure of watemosunding the crack or the temperature also regsubis
increase in the rate of crack growth.

Equation 1 predicts crack growth at a constantoisloThis is not observed in the specimens tested
where the applied load is compressive. Severabresasave been suggested to explain this behavior.
First, the partial pressure of water at the crgckiécreases as the crack length increases. Pitapaga
occurs when hydration reaction alters the coveei® bonds to form weaker Si-OH Van der Waal type
bonds. This reaction produces a volume increasighwhduces the diffusivity along the path to thac&
tip. The net effect is a reduction of the partis@gsure of water at the crack tip, which inhibitsvgh.
Second, the stress intensity factor at the crgcllécreases with increasing crack length.

The similarity in form between the creep curve Hrat for time-dependent crack growth is not suinti

to conclude that crack growth is the mechanisnreég in brittle rocks. What is needed is a thedry o
creep that defines the observed strain in terntisn&-dependent crack growth. Martin 1972a showatl th
for randomly oriented cracks, the strain-rate afek in creep is proportional to the rate of crgoBwth.

If the only effect of increasing the temperatutesss, or partial pressure of water was to augiinentate
of crack growth on pre-existing cracks, the sanpgeddencies for an isolated crack in quartz should
closely approximate those in brittle silicate racks

An alternative approach is to consider a model dbasethe time required for a crack to extend to a
critical length and not consider the details ofgagation. Scholz 1968 has demonstrated that ceeep c
be treated statistically as the static fatiguendependent regions throughout the rock. Statigdati
refers to the failure time of a rock or single tayst constant stress, temperature, confiningspres and
partial pressure of water without regard to thaisthistory. Scholz 1972 conducted a series oicstat
fatigue tests in compression on single crystal tguéte observed that the mean time to failtie,
depended on the partial pressure of water, P;sstseand temperature, T, according to

{t) = toP2 exp ( -K°) 3)

where a and K' are constants.

The foregoing discussion demonstrates that thagitieof brittle, silicate rocks is not a single-vedl
function of any parameter, but is a complex contmuhat depends on the state of stress, the daturat
(pore pressure), the temperature, and the timéuimg strain rate).

Since the potential nuclear waste repository acaudountain will be subjected to uncommon
conditions, it seems prudent to bound the creepwehand long-term strength of the tuff. It wik lof
particular interest to know how the strength of uafries with time, temperature, stress, and saturalf
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the repository is to experience temperatures iegxof 200C, the strength of the rock probably will be
degraded. Furthermore, changes in saturation aiéltan impact on the strength. Finally, because the
repository will experience thermally induced stessor a significant portion of its design lifejst
necessary to quantify the effect of this long-témading on time-dependent deformation.

EXPERIMENTAL PROCEDURE FOR CREEP EXPERIMENTS AT ELE VATED
TEMPERATURE AND PRESSURE

Sixteen specimens of welded tuff recovered fronebole NRG-7/7A at Yucca Mountain and from
Busted Butte, adjacent to Yucca Mountain, wereetest triaxial creep as a function of temperature,
confining pressure, pore pressure, and differestials. Each specimen was tested for approximaiely
seconds or until the specimen failed. The weld&dgcharacteristic of the proposed repositoryizan.
The tuff is a densely welded, devitrified, lithoglg pore unit of the Paintbrush tuff. The weldéfisu
composed of shards, pumice, and matrix. Pumideeisrtajor constituent; it occurs as elongated
fragments compacted and flattened during weldidng gorosity of the specimens ranged between 7.5
and 11.5 percent. The specimens from the borelmMioca Mountain were selected from available core
from the depth of the potential repository horizéhe specimens prepared from boulders collected at
Busted Butte were from the same block of rock dweddfore their chemical composition, and lithopleysa
characteristics are more constant.

The creep experiments were performed on grounki cigcular cylinders of TSw2 tuff 50.8 mm in
diameter with a nominal length to diameter rati@ab 1, as a function of confining pressure,
temperature, and water saturation. The specimenseketed and inserted in a pressure vessel. The
jacket consists of two layers of 0.13 mm thick smipper wrapped around the specimen and extending
12 mm beyond the end of each specimen. Hardeneldestd caps are then positioned at the end of the
test specimens. The entire sample assembly igdlokated with teflon heat shrink tubing and secured
with wraps of wire. The confining pressure and temafure are increased to specified conditions. A
differential stress is rapidly applied to the spgn (less than 10 seconds) and held constantdor th
duration of the test. The deformation of the specins measured as a function of time.

The specimens were tested under two conditionsspleimens recovered from borehole NRG-7/7A
were tested drained and vented to the atmosphareeatperature of 22% and a confining pressure of
10 MPa. The experiments were performed at stréssesen 40 and 130 MPa. A drained and vented
boundary condition is anticipated after the emplaeet of waste at Yucca Mountain. Specifically, the
temperature will increase, drying the rock mass ¢tonstant, albeit low partial pressure of water. |
contrast, the specimens prepared from boulderyeeed at Busted Butte were tested at a confining
pressure of 5 MPa, a pore water pressure of 1 lsiitha temperature of 18C. The objective of these
experiments was to observe the creep behavioprisens taken to failure and to develop a
constitutive law for the time to failure as a funatof differential stress. Ultimately, we will tesimilar
specimens at different water saturations and teatypess to completely define the static fatigue
characteristics of the welded tuff for the potdniggository horizon.

The creep measurements are conducted in a servattigdcreep testing apparatus. The key features of
the system include independent controls for theaxigl force, producing the differential stresstoa
sample, (2) confining pressure, (3) pore pressurd,(4) temperature. The creep apparatus is a @mpa
unit designed to handle test specimens up to 5éh8mdiameter and 120 mm in length, at confining
pressures to 35 MPa, pore pressures to 35 MPdgarmkratures to 22%C. The system, as configured
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for these experiments, exerts a maximum axial forcéhe specimen of 640 kN.

A schematic diagram of the pressure vessel is shiowigure 2. Since the apparatus design is
specifically adapted to conduct creep measurenzemgpecimens up to 50.8 mm in diameter, it is
possible to use an extremely compact test apparBitiessystem consists of a pressure vessel divided
two chambers separated with a moveable pistonspleimen resides in the low pressure chamber. This
chamber exerts confining pressure on the specift@nhigher pressure, in the upper chamber, moves
the piston in contact with the sample assembly.féhee exerted on the sample is given by

F=P3Aa-PcAc-fs 4

where R is the confining pressure,.As the area of the piston in the low pressure dwnt, is the
pressure in the high pressure chambegrisAhe effective area of the piston in the higassure chamber,
and { is the seal friction. With this system the confimipressure and differential stress are constant to
0.10 MPa during the creep experiments.

The vessel is heated with an external furnace fltmace consists of three band heaters positiongtie®
outside of the pressure vessel to produce a unifemperature distribution throughout the test speai

The temperature gradient along the length of thepéadeviated by less tharf@ from end to end. The
variation of temperature at the midpoint of the penduring a test is withiss 1 °C.

The axial strain of the specimen is measured witkxdernal displacement transducer (LVDT). The
displacement of the moveable piston inside thespiresvessel is measured with respect to the closure
plug for the high pressure chamber of the presgessel. The displacement of the piston is contislyou
monitored throughout the experiment. Since theedkffitial stress, confining pressure, pore pressnik,
temperature remain constant throughout the expatirttee displacement observed as a function of time
is directly related to the shortening of the spesim

EXPERIMENTAL RESULTS

The data for sixteen creep experiments are repdgigdsamples failed at times less than 2 &sHtonds.
The remainder of the specimens did not fail afterimimum of 1@ seconds and the experiments were
terminated. The results for four experiments amwshin Figures 3, 4, and 5. Three of these spe@gmen
failed. The tests were performed at a confiningguee of 5.0 MPa, a pore pressure of 1.0 MPa, and a
temperature of 150C. The creep strain is plotted as a function oktior each experiment. We define
creep strain as the time dependent strain thatreadter the specimen is loaded t&®8f the constant
peak differential stress. Since loading in somesasok as long as ten seconds this point wagailyit
selected as the onset of inelastic shorteningeosgiecimen. The data show a consistent trendomgstr
initial transient followed by quasi-linear secongdareep. Data on two of the specimens shown inregu
3 and 4 displayed accelerating tertiary creep.jittee in the creep strain versus time curve inurgg5

are artifacts of the way in which the strain wasswed. The LVDT is mounted outside the pressure
vessel and these jumps are related to vibratiottseitaboratory or other external events unreltaetie
creep of the specimen.

The data shown in Figure 4 are very significanie TWo experiments shown were performed at
differential stresses of 131.0 MPa and 132.8 MRdy @ partial section of the experiment performed a
differential stress of 131.0 MPa is shown; the 8pea was subjected to a load for 732,000 seconds. |
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spite of the fact that the difference in the apgbBéress to each specimen is very small, 1.8 Mfeaate
of strain accumulation varies significantly. The@simen loaded to a differential stress of 132.8 MPa
exhibits all three stages of creep. During the G0 seconds of strain accumulation, the transient
behavior is well displayed. The secondary creefwéen 500 and 4500 seconds is quasi-linear. The
strain accumulates at a more or less constantTageonset of tertiary creep at approximately 4500
seconds shows a rapidly accelerating strain ratdtieg in failure of the specimen at an axial prerain
of 1.75 millistrain. The characteristics shownhede data are similar to those for the specimeéaded
134.6 MPa shown in Figure 3. The specimen testadd#terential stress of 131.0 MPa shows a much
lower rate of strain accumulation. The total str@thieved during the transient creep is approxilypate
half that of the specimen tested at 132.8 MPahieuntore, the rate of strain accumulation during
secondary creep shown is much lower than thateo$iecimen tested at a differential stress of 132.8
MPa. Since both specimens were prepared from the s#ock of rock the sensitivity of the rate ofagtr
accumulation to stress is very striking.

The sample tested at a differential stress of 1RIP& failed at 1.96 x Flseconds. Due to a computer
malfunction, the data after the onset of tertiagep was lost. However, some acceleration in tteeafa
strain accumulation is observed prior to failureeTesults of this experiment suggests that thetafs
tertiary creep is precipitous for rocks subjecteditferential loads for long times. Earlier condtatrain
rate experiments on the welded tuff from Bustedd@(¥artin et al. 1993) showed that the magnitude of
the dilatancy was much less than that observedtwr tow porosity crystalline rocks loaded to fadu
More creep data on experiments failing at timesigrethan a million seconds are needed to test the
universality of this observation.

All of the specimens tested showed a similar bedra¥Vhere was a pronounced transient primary creep
followed by a continuous decrease in the raterafrsaccumulation. For the specimens that failed, a
tertiary creep was observed. For the specimenglitiatot fail, the rate of strain accumulation dgri
secondary creep was low. In some cases, partigutathe specimens tested drained at a confining
pressure of 10 MPa, and a temperature of°’225he total creep was less than 0.4 millistraime Tata
collected on the sixteen specimens are summarniz@dhle 1. The data include the porosity of the
specimen, the state of stress, temperature, satyrdime to failure or, in cases where the speosrsid
not fail, the duration of the test, and the timpeatalent strain (creep strain) at which the specifaidsd

or the experiment was terminated.

There is some uncertainty in the stress at fafluréhe two specimens that failed in less thancosds.
Failure occurred during the loading phase of theeerent. The loading rate was high; it was difi¢a
precisely determine the stress at failure. Allgpecimens that failed, exhibited a definite shéamen
The fracture characteristics were similar to thaisgerved in earlier experiments carried out in ic@af
compression at a constant strain rate under iddrdonditions.

The suite of experiments carried out on specimeosvered from borehole NRG-7/7A showed very little
strain accumulation, even for a test duration 861® seconds. The strain accumulation during
secondary creep is extremely small. For the spewrtieat failed, creep strains of greater than 2
millistrain were commonly observed. In contrast,tfte experiments tested in drained condition at a
higher temperature and a higher confining prestheereep strain are all less than 0.4 millistrain.

DISCUSSION
The data collected on the creep experiments argistent with a moisture assisted, time dependeaakcr
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growth mechanism. First, a comparison of the datatable crack growth in single crystal quartz is

similar to that observed in each of the creep erpats. With increasing stress the rate of crackvin

increases. Presumably, when the cracks reachi@tl@ngth they interact and the specimen faitee T
failure is preceded by tertiary creep. Comparirggdhata collected in Figures 3, 4, and 5, we sdeatha
the stress is increased the strain rate increasktha time to failure decreases.

With the limited data set collected to date, mad possible to consider the effects of the paptiabsure
of water and temperature on the rate of strainractation. Two conditions were explored at two
temperatures, two confining pressures, and difteseer saturations. It is difficult to comparedbe
data. First, the confining pressures for each sifisxperiments is different. Second, all the saspl
tested from the NRG-7/7A borehole were not prep&i@d the same block of material. Therefore,
material differences enter into any analysis.

Based on the studies of crack growth in singletatyswe expect that with increasing temperatire, t
creep rate will increase and time to failure akead stress will decrease. Furthermore, since the
specimens from Busted Butte were tested fully sédrthey represent the most critical situatior wit
respect to water saturation. If the partial pressdiwater in the specimens is decreased, the catep
will decrease and the time to the onset of terttaegp will increase. Clearly, additional tests are
necessary to clearly define these behaviors.

Previous experiments conducted on welded tuff danrate time dependent stable cracking as a
mechanism of deformation in welded tuff. Martahal. 1993 observed a decrease in strength with
decreasing strain rate for tuff from Busted Buttee unconfined compressive strengths, for saturated
specimens at room temperature, decreased ne&dy&8& thousand fold decrease in strain rate dwer t
range from 1& to 109 s1. Similar effects have been reported by Charle®©186d Oburaet al. 1996.
Martin et al. 1993 proposed that a constant strain rate expatigan be idealized as a series of
incremental loading to successively higher streghesduration of the intervals increases with dasmng
strain rate. At a constant load, the cracks praeagae dependently. The longer the time before
augmenting the stress (that is, the longer thetiduraf the localized creep event), the more tlaeks
will extend prior to the next increment of the sgeAssuming that most rocks fail when cracks reach
critical length, the strengths of the rocks wiltdsase with increasing strain rate.

For brittle rocks, the strain at failure is extréyr@mall (typically less than 0%) and varies by as much
as a factor of two for nearly identical specimdngthermore, the creep strain accumulation isinegr
with time. This makes estimation of the time tduee difficult to predict. For this reason, brittlecks
are often treated in terms of static fatigue. Tibathe time to failure is plotted as a functiortloé applied
stress. In this way, an estimate of the long tarength of the rocks and a measure of its unceytaen
be achieved without specific reference to the aassxat strain.

Six of the rocks from Busted Butte failed and aralgzed in terms of static fatigue. In Figure & time
to failure for each specimen is plotted as a fumctf differential stress. The specimens that didfail
are also included. From these data it is evideattdh the differential stress on a specimen tedt&80
°C, a confining pressure of 5.0 MPa, and a porespresof 1.0 MPa, the time to failure increases with
decreasing stress. There is scatter in the re&ulss, consider the two specimens that failednag$ less
than five seconds. There is some uncertainty #setexact stress and the time to failure for these
specimens. The uncertainty is due to the natutieeoloading. The samples broke as the stress was
increasing so rapidly that it is difficult to unegdvthe exact time to failure and the stress atifaifrom the
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stress and strain data. For experiments that fatléithes greater than 100 seconds there is a clear
tendency for small decreases in differential stteggoduce large increases in the time to failGe.
example, a specimen tested at ¥32L2 MPa failed in several hundred seconds. Affaréntial stress of
128.7, the time to failure exceeded several milienonds. A measure of the scatter in these dgteas
by the two specimens tested at, 131 R1 MPa did not fail at times near a million sed®nA curve was
fitted through the set of the six specimens thidé¢édan creep. The time to failure is given by:

)= 1041 e-0.646 ¢ (5)

where(t) is the time to failure at a constant differensitiess ofs. Given the limited data set, and the
scatter, this expression will need to be reinfone@tl further experimentation. In spite of its |
range, the data shows that the time to failureiseenely sensitive to small changes in differergia¢ss.
For example, using Equation (5), a specimen loatieddifferential stress of 115 MPa will break afte
seventeen years. Furthermore, if we consider kigati€sign life of the repository as ten thousaraisye
we find that a rock mass under similar boundaryd@mns, stressed to less than 105 MPa shouldatilot f
during that period. Given that the repository homnizvill not be fully saturated as the temperature
increases, we infer from Equation 1, that the tism&ilure at a given stress will increase withr@esing
water concentration. Therefore, it appears thasthtc fatigue data shown in Figure 6 present\ato
bound to the likelihood of failure of a rock masbjected to a constant stress for extended peabds
time.

While decreasing saturation of a rock subjecteal ¢constant differential stress increases the tome t
failure, other factors influence the behavior @& tepository. For example, Price 1986 studied fleete

of sample size on the strength of welded tuff gpeais recovered from Busted Butte. He observed that
the compressive strength of the rock decreasdueagiume of the sample increased. More than%a 50
in reduction of strength was noted as the dianddtthe test specimen was increased from 25 to 280 m
Consequently, the effect of increasing scale witict to reduce the strength, whereas drying tharapac
will increase the time to failure dramatically. \Ade in a time, stress, temperature, moisture cgraed
scale continuum that must be mapped out to acduratedict the stability of the repository over its
designed life. The static fatigue data presentedealis a useful first step in the performance asseat

of the repository. With additional data the longriestability of the repository can be modeled with
greater confidence.
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Figure 1. Crack length is shown as a function of time for an axial crack growth experiment in single crystal quartz.
The experiment was conducted at a temperature of 241 °C and a partial pressure of water of 4.5 x 102 kPa (after
Martin 1972).
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Figure 2. A schematic diagram of the test apparatus used in the creep and static fatigue tests at elevated
temperatures.
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Figure 3. Creep strain is plotted as a function of time for an experiment conducted at a constant differential stress
of 134.6 MPa, a confining pressure of 5.0 MPa, a pore pressure of 1.0 MPa, and a temperature of 150 °C. The

specimen failed.
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Figure 4. Creep strain is plotted as a function of time for two specimens. Both experiments were conducted at a
confining pressure of 5.0 MPa, a pore water pressure of 1.0 MPa, and a temperature of 150 °C. One experiment
was conducted at a differential stress of 132.8 MPa; the specimen failed. The data for the second experiment
conducted at a differential stress of 131.0 MPa; only the initial portion of the experiment is shown.
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Figure 5. Creep strain is plotted as a function of time for an experiment conducted at a constant differential stress
of 127.8 MPa, a confining pressure of 5.0 MPa, a pore pressure of 1.0 MPa, and a temperature of 150 °C. The

experiment was terminated when the specimen failed.
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Figure 6. Stress difference is plotted as a function of time to failure for specimens of Busted Butte, welded tuff
tested at a confining pressure of 5.0 MPa, a pore pressure of 1.0 MPa, and a temperature of 150 °C. Six
specimens failed. The data for three experiments that were terminated prior to failure are also shown.

TABLES

ISSN 0148-9062



To cite this paper: Int. J. Rock Mech. & Min. S34.:3-4, paper No. 190. Copyright © 1997 Elsevier Science Ltd

Paper 190, TABLE 1.

TABLE 1
CREEP SUMMARY
Specimen Porosity Stress Confining Pore Temperature Failure Time, Creep Strain
% Difference,  Pressure, Pressure, °C {t), seconds @ {t) , millistrain
MPa MPa MPa
BB-9392-K 75-90 14910 5.0 1.0 150 1.2 3010
BB-9392-N 7.5-9.0 141 £ 4 5.0 1.0 150 4 3010
BB-9392-E 75-9.0 134.6 5.0 1.0 150 250 1.54
BB-9392-C 7.5-9.0 134.2 5.0 1.0 150 636 2.89
BB-9392-F 7.5-9.0 132.8 5.0 : 1.0 150 5,848 2.66
BB-9392-B 7.5-9.0 127.8 5.0 1.0 150 1,960,000 1.00
BB-9392-H . 7.5-9.0 1314 5.0 1.0 150 1,180,000 * 1.19
BB-9392-G 7.5-9.0 131.3 5.0 1.0 150 732,000 * 0.76
BB-9392-J 7.5-9.0 115.0 5.0 1.0 150 2,000,000 * 0.36
NRG 7-776.6 11.3 70.0 10.0 0 225 3,760,000 * 0.18
NRG 7-807.6 - 10.3 40.0 10.0 0 225 3,760,000 * 0.08
NRG 7-808.3 9.2 129.0 10.0 0 225 5,900,000 * 0.04
NRG 7-858.4 8.7 100.0 - 10.0 0 225 3,760,000 * 0.19
NRG 7-1264.5 11.4 98.0 10.0 0 225 2,550,000 * 0.24
NRG 7-1281.4 11.5 132.0 10.0 0 225 2,550,000 * 0.34
NRG 7-1400.5 8.8 131.0 10.0 0 225 2,550,000 * 0.37
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