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IMPOR7AhCE OF CREEP FAILURE (2FHARD ROCK
IN THE NEAR FIELD OF A NUCLEAR HASTE REPOSITORY

James O. Blacic
Los Almos National Laboratory

Los Alamos, *W~XiCO 87545, USA

ABSTRACT

Potenti#l d#mage resulting from slow cr@@D deformation Intuitivtl.vstems
unlikely fOr 4 Itigh.levelnucl~dr Wstc r~posltory oxcavtt~d In hard rOck. HOW.
over, ncent ax~rtmenttl #nd smdeling rttults Indtcat@ that the proc~~~e’i of ttma.
dwmdont microcrtcking and Wtcr-inducd Stress corrosion cm Imd to SIQnlflc#nt
reductions In strmgth and alteration of other koy rock properties in the near-
fleld rtgion of a rOOSltVy. He revt.w the small data base supporting ‘th@secon-
clufiont cnd stress the II@@dfor an txtensive laboratory Program to Obta’n the new
data that will ba r~auirod for design of a rcoositor.y.



1. INTROOUCTION

Oesign of a IWCledr waste repository lWOlveS unique ●ngineering and SCI.
●ntific challenges. In the long hfstory of underground construction, assuring
Integrity of deep workings in a hot, wet environment for times so extensive that
they approach the geologic has never been faced. The added societal constraint
that man must be protected by an extremely high confidence in design success makes
the challenge awesonw.

A key aspect of the problem Is that mine openings must be maintained for
a minimum time of 100 years to allow retrieval of waste and monltorlnq of reposi-
tory performance. The question then #r~ses; what Is the potential for creep fail-
ure of the host rock and how can allowance for rock response be Incorporated in
desl~n?

Here we assess likelihood of brittle croap failure of the most promi-
nently studied haro rock repository medle: granite, basalt, and tuff. Me show
that, tlthough data available are pitifully small, creep failure is likely In all
hard rock mediu based on current preconceptual deslqn parameters. This means thdt
much expanded investigation of creeD properties of hard rock IMdia must beqln so
that early consideration can be qiven on how ‘tocontrol time-dependent rock defer.
mation.

2. THE [VInfNCE

First, w establish a time frame for our considerations. fis$ume that the
average low confin!nq prezsure failure strain (linaar) of hard rock is approxi-
mately 0.005. The exact value Is of snail Importance; a factor of 2 or 3 in either
direction makes little difference to our conclusions. Current broad daslqn con-
straints require controlled tccesl to stored wastr for a time period of 100 yo#rs.
The strain rate of most invnedlateInterest it then calculated simply *S 0.005 + 100
years, or 1.6 E 10-11 per second,

Irfsnediatelyour first problem ertses: there is no constltutive relation
for any crustal hard rock that allows extrapol#tlon Of mechanical responle to in-11
$-l Jtrai” rates under the envfronnental conditions of a nuclear waste raposit ory.
Yhe minimum magnltude of extrtnolation in strafn rate fran th● mteqtr laboratory
data available it five O?derS of magnitude! Clearly, it w!II not bt @as,yto ●sti-
matc potenti~l rock fatlure #t these extended times. However, w will show that
there art sufficient published data to ,ndlc#te the maqnituop of # creeD failure
problem.

Next us consider machanitmt of creep deformation under temperature and
pressurp conditions exptcted F@ar a wastg repository. He recoanize three funda-
mental mchtnisms: (1) ttme-ddpandent tensilo microcrackinq, (2) slow continuous
or episodic frictional tltdinq on discontinuitles
thermodynamically unstable min~rals.

, and (3) ductile flow of wttk or
Hat@r is MI extremely imDOrtant c talytlC

aqent for #11 three mechanism.

There is oxtonslve evldmce tht’,the mechanism of compressive sh~ar ftil-
ure of hard rock in the brittlo regim derives from cumulotfve tensile microcrach.
Infi#cc,mpanled by dllatant vo?ume strains [1] [2]. Mst of th~m?c@ oriqin.
ttcs from snort cQtwIuntcxfal or trlsxlal comrmssion tests. Hou@ver, Fiqure 1s
~~~,;::i;:t::ct:st th~ same Inuchanism18 responsible for time.d@pendcn* or crec;

Figuro la shows results of a uniaxidl creep ●xperlment on Ucsterly .an-
itt at roan temperature. Axial (c ), radial (c ), #nd volurnsgtrtlns (AV/V !
plottod alkng with icoustic emiIti& enerqy (cEf it a function of tfm?, Sfr8Y;f
time curves show the classic creep response, An initial prtmary cree~ r~gion
chorac~ rizod by a docrotling rott of strain, followed by a lon~ t~condary or
ttmdy-stato regton tn which Itrafn rm is mmtlally constant lmdtnq to b
t~rtiary or accelcrotln~ cro~p ph~g~ in which strttn rate incr~.scs rapidly to
ultimtcc ftflure of the test sample. Hot. that thcst curves irc minicktd by the
microcrick @coustic emltsion curve. Alto note t~st afttr an tnitttl @lttt’c tom.
prosfiion (noqativo) the volumotrtc stroin almnt Imnadiatcly becmot dilottnt.



This ovldence, together with the tcoustlc @mls$lons, Indicate that the mechanism of
deformation must be time-dependent tensile mlcrocracklng, In as much as opening of
tensile cracks is the only way sa-olume can Increase beyond Its startln~,
uncunpreszed value. This observation Is ImPo”tant because It means we can use much
of the vast literature on slow tensile crack Wotih In glass~~ and ceramics to
●valuate creep response of rock.

Figure 1. Creep of Uesterly granite at room temperature [3].
A. Uniaxial creep #t 2.25 kbar: axial strain (r ), radi~l strajn (tr),
volume strain (AV/Vo), tnd ccoustlc emission energ\ (I E).
B. tffect of water stress corrosion. Unlaxlal crtep In air at ].9 kbar
folloued by imnersion in water after steady stfite axial strain Is
#ttalnQd.

Figure lb [3] illustrat~s th~ corrosive effect of w~ter on rc:k, The
first ptrt of the creep curvt in Figuro lb Ih,,wsaxial strain ond tcoustic emlsslon
in.O the steady.statt creep r~qtw for # sample compressed in gir of normal h“mld.
ity, When the sample Is then imsrmrsedin wttcr, Stroin rate increases cnd acoustic
emission ffrit droPs, thtn incretses dramatically to tertiary crm failur~. bhJ
and Thcxnsen[3] find that at 25°C cr~ap failure tiw of qrantte is r@fiuc@dby z
ord~rs of maq~ltud~ by irmnersionin water. They OISO find tlmt dr,yinqby h?atin~
their unconfined ssrples above 100’C Increases ?#llure times.

$tress corrosion #CtlOn of WOter has b@@IIknown and studied for 8ome time
for gliss #nd ceramics [4] [5] [6]. For example, Fiqure 2 show! a 4 order of m~q-
nitude reduction In the St@tic fatiguw life (fnll’lrekime) of c~uminum oxidw due to
presence of air of nomrol romh humtditv compared to dry #ir . . # dromatic str?ss
corrosion effect [7], The Imachanismof wttor stress corroston [8] is e~qcntlally
ths mm u thtt proDo8ed to txclain hydrolytic Wetkmina of quortz in the plestlc
flow reglma [9] [10], Mmoly, lCCC1 hydrolyzation or stron~ tllic~n-oxyaen bonds
and their roplsce~nt with wenk, hydrogen-bonded bridge~, TtIfs lt t hiqhly
tamperoture.dcpendontand tliffusion.ltmitedprocess Wfch e~pltini why it is ptr.
titularly activo ovtr ●:ttnded times.

U@ ste implications of these crmp deformation mechinismt in ttm next two
figures, FIQure 3 shows #n oxtrtpolotlon of data Wmmrt;ed by Krtnt [11] fof
creep of 9rtnite at room temrmaturel These re~ultt baild on much earner uork of
SCIIOIZ[12], Cruden [13], Runsnel[14], @nd other~, Tho extrcpo!ttlont lndlcst@ tt
l@#St d 30 to 60S reduction in c~oresstve ttren9th of granitu o~tr the 100.,y@tr
time ra,qe critical to t stpository Note thct the full uatken+nq effects of wttw
Md temwrature ore not contatned in thege dttt, IIQura 4 ~hous tho problem from e
slightly different point of V1OW, Dtta shown tn Figurt 4 #re frnm subcritical
tenSllQ crack qrowhtostt of Malleck and others [I!I], Th@te tests metture tenlilc
crtck velocity VB mode ] S?-SSS In’’,ensityfoctor u rom t.rnpertturein qr~nitc.
In the fiquro m roctst tho data In tvmi of foilure time for l.m blocht, I.e., tht
tiuw for t crtck to proDa9ate ] m, vs tensile Btr@nqth rclntlv~ to th~t observed In
rhpid dirpct pull or Oro#illtn tttts, SoIfa ports of the curvtl represent datt.
Extrapolation to low crcck rates Is problemctictl. Strtngth must lio betuoen #
Iimple Ilnoir entrtpo]ation of the data snd J lfmitinq #alue expected frnm similar
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Static fatique #nd stress corroston of Al O [7]. Static fatioue llfe as
f %OOM terrmcraturecr,e, In dr,a function of orcbabilitv of fracture fo

air Compared to atr of normal room humidity.
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Figur@ 3. ROM tanportturo crtop falluro stress of granito [11]. (1) Watw S@t-
urct@d Uoltorly granit@, 0,1 MPa conflnlng prttiurs {dttb fron,Ucw@rsik

I
191). (2) Room humidfty Barre grcnttt, 0.1 MPa conilnflig prabsur?,
3) Room humidity Bsrre granite, 63 Mh confining Pr@ssuro.
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Figure 4, Subcritical track growth of Berkel*y qranite at room temperature [15].
Failure tlma of one-meter blocks refers to the time required to extend a
crack one metef based on the crock velocltios mmsurcd In 3-DOint bend
tests. Percent of amblcnt ttnslle strenqth is calculated from mode I
stress Intensities from the 3-point bend ttsts compared to the tensile
strength measured In rapid direct Dull or Brazillam tQsts.
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Compressive strmgth of ueld~d tuff from the N@v#da Ttst Sit@ is a func-
tion of 8train ratu [17]0 Pc Is confining pressure; 411 tc~ts at room
tmoxraturo,



studie: on glass and ceramics. Posltlon of any llmlt for granite Is unknown at
present. In any case, these results Indicate e very substantial reduction of ten-
sile strength of granite within 100 years. Slmllarly, Uaza and others [163 show
the velocity of tensile cracks In water-saturated basalt to be 2 to 3 orders of

m~gr!ltude greater than in room-dry samples.

Figure 5 shows prellmindry data for compressive strength of Nevada wlded
tuffs as a fUnCtlOn of 109 Strain rate at room temperature [17]. Again note the
marked wcakenlng effect of water. He know thet the simple eyponentlal extrapola-
tion shown Is not correci, ●specl~lly In view of the very limited experimental

data. Ho-ver, we can nevertheless use these data to estimate the impact of time-
dependent rock weakening on a repository design.

Figure 6a shows results of a preconceptuai thermomechanical mdel ot ~
repository in welded tuff [18]. The model Predicts thermoplastic stresses around a
repository room at 800-m depth with a spent fuel waste canister embedded in the
floor of the rem. Heat load Is 100 kw/acre and ground water boiling is not
allo.-d. Calculated stresses are compared to a Coulomb-type shear failure criter-
ion based on data similmr to that shorn in Figure 5. The results are represented
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Figure 6. Estim@tos of crctp ftilure aroufida hi~h lev~l nuclaar wt8t@ repository
In weldtd tuff, Failed reaiont aro based on a cmPtrison of ox.traooltted
fallur~ ctrcsbos from Fiqu~e 5 compared to thormoolattic str@sges’calcu-
lated for a preconceptutl thmm’nochanfccl mod~l of a repository in
welded tuff [lt3]. Details arc given in tht text. A, factors of safety
(FS) fnsnediatolyafttr excavatier,but bofor@ emplacement of # simulated
wmt. conlaln~rtntho floor of thcmodcl room, B, Interpr@tadcreep fail-
uro xonc (ttippl@d) 4 years after Implacmont of wast~. C. Creep fiilurc
zono aftar 30 yearr, D. Cro@p failure zont aftw 100 yeorst
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in Figure 6a as contours of factcrs of safetv (FS) insnedlatelvafter excavation hut
befor~ impl~,oment of the waste heat source_. For axample, “a factor of safet,y of
two indicates calculated stresses are half of those reauired for shear failure.

However, the failure criterion Is based on laboratory tpsts at strain
rates of 1O-I to 10-~ s-l. If we compare stresses calculated at later times in the
therMtl hfstory of this model and Dlot ftctors of 9afetY, we can WalitativelY
Walutte possible time-dtpendent shear ftilure oround the repository. For ~xamDl@,
a ftctor of S#fcty of two will outline a failure zone If the strength, based on
Qxt,tpolatlons shoum tn FIQure 5, has ●then by 50S at that time. Figures 6b
thrrW9h 6d show ftilure zones based on such oxtrapolatlons for the dry, 20 MPa
confinin9 prossuro strength shown in Figure 5. luff strcnqths actually Ustd in the
modol to calculotQ foctors of safety @r@ about # factor of four lower than those we
use to .Stlmate tfme-dependent failure, so if snythtng, we bel!eve our approach 45
conservative. At 4 yemrs (Figure 6b) uw see a small f#ilure zone in the rtb of the
model repository room. However, this failure zone 9rows dramatically at later
times so that by 100 years the failed region comleteiy encomlses the near field
of the room and would likely prevent maintenance of access. Note that uetkeninq
effects of Wnpermture and water are not Included in this scenario.

A}though these oxerclseL sre preliminary, we belleve they Illustrate the
need to Ctrefully evaluat~ effects of time on strenctthof waste repository host
rocks.

30 CONCLU51ONS

Controry perhaps to on~’s Intuition, crceD deformation of hard rock doot
occur at nuclaar wa~te repository ccmditfons and does POta desiw DrOblOms. (mm
coupled phencmens that we do not discuss here ma~e~hls conclusion oven stron9er.



For example, dllatant microcracking can cause a decrease in thermal conductivlt,y
leadtng to higher rock tmmeratures than those Predicted by current models.

Clearly, * need an ●xtensive laboratory Investiqatlon of the creep
deformation of hard rock waste isclation media at repository conditions of tempera-
ture, stress, and water pore pressre. Primary deformation and secondary coupled
effects on thermal conductivity, mmeisbllity, etc. require careful study. Con-
stitutlve deformation equations derived from laboratory experiments must be based
on phys~cal ~~chanlsms identified In experiments and verified lrInatural defor-
mations. Only In this way can we be confident In the long time extrapolations
reqJlred In the ultimate design and performance models. By their very nature,
these experiments are time consuming; therefore this work shollldbe carried out
Insnedlately.
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