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Mir rw.i'K; 

L: I 

''Itijur-J.ry y.tr-rr. >n,i .-'.r'iin 'JU'.'J of ;-;. ' .rt-t '-rrr loa'jjrift 

'•r. t ' - r t mntr 

imrr:.'i.ry : . t a t i : : t i c of cp ' iT 

1r.nJi.r7,- oT prirr.Jiry (r.rurjsient-.) nrf.-p iaUi. 

: i -'11 ff,.iipn •:::'. i ""'n app'ir-it ur. 
: k'-y: t l ) i <"jr..-] rrurr.o (i-j hyir ' t i ; ! i " 'i"t,ua*or:; 
'••••I'-nr- '/'•:-.:"i {!i) l ov l in^ run (', !• :.'•':(.'-;•:•. 
•..-.•:! <\*. ion 

:r T'••"•; *,•:•:•(:\ .-;:, f,X)0 p : i ( '.. Z ''1 :•-) cr.r. '."1 r in*-; prc:"."-r>-

:!'.'*. r ' f p r i n c i p a l s t r e a c d i f fe rence and ronf in ing presr;u." 
/c-r.'.'i:: t ime for cample 7-2'fT(. .'lote extreme va r i a t ion . : i 
(°1 ~ G ^0 during per iods of court ant applied ram load 
(f ' ig . i ) . 

Ax i M :\-oep record ( F.-̂  vr.. 
iztrc.ig influcr.ce o:' updates 

Axial creep record (e-i v s . t ) at. (0-. - a-j) - 1000 ps i 
( 6 . 9 MFal , T = 100°C and v a r i a b l e conf in ing p r e s s u r e , f-ote 
abbrev ia ted t e s t code: d r i l l h o l e n o . - c o r e depth in f t / c o n ­
f in ing prcr.r.ure in k c i / t e n t tei- .peraturc in °C (Dr inc ipa l 
L: t rer. 5 d i f i'e ren c e in ps i } . 
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Padia l c reep records (-C3 v s . t ) a t (o^ - Cj) * 1000 psi 
(C.9 V i a ) , T = 100°C and v a r i a b l e conf in ing p re s su re ( f o 
t e s t code see Fig . 5 ) . 

/ .xial creep records (c^ vp, t ) a t (a , - a-a) = J-^nc pri 
(31.^J " r a j , 1' = 22 C and v a r i a b l e conf in ing pre:;sM.T; {r 
t e s t code Liee Fig . >) . 

Fac ia l creep records ( - t ^ vs . t ) at (wi - 03) = I500 ir. 
(31.0 ' '. '-a), T = 22° C and v a r i a b l e conf in ing p r r sgu re (( 
ter.t cede r e r F ig . 5 ) . 

y.ial creep records (e-| v s . t ) at o^ = 5C0 psi (3 .5 V i a ) , 
= 22 C and vari able p r i n c i p a l rtrenr* di fferer.ee ( for 

ent code see F ig . 5) . 

a l creep record? (E.^ VS. Z) at o ? = 500 psi (3 .5 V i a ) , 
K,0°C and v a r i a b l e p r i n c i p a l s t r e s s d i f f e rence ( fo r 

f. code see Yip. 5i • 

Axial c reep records ( c j vs . t ) a t o , = 500 ps I (3 . 1 . VFa), 
( 0 | - o-i) = 1000 psi (6 .9 MFa) and v a r i a b l e tempera ture 
( for t'?r:t code see Fig . 5 ) . 

Axial creep records (c-, vs . t) at a-^ = 3mc nsl {2.^.7 v F e ' , 
(a- - c 3 ) = 1000 ps i (C.9 MPE; and v a r i a b l e tempera ture 
(for t e s t code see Fig . 5 ) . 

Axial - . t ra in records [ c ; vr . t ) for :;ar!pl« ^-i?0^.-..' . 
ct--ige C? proceeded a t (c-j - a ̂ ) = Iifj'Xt pn i (30,3 Vi a? . 

: t r a i n records { E.± vr-. t 
73 proceeded at (3- - c -

i3 
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Ijoublr; logar i thmic p lo t l o g ( e i ) v:;. 1-jg.it) of t e s t 
'i-P0ui,',r,/2? (?9 r / i ) ( fo r t o s t cotin see Fig. 5 ) . 

::'.*:* l-j«ai-h.hr::c p lo t r-i v s . l o g ( t ) of t e s t 0 -2083/ .5 /22 
(ro^n) ' n r t~:.t ccio . :« Fig. •;). 

1Y 

l.'fccri'iflry cree j rater, £i Tor lower l e v e l s a l t Ln t h e space 
{Jog 1,1.1), I / ' ' 1 ) . T r i angu la r data point:; a re due t o RE/3 PEC, 
I rsi-'. (':•€•:", 11}. Ao = (u^ - a-v). ." t ress en are given in p s i , 
. ; t ra i :i r a t e s In (::~^) . Parentheses denote upper bounds . 

'.ni'try ere^p r a t e s c^ in space l o g ( E - } , logCo^ - 03} 
Ivjc-r leve] r.felt. IVi angular ' lata po in t s ire due t o 

"•-r.*". Inc . {l*er. 1J ) . L'tresr.en a re given in p s i , s t r a i n 
'•:•• in (::~l) . Parentheses denote upper bounds. 

Secondary creep r a t en G-̂  in t h e ^paee l o g f e ^ ) , log(a^ - o-s) 
Tor upper l e v e l s a l t . Gtresr.cs are given i r p s i , s t r a i n 
ru t e s In (:• ) • Paren theses denote upper bounds. 
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'."hi.* report p re sen t s an in te r im summary of t r i a x i a l creep experiment-

v:i I -j:, J.TIVM teen performed a*: f and ia I ,arcrat j-rier: on reck " l i t frr,r. t he '*~-\': 

.".•;;;.' 'ire'i near "arlr-bad, 'lew Mexico. The -lata t r e -T . t ed support ongoing 

e f ; ' c r t s t o formulate s u i t a b l e c o n s t i t u t i v e equat ions t o p red ic t t he 

:•".-;.':..;i_- cf rc^k :* »s 1 * from s cut h-i'fir t e r n II pv !!"J:!P-"' to thf> pert::.": a t : enr; ',1' 

'L ri*ii -".act ive u-est " r epos i t o ry . 

7h- creep experiment:: cf t h i s account a r e ca r t of on i n i t i a l t e : t 

" a t - i x v.-hi?h vac defined by Sandia I.-iboratorier an-i which is being f i l l e d 

> y ."ar.iia Lahoratcr i en ami by DFl/fPKC, Inc . Thir: matr ix war e s t a t 1 i r.hed to 

:r>'-a:'";n- the t ine -depen dent behavior of !.>w !-'exi cc roc/. s a ] t as a function 

.-.'•: :. .-' ;•<-•:--- ^i.- i c r .pe ra tu rc . The ir .rsrtajice cf t h e e - parameters wan 

"..••;•!:.;.'.*" ; r".*:••:*•'.- a,, = a v £_ ?i:OC p:: .' (PC.7 "" a) wh: oh i~ l i k e l y t o be 

*;.':•; ••:! :' r *.:.•-• : r^.i -.-'.••; ''."ante I s o l a t i o n T'ilot lUant . The relevar."e of a l l 

'.'. ir ; n rarr."*,".:; vra:: fu r the r i nd i ca t ed by s i t e s p e c i f i c r e s u J t s cf sh-.r'. 

'.••r.T. (-juaiM-Lvtatic) t e s t s which preceded or accompanied creep ex re r imen ta -

' .''T; J!, ar: e a r l i e r pr.&r.e C1" t h e Sar.dia program ( 9 - 1 ? ) . 

The creep experiment? vhi rh ' . ' i l l be descr ibed hern include ?? t e s t F 

•-.it.] •"••ted t o p r i n c i p a l r: tre„s d i f fe rences betveeu 930 r j i ( ' ' . l "?*0 and 

i.:"T" :r. :. ' " 2 . 1 M*'a) and confining p ressures te tveer . zero (ur.ccr.fined^ ar.-i 

*•"•'/ c." '. ', ?.Z. ' :•': a; . "he t e s t temperatures vere 22, 1 " and 20? ". 

The present r e s u l t " , combined with e a r l i e r data cf EE/SFEC, ~r.c. , 

i n d i c a t e fu r the r s tudy i s r equ i r ed t o completely desc r ibe t h e response 

of :,'c» i-'exieo rock s a l t under g e n e r a l , t ime-va ry ing condi t ions of s t r e s s 

?.r,d t empera tu re . To achieve t h i s gcaJ , t e s t s of longer du ra t ion are 



needed, inc lud ing cre^r. rupture exper iments , r urt.her7r.0r*:-, extens . ,n t *•-*:: 

porr.Lt>.', r.t ra .Riit-pull t ens ion t e s t s a re adviseabl*".-. F i n a l l y , add i t i cn&2 

experir.ent;-, -hould be r erJ'orrced t o t r e a t da ta s c a t t e r s t a t i s t i c a l l y , f. *~c 

:"cr t: i" unf'-r.-v.-.i offset: ; cf impur i t i es ar.-i grair. s i z e of "ev Mexico r ^ ' v .:al 

ar.d *c conrL-jcr d: ffi-r'.-ncer; in s a l t ?crc h i s t o r i e s . 
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r.-Kuy; f Bjg-::.:::r ; ;UAS:-STA: ' I ; ) s>:PK?rra-!TS 

"."r.f r . a tu r - an-J sequence of creep experiment? ?cn:plete-i t o in"- ar^-

ir;f'l'i~n<-ed d i r e c t l y ly observa t ions which were :r.a le in shcr* -* *?••:*., --<="::--•' 

lua: 1 : - . - ta t i -.• experiments ' . 1 ^ ' . The major i ty of t ^ : < ? t(?rtn v - : :-r'.'-l 

cr. r a i t »ore fro:: d r i l l holec AFC ~'7 and F'-DA *"> e*- a r.ear, 1 -v ;-,r ; i: :.;r r*r • 

- (' ..-1 • <_ i ( o , - y._ )/d+ <_ f"ri (O.I.I '.-la/T-iir:) pr-! / - . ; - . 7h i - :- * iir.i" - a f 

v i r ":.^?--Ti z r l.r.ar i ly to compare th-.- re::ult.? for W«' "^xicc r ev : . *=.".' •.-•'*• 

•A\r-w: '.:•'• pub-i.':i<-d -iata for rocri c a l t ( fo r c-xa.-pli- O . i V r i - r . . r.'p.:-: 

•'•:<! or '.'.T.vr.zs v?rr- R:L'.-" performed at l~adir.£ r a t T ur <c approx: T.H*. •• iv . , • . " ' 

i :i 'V.l:i i ' .1- ' . 'Ir'aA-ir: ) . 

T:v following r e s u l t s a r e deened p a r t i c u l a r l y rer t in ' - r . t i\?.'. 

' I f .'f>v "r-xi~o reck s a l t in t he l a b o r a t o r y i-.- very nor.-l'. v.'.-^r ::r. •:•••.• 

a l ] loa-iirss: n y i i ' . l w r v i t h ar. i n i t i a l e l a s t i c ]:T.it ( a , - o / • • . ".:.'.:• 

\'-h--.-;'. : r a: _: o ri rr-• t o V- unaffec ted by difference:- ::: hydro:-tat ic ; - . v j : ' ' -

:.:-•• -.-7 '• '/i')1 r~i ( H . ^ .'"'a.' t r i o r t o i e v i n t i r : - l o s i n g . I : : • '-:.-:•.•••.: 

•;.•:-. *:.'• '.v'.: i n i t i a l ^ l a r t i c l iT.i t ; ~ Influenc-"1-: ly l a n c e i u r i u r •-;•!:.?r ;-

•:'\\ i !•.:.: : \; .•••'vns:.-. e r e ;.ar.-:l: ns. ::Cn°y?r, i t : r i r tpcrr ibl ' - •:" : - • " • : . : : r 

-"r'.fji*-^ -v;t th i : ; • • 'T f '^t because t he exact / t "e:-r "•'.irtcry of *•." ".a*-1 :•;•••. 

! p .'V/iv la : o ra to ry t ^ r t i n g rega ins unknown. 

{'.") Ihe e l a r t i c p r o p e r t i e s of "^ev "ex ice re??, r a l * car. : c *̂ •-._;:- e • 

a c u r a t r i i y only ir. 1oad/unload/**eload cycle? provide-.! the ir:pr.-c : '-•••. •\:.t 

.-ate i.- ,'uf f i r : e r t ly high or t h e rarsge of ^ . t r e s f e s , e i t h e r r.yiv-.--at : - : r o : - -

.•.ure r or !a, - c..)sis v e i l belov t:.e p rev ious ly att-v!:-.-': re:):-: •-.:-•.••. 

',•.••• e l a s t i c f:on5ta.;t,K a re nvaluateT ir. t::i:3 r:arit;-?r, th°r. Vc-r.g'? r:r :•;!•;?, 

:-:, a:r: :ois"on , . '5 r a t i o , v , f a l l In to the r a ^ e ? '. * x lo ' <̂  E <_ r , '• ;< i;'" p? 

t;-'"'.^ <_ K <_ 36.5 ':-.rn) an'i 0 .1? 1. v <_ 0.2fc. These data ocjr.pare vr.;-- favc-abl ; 

v;it,h in :;l',u ^.easurenients based on recor-is of jr- rLr.i s-vavo voice i t ie-~ and 

rock l e n s i t i e s (13) . 
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amount R-i to - 1 . ; , ar-d 

-J . ^ i at. zerc an'i ;C , n u? : f 'j. r, [•;• s ) ccn rininf; f r w r u r e , respect i veiy . by 

jorr.f.arison at 3^00 psi (20.7 Mta) confining p r e s s u r e , t h e g r ^ a t e r t obrervr-fl 

p r inc i t i a i ^ t r t i n r a t : 3 was t /e = - 0 . ^ 9 . i e7r;per?iture produced i 



•ui i . :t:" 'nti ;'i'i r.'sei'.i t inir ;-LI'^.V .'4, 

Tost Co if 
(Hoi"" - tvp th ' I t ! ' 

•_n.f. piv.v.3. (V.sil/Temp. V ) 

"I t i r a t e C'ai ' . . t '"ft Hi CI 
at " I t i c a t e 
S t r e s s ["• 

'-2C-' :.'i.5/.3'.<3 
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l . f 

t-2' ' <n / . i / . ; i 
l-?^V'I.:••.,': : 
••-<•-,?: •'.'/. •. 
I-.*'-},'.'.'. 

'-<•<:•''.:•!.'.Ii '. 
7-?«3' , / ./;'•• i 
. - - . " i ] . / . ' , / p r . 
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pronounced d e c r e e t " in u l t ima te s t r e s s and extended the rock s u i t d u c t i l i t y , 

i . e . t he aneunt '-•-'' rock i:nlr. . ' e fomat 'cn p r i o r t o e l e s s i r . oad bea r ing 

a b i l i t y (Table "1 ) . 

('!) FracVdre at anbient tempera ture appears b r i t t l e and i z followed by 

<•. n f i r v e r t i c a l r c ^ t - f a i l u r e curve up t o approximately 250 D F : ( l . T MPs) 

ronfir. ir.c r res : -ure . The s lope of t h e p o s t - f a i l u r e curve in s t r e s s - s t r a i n space 

.n~.-vcn.-e::, ". . U'co^er. lo.sz n e g a t i v e , around ana above 500 pel (3-5 ' 'Pa) COR-

•'ir.iu,- ;r^:-.-u*'o. At PSO 0" uncenfined " f a i l u r e " developed at (o - a . J = 2100 

"?::e foregointf summary cf quasi - s t a t i c exper imental r e s u l t r i s baserj 

: r i m a r i l y on approximately :'i fry t r i a x i a l experiments which were performed on 

"-;,'' in (10 cm! J ia is^ter core ^[•••ziir.ens at Sandia L a b o r a t o r i e s . I t i r supported 

iy auc: it iur.a: u n : a x l a l experiment c on *i.25 i n l ' l ^ . o cm) diameter nar-pler. an i or. 

r :.-! (r

:.l ~r.) i i i m - t e r simp-lo:; ty EE/SFEC, Inc. (9). "Jtiougfc ^~"t of tbesr* s l . o r t -

' .era data wore remarkably r ep roduc ib le both q u a l i t a t i v e l y and q u a n t i t a t i v e l y , 

i*. must t •> n':dt-i; j;;-jd t ha t only t he unconfin^d a>ta of Rp/EPEC, In':, (o) might t e 

s i g n i f l c a r . t s t a t i " i c a l l y . Shortage of l i k e cere made i t Impossible t c repeat 

experircer.tr in lurzc- runl.-ers at a l l s t r e s s e s and temperatures cf i n t e r e s t . 

Furthermore the i n t e r p i e t a t i on of exper imental r e s u l t s remains incomplete unless 

minertuog: ca l am t e x t u r a l vari a t ion of core a re accounted for . 
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CFFJL? EXPERIMENTS 

Apparatus and Experimental Procedures 

All creep exp n r i rae r . t s were performed in new t r i a x i a l app&ratu:; which 

accommodate re la t ive ly large c y l i n d r i c a l samples of up t o -'. ..'J5 in ( 10. ?•• c- ) 

linmeter -lnu 8.5 Ln (21.<" en) in l eng th . A :;chcr.atic of thi: ; e - iu i iwr t r 

included IG '-'ig. 1. Axial holec through the to r of t he p r r -^u re vessel 

-•r.d throufii *hc l oa i i n£ r i s t o n (Tart •'-) make- ; t i^ iTi i- lo t<" vent '.}-.?• r - reci-

:'-.<.nc by "-e-̂ nr, o" a i p r o p r i a t e end-caps. Fig, I ?ilso indicate:- t he ' . JC ci" 

mul t i f l e hea te rs t o compensate for conduct! or. heat 1 esses; through '.he fjofiiinp 

( R.-C of the pressure v e s s e l . 

"r*rting is accomplished according t o the following procedures. F*ich 

:-rc.'i.".fr. i s crated with a th in l ayer of II'V S i l a s t i c 108 ' o r equi valpnt) ., 

p]?icH'l between two s t e e l end-caps and encJorcd ir. a Viton j a c k e t . The spec:men 

•!:T-n: i -n.- v^r/ betvoen 3 . ?8 arr] ^ .9 i in ( ' ' .86 - ID.-yj cm) in diameter ry 

" . . ' ' ',c ' . V- «;i ! ' ' ' . ' - P i . l ceil in 1'wrth. 'Ir. t u r n , t he diameter c-V the end-

'--ij •- : : e i t h e r li.j in or •.."} Ir. ( l n . ^ - 10.") err.; depending en th« finra.l ranplr-

-ii'^y.eter which i s an t i c ipa t ed : ;i ar.y pan i c u l a r experiment. 

"o ensure good alignment a l l r,pe ( ,i risen cii !:• i:'-' r'.aeh ine-; ifitv-ili-. •: 

* r ; . ' '01 in (+0,03 -wr:). had e f fec t s a t the in Lrrfa.ee I "tuoen roc':'. r a l 1 fin J <--n i-

caf.'; -'ire minimized by po l i sh ing the e n d - c i i r face.- to a mirror f i n i s h . Ajrc , 

+ h:n l aye r r o'.' rnclyhdenum Jir.ui.fiue (r-'olykoL-*1 -irr> p r iv id rd h^-twe^n ••ir.i~Jf an 1 

er.d--:.-ip:;. 

• :er-trair.t:-. whirr, art- generated by the '.'iter, ,* a ck <**_:-• are :-r.a"!i.. : o r *• 

t y f i c u l wali thickness: , t = 'l.o' jr. ' I. r nrr.^an: :"cr t he s t . - iu^r i inirr".': '. . ;ecK" 

:i rime* o r , r = •'• .0 in ! 1" .? cm), '- p j ; I V- k! a 1 of ir.t ernal a i r rr- ' - j f i re ri—r.ure 

d i I.TI • e r changes of 128% at the midlength or th^ Jacket and ?7l" at t he rock/er.d-

c-;p i r . terfa^e approxima 4 ?ly 1 in (?.!;cn) away frorc a s t i f f clamp. 

http://Lrrfa.ee
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AC T . ' ackc t ing , "'f'. "^"ir- ' -r , in p l a c d in:::de *.'•<• pr ' -srure v f ^ c J , 

p re s su r i zed hy iron t i t : r a l l y 'in'! h"Hted i f de:;i red , ifi t h a t c r ' l c r , Heat i r.*r : •: 

af-cnpl L.:h'"! in rjr>" ". incryrcentr. o v r i-eri odr, cf two hourr per temperat'j—.-

in I'I '^T-II!. , / - i t e r '.he U i r ^ - , tempera','jr'- i s reached ar. ft'; i i t i or-al "oak ; ' - rIod 

'-!' n<. : •::: •.h'j'i four hour;-. : r ad-'.-":, ' . v r a l ? , r e g a r d e d of tersperatur<--, a* 

:car;l. twelv-- hour:: olapr.e hotvnen th*^ t i n e of hydros t a t : c p - t f s u r i z a t ion n:n. 

>.)<'• t irtty a t which a c<- -ir.tant d e v i a t o r i c :;tre.-r. ir. .'.'uperirepoced t o i n i t i a t " 

]J v i a t o n ' c loading i:; achieved rapidly by opening a hand valve betw-er. t r . f 

ii'il n loading rum (Par t ?) in Fig. ] and :;et:: of 'j g&L (0,ri? jr.") precriarged 

a"-'"irii;:atnr::. *""-•'• exact r a t e of d^vi atori<~ loading i:: :ct.r. rnlriM in .-.art ty ',:.--

:::.'î r. i f.'.j'i<̂  of th f - *"i -a] ram load ( r r i r . - : pal i t res:*, d: f fer 'T.c: / and Iv th" 

.:j"-,-ix"n f-c-.r 1 *an<~" vMch d'-p^ndr. or. ter.ro r a t u r c . i '>v<-vr, th*" loading r a t ' ;~ 

d :c!,.*iU- : :>r L-JI -t Vj \.y th< flow rnr, i n t anc - o'" 1/1+ in i . r *. T ' I mr.) l i no t r l - g . 

T y p i c a l l y , ti.e devi.-itori c loading r a t e f a i l s in to th<. range "^00 t o "OV, ry i / n i r . 

CPU .1 - 1+R.2 M i a / n i n ) . 

r>nr-P ^ creep t e s t i:: underway the ratti load is maintni n"d const air. unl'T.-

r.eai-ure.Tientr- of i/.pecinen a r e s c a l l ff.r nar.ua,' up<.--it---;; .-.o <;. t o .T.aintT 1 r, ;i.r. 

approximately fixed value of p r i n c i p a l rt.mr.v, d: fferen'r" . In t u r n , c o n f i " - n r 

prer.su re i s r egu la t ed i n t e m i t t e r . t l y by Man:; o." a ^ervo-cor.t r o l l e d r r B - r ' j r r -

r e g u l a t o r ( l M . 

In p r a c t i c e the number of syr.tera updates and t h e r e f o r e , t n e accur&cy in 

t he con t ro l of both (o - a ) and o^ verier- depending on r.he observed cr°ei. 

ra ter . . I t isl.tc depends s enc i t ively on ancient tempera ture v a r i a t i o n s vh: ch 

i n f l u e r c e tr.c feed-back s i g n a l of t h e confining p re s su re uysten;. In vi =v of 

•all the:-? pa rame te r s , t h e range c-f optimum t o worst con t ro l l i e s between 

http://ter.ro
http://nar.ua,'
http://prer.su


• i L t f n ^ t : ; ftrc made t o r e c o r d :;pr>cimer. r c ' T / e r / . Al t o m a t I v " 1 , ; : , 

•: ; .• •; :••• • r> <• •"• r.v i,i-'• :v :t; r .y '• \<-n'.:.n U.F 'it i v> v '•••.' ••'._. 



!mta acfjui:; i t, i on i" a-'-nmpl h'hrvJ by T.^an^ of a mult ! r-h'ijino] , pa- t I 'ill.;.' 

pro;. r«.imr.at! '-• ol ••(.'[.ron i c dM.it [opuzor (••i-.tor'! inr-r Anf/u:;, rr.n'k'l WipOfjli) air: ': 

•i!ii..'i terminal with r-a::ne.U- tap<? :-y::t"m ['i''-xa:; Inr.t "jr.r-nt :•. " i l r . n t 700, (':"'!• 

:;or!r; ' v:*.:. '''-,•; t-'ip^ •jfii'-i. i-'iv; ijdrarjot'jr:: are ir.an Itcr-*"J a"_ ;ntc-:'vjlr, ••:' 

r:n-': v.O'ir r,r ] ••.:.: ; t inn, r-irr, i u-id (F ig . 1) , canf in : ng p r e s s u r e , LVPT r: i gnal 

arri -Jilatcnr'* «p ou tpu t . Al ] raw dat-2 a re t r a n s f e r r e d 8" a p p r o p r i a t e t:~e:~ 

onto o. :'[': 11/3 1! Laboratory computer for reduct ion and d i sp lay on a Tex-

t r o n i x hOlO graphic:; t e r m i n a l . 

10 



.•Ut.. :•-; . ••'"\y.l---r. frwi 2CT9 - 2^19 ft l^ l f - SlS m) t h e wate r scl'-iVl" cor.tent 

w :̂: > ^ . l " . "ne r.Ts»c i JJi«n from 2705. Si ft ( S ^ r;} contained only ?•. . : water 

;-.oluh3f?r- v i t h 0 .^5^ n u l f a t e s aivi ^.lV~ p r imar i l y ^lay and quar tz [IT). >."a*.pr 

'.n:',o}-ih\'- res idues wrii- n e g l i g i b l e in :'-ovoral ~pecir.er.3 betveen 2f"o _ _>"y.^ 

11 
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]" 1 nr ••' i- ,cr \'-\.f<i by '-!• / . ' ! l-.r\ In '? . > T -••-••>• . -• :*. 

•::..-<>• '.r.? •*xr.t:r'.ir.r-TS.H) "o i . ' i : * . : or;:: t ! i i" j \ )^hO' j ' , !'-,; . \Y.r- nor<?, :r.c •:, ' . - - • ; ' ; 

" t -<iJ ';•* ••ora;-l'"-m'.*r/, " H C ! : O ' . V T ":.- v i r t , ' ; » o f oV':r", fir,T,Intf "but n o ' n< •'•'"•: v;«i"i l y 

-.;••:.* ic*i- : a.-a.r. ' - t-:T ••nn'ii t \c,r.: . ','r.r eXFur.: .]", n s r l i ' - r I F / P I : " f x r ' T i - i . n t r 

,.,.,. . ^ [ • : - ; l . ; r, ;*. i t r .Knr r ip fc ! :•'. r---r:'. 'J; f f p r ^ n v-r c f lf-OC, j00'> M V 1 •'• . T: ;••• 

. ' . . - , :• . •' -.</: 3 3 . 0 !•::• R. ; l ' , "!!)). 'r'r.<-- r .y : - ,o . ; t -.r.:-.*.r on = i H f r c . : ' 1 v-

>'":'_• •'' ' - " I-' i'fT-p T.»r:'tT*:v:-': a t ar.pr-oxi :r..-it^":.y : 1 V . , 220:.- r..:: ^ . ' s : ' . > 

- t i-iy . ' i or. r'.r:k -f-" 

;•• : ' . : :'j - ^ ] ' n <-. ' C 1 ' , . - <"o', - . ; . /. 1 :.. , on"- :"ror:, PhOH - ;—' '• 

' j ; ' •, 'i \"-'is. tr-r:; '-. '••it. 'jrr- o f ^'00 f. !''i n a l \y, l u ' v ' T r n n j , ! ••:: w-~f 

1'j.v----; an-: t.".<- *.<TA, •himt :or.:: w-n? inT^ar;r-'l to an iv.'-rage of ?( ', •, 

• •.•:•:: er ; ~~m.. Bnth fa<'tc 'jriVumo-f tV.f n ^ d u l Ion ~f r?re<?p raorv: » r,y 

1/ TiroLr.'i or l.^lov .0 

file:///Y.r-


r reei T-:r.*„ .'-'rttrix 

a, - a_ 
( p s i ) (vr'a) (pt-i) (::FE>) 

Jpppr Levol Pock i : a l t , Pepth 2000-2100 "t ( 6 2 5 - 6 r 

2000 13 .8 
1390 31 .0 

3"»0 20 .7 
:.5-~' 31 ,n 
2000 11 
•'. too 31 .0 

-.;oo 20 
1.500 31 .0 
3000 20 .7 

3000 20.T 
•CCC 20.7 22 

22 

er Levf?l Pack S a l t , Oepth 2600-2800 ft (810-875 n) 

2200 15.2 
3300 22.8 
2200 15.2 

1000 6.9 

500 
500 
500 
500 

3.5 
3.5 

22 
22 

11 

12 

13 

1000 

100:: 

2200 

1000 

6.9 

15-2 

6.9 
220O 15.2 

100C 6.9 

1000 6.0 

1-500 31.0 

100 
10 c 

200 

200 



•Fi.tr. •'.'../'., r e l a t i v e t o t h e sanp l" dimensions at thft Vegir.ning of e=tc:: i-vst. :.'ote 

'.hat r.or--- re/Hal s t r a i n da ta a re marked a^ unce r t a in e i t h e r because data y.naiyser. 

h&vc noi, !er;n completed or v - -*v i j e they r e q u i r e a d d i t i o n a l checks . Por t h e r.ame 

reason the observer] volumetr ic s t r a i n s e re descr ibed only in a s e m i - q u a n t i t a t i v e 

:jp?npo. :':r..-ill anountr, of compaction vnich are i n d i c a t e d Ir. Table 2 ~i*iy cr nay n e t 

prove *o fc? r e a l . In any e v e n t , t h e t o t a l volumetr ic creep corresponding t o t h e 

f i r s t r;ta(5es cf t es t r , 9-2063.5 a r e small (e > -1%). Gene ra l l y , t he same appears 

t o apply to a l l t e s t r . vhere Table 3 now shows ques t ion marks . 

lU 
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St re s s an:: s t r a i n r e p ' e s e n t t r u e s t r e s s pmn engineer; . ie s t r a i n , r e s p e c t i v e l y . 
E : a x i a l s t r a i n ; e , : ra i i f j : s t r a i n ; c : vol'xr.et r : f . s t ra in . Parentheses denote u n c e r t a i n t i e s . 

siuestic:i narkr :nui cute t-int da-.a n r e n i s s i rp ; or net yet. a v a i l a b l e . 

Key - DDL) : l a rge d i l a t ancy (> V") ; DL> : cor.si 'iyrab] e d i la tancy (> 1? ) ; P : sont; di'Latancy (< 1%); C : some eomr-ar-t ior; (';). 

Cample 
(Hole# - Depth ( f t ) ) (psi} (ba) ( p i ) (:•:?*) 

Tenper. Test Pura-
t i on {!-'rs) 

(r.]_) max ( - c;) max P i r e c t i ^ n 
<%) of c 

'Jpr.ei- Level " a l t 

9-2078 2000 1 3 . 8 500 3.5 22 310 . 2 7 3 . 1 6 9 0 
9-2078 1"500 3 1 . 0 •:oo 3.5 22 16 £ 7 . Lfi ".57 DD 
9-2083 2950 2 0 . 3 5"0 3.5 22 1238 2 . 2P 1.68 DD 
9-2083 I450O 3 3 . 0 500 3.5 22 360 1 3 . 8 0 >Q.5P ODD 
9-2078.? 1700 1 1 . ' 3 - 0 - ?."• . 7 22 311 . 1 2 5 ( 0 . 0 2 ) ': 9-2078.5 moo 2 ° . 3 -,-00 20 .7 22 l e c 3 . c 2 2 . 7 f 0 
9-2083.5 2 9 0 0 2 " . 3 3000 20 .7 22 1 0 : ? 2 . 1 2 ? (O 
9-2083.5 IIIJOO 3 0 . 3 3000 20. 7 22 12 5c 1 1 . Vi ;>6.M (D) 
9-2083.5 3000 2 1 . 7 3000 20.7 22 r 7 5 . : . : 1. 1 

l ever l e v e l Sa l t 

9-2625 
9-2625 
9-2625 
9-262 5 
9-2677 
9-2672. 
9-262I4 
9-2686 
9-2686 
9-2671 
9-2671 
9-2686 
9-2668 
9-2777 

1200 8.3 500 3.5 22 18^2 .22 .08 
2200 15.2 500 3.5 22 l t e i 2.27 ( ] . 3 o ; 
3300 22 .8 500 3-5 22 35 t 5.31 ( 2 . 2 F ) 
2 300 15.° 500 3.5 22 595 3.13 (o .o - i 
1150 ''.° 3—0 2..1 . " 22 6 7 1 ' . 1 5 v ; . ? 6 ' 
1000 6.9 30 Z . 2 1.1 612 2 . J U 

1051 7 . 2 500 3.5 110 052 2 . "•?' 
1000 6 . 0 50'J 3.5 100 7^7 - . ? 3 0 . I 7 

2350 16.2 500 3.5 100 190 1 7 . C l l . : - 0 
930 f'.ll 30 30 2 0 . 9 130 i i u 0 . O 9 ; o . i c ) 

2250 15.9 3000 2 0 . 7 110 66 r 2 9 - 3 !"•!•>.6) 
1000 » - . ' ' 530 •." 200 P- O.h* 
1000 6.9 3020 2 0 . p 2-0 165 ! ' • . ] ? 
liPOO r>-< T 500 3 . 5 22 1"- 1 7 . - 1- .5 



".'he l a rge values; of d i la t&ncy, c < -U%, of experiments 9-2:)''-3T 9-^r>J''''» 

and 9-^77''* sr t 1 a s soc ia ted w;th a c c e l e r a t e d creep ai.d :r.per.d:ng creep rr&.r-vjrp. 

I t ~: o'il-J b " no t i ced t h a t t he t o t el a x i a l and r a d i a l creep s t r a i n s in t he 1 a t t ' - r 

tent.:: are bounded by f r ac tu re s t r a i n values which wore rjr-asured in s h o r t - t e r n , 

quasi - s t a t i c t e s t a i n t o t he pos t - f a i l u r e regime. 

F i l e s of r e p r e s e n t a t i v e da ta i'or a l l experiments a re compiled in an 

appendix. For the t ime being t he se f i ler; a re r e s t r i c t e d t o a x i a l s t r a i n t ime 

•lata ! c , , t ' . Obviously, t he riunber of data po in ts {cj t o 12) in t h e s e condensed 

f i l e : ; i s much sma l l e r than in t h e o r i g i n a l f i l e s ( t y p i c a l l y 7 5 0 ) . I n d i c a t i o n s 

of da*a s c a t t e r are included d e l i b e r a t e l y to demonstrate maximum v a r i a t i o n s in 

t he creep r e c o r d s . These v a r i a t i o n s a re caused simply by experimental s c a t t e r 

o r by t h e number of update:; of ram force (F ig . ?) t o mainta in a mean cons tan t 

p r i n c i p a l c.tror.r. •}[ f fe r ine 7 - . The importance of t h e s e updates i s p a r t i c u l a r l y 

evident, in F ig" . 1 and 'i for specimen 9-2777. Here updat -s in ram force were 

delayed d e l i b e r a t e l y t o e s t a b l i s h l i v e l y d i f fe rences in r e s u l t s between con­

s t a n t Corci-' t e s t s and cons tant s t r e s s (c reep) exper iments . C l e a r l y , t h e s e 

d i f fe rences can be s i g n i f i c a n t . Constant force t e s t s may a l t e r t h e course of 

primary creep at cons tant s t r e s s and may prevent t he development of secondary 

creep a l t o g e t h e r . 

F :gs . ' through 12 conta in examples of c r o s s p l o t s t o exp lore t h e e f f e c t s of 

p r i n c i p a l s t r e s s d i f f e r e n c e , temperature and confining p r e s s u r e . I n d i c a t i o n s of 

t h e r e p r o d u c i b i l i t y of r e s u l t s are provided by t h r e e s e t s of d a t a , in F igs . 5 

through fl and in the d i g i t i z e d da t a f i l e s 9-207^/ .5 /22 and 9-20S3/ -5 /22 , 9 -2078 .5 / 

3-/22 and 9 -2033 .5 /3 . /22 and 9-262V • 5/100 with 9-2686/ .5/100 (Appendix). The 

l a r g e d i f fe rences in r e s u l t s of experiments 9-262!./ . 5/100 end 9-2686/ . 5/100 are 

unexplained t u t deemed e x c e p t i o n a l . 

The conr-'iri.~r.ns ir. F i g s . 5 through 12 assume t h a t s t r a i n h i s t o r y has r.o 

major inf luence on creep as s t r o s s d i f fe rence i s i n c r e a s e d . There fo re , no 

d i s t i n c t i o n was made between experiments which were performed on t h e same 

16 



.;nr,$.lf> i f the speci.xen was subjec ted t o succes s ive ly i n c r e a s i n g l ev 1 ? : : . f 

- . - j i ;? ipal s t r e s s d: fTerence. b ' train h i s t o r y e f f e c t s ui*h -jecr^a- :ng j r ! : . • ' -

pa l - ' t r e s s diffarer .ce w i l l be d i s e a s e d l a t e r . 

A cur scry comparison of t h e r e s u l t s for r:ck s a l t frcr- to t : . : -ir :.t-.-.. • • 

i n t e r e s t t o t h e V:?F (2000 - 2100 ft nnd 2< ' J? - ?=*>C ft > ; r . l ' "<>t - r - •. •.•••:.; 

ir. r r e e p i e h s v i o r a re .nderer.dent of depth . ~hf*refcre, '-:; c :'--.".-v':;,* :;.• - ,.--

•":r:r.j vil l i not cons ide r depth ac a variable- al thcui 'h t:.<v in*, a : f-r' H '. r,: r.»* "-

thv -aprer and love!- l eve l s (Table P) w i l l net =<" jf i l ly : o : - i x" : . ".h- wtj-rril 

agjverser.t in r-i-sul',c is c o n s i s t e n t vi th thf .-.if- r a r i t y cf r»Ot ' - n * - ; •-i- , ; " , . 

"e-r.eral f eatu^er-

7ns crc . - rplot r . , r"i#r . t t:.rough I£ , -;e^.cr.£*-rat.-1 tha t .','ov '-Vx^cc. .-:••> .:«:», 

^•vk-rgceo t h e th reo c iar -c ica l r.tagec cf ? r e e r : • ri.T.sry {t ram* i en t!' f r « f p , 

ceco.Tiery ' s t e ady s t a t e . ' creep an-J cer t iary '. i c eel e r a t ed ) --ccr ***: loh '. r-rrr.l -

r.--i*-:-r ir. creep f r a - t urr-. ! . i~;ted r a d i a l s t rai r> fiat a ( r i g s . ^ îr:*: " * ''*-<r*.'r.*>r 

I r - i i c s te t ha t cre'.-r. -irffa.-;' t o t r c e e i *w:-.h l i t t l e change :n rr-*k vciur * a* 

"..'.--; pr:r.c!p"'J r.tre^:: 1:-Terence, ''r-ftli '-.train*: ar.r}/or high t''1^: " r a t '.r--. "n 

t u r n , r.ot ir:*;ai.' e d i la tanr r / develops a;- {a. - a^} is re'-se*:. :"ver.r u*-;! iy isr* - ' ' 

irn->unt :• of "U la taney (damage) led i n t o creep f r a c t u r e . 

Ir. -3 *p.:*iM t.ht J •.'•? sense the creep da ta rhevn ver i fy t!.«-- vv*:". .<r.cv:. : :"n. 

l : : :o?r e f f e c t s cT p r i n c i p a l s t r e s s d i f f e rence «nd - erv.pe-rat \:r^ if-'icr. • : h rough 

" i - j . Cn t h e e t h e r hand, f i r s t exani nat icr .s ir. z'r.is r--ucy L-uggp.-t tha* rrep.-ure 

ic important or.ly in t h e con t ro l of t e r t i a r y ereep and creep f r a c f - r e . 

Per iod ic .T.c-'asur events on deforr.ee. s.izples a f t e r t e s t i n g I f : ~.c the 

conclusion t h a t e s s e n t i a l l y a l l creep s t r a i n was i r r e v e r s i b l e . Tr.'c- c;-:..-lusion 

was s t r eng thened by moni tor ing t h e a x i a l and r a d i a l di-nenr-icn^ cf two :-7ecir.en.-

continuouisly for pe r iods of twenty days, "o recovery vas r e rc lved c i t h e r by 

1? 
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neans of d i a l gauges ( a x i a l s t r a i n ) or by means of s t r a i n ga'-ige i i / tnTiT.M- 1 ; 

cUp-cr . gauges ( r a d i a l str- i ir . ) . 

•I'iriary ( T r a n s i e n t ; Creep 

ETfcu'ts were i n i t i a t e d t o desc r ibe primary creep of F.'ow f-'exico rock :-alt 

o b j e c t i v e l y . Pre l iminary work cons i s ted of f i t t i n g a x i a l s t r a i n - t i m<.- ' lata 

(e , t ) t o logar i thmic and power r e l a t i o n e of t h e form 

c • = A l o g ( t ) l i ) 

t " = Ct' : £ : i ; 
P 

where A, C, and n a r e c o n s t a t s . Typ ica l l o g - l o g and r.emi-log p l o t r of th*? 

data ai ? given i.i F i g s . 15 and lG. Although the foregoing equat ions t r c 

empi r ica l they have been used widely and often provide f-vell-'-nt approximation;* 

t o exper imenta l data a t cons tan t s t r e s s , These venat ion" ure not ••cr.r.r, i t ' j t I v« 

e q u a t i o n s , and i t in recognized t h a t equa t ions ( i ) nr.d ( : i ) p red ic t i n i ' i i . i t " 

s t r a i n r a t e s at zero t i n e . Obviously U;p i n t o r r f t a t i on of Fi*fs, 10 and 1(̂  

r equ i r e s cons ide rab le .Judgment. For t h i s yr-- i irainary an '*ly .*•> i s two Hssumpt, i enn 

were raade which permit comparisons of t he p resen t r e s u l t s among one ui)ct:;'-r .'-mi 

with publ ished primary c reep -Ja* -i for rock s a l t . '••': r s t , primary crc=-p, K and 

secondary creeD c , r m c j o ! 3 imutaneojGly such t h a t '-j. . , = e + F ( l M . s s ' • J t o t a l p r,s 

I t was a l s o assured t h a t t o t a l creep is governe-1 by primary cree;. at lens than 

approximately 60 hour s . 

In some cases (F ig . l6 ) i t appeared t ha t primary creep might be describe-J 

b e s t as l a g a r i t h m i c c reep . However, in t h e majori ty of experiments maximum 

s t a t i s t i c a l c c r r ' '.ations were obtained by means of power r e l a t i o n s «h:X: a re 

summarized in Table k in terms of t h e " c o n s t a n t s " " and r.. For t he rake of 

13 



. '..r-jr.a rv o: 
to "a tn >'i 

S t r e s s anii s t r a i n represent. t i ' u "=1-
t o f 7;,'P' E = C t n ( i n / i n ) ; t : t i n e (:-•>; : 

S&.mp] e 

(Mole" - I'epth) 
"1 "3 

' r * i ! ("Pa) (VFrO 

f t ra in Veacures t t IP"1 tirs 

9-2078 2000 ] }."• 509 3 . ^ 
O-207S I4501) 31. ') , , , ,a 3.T 
:'-so83 2950 2 0 . ? '.sOO 3 . c 

O..S0B3 • t500 3 1 . o vr. 3.5 
' )-2()Yf i .5 1700 11 .T 3 v : i 2 2 . " 
9 - 2 0 7 8 . 1 lilOO 2 ? . 3 30'- J 2 0 . 7 
a -20 f i 3 .5 2900 2'^. 0 3'"O0 2 ^ . 7 
9 - 2 0 8 3 . 5 14UU0 3 ' 1 . 3 i 'VO 2 ^ . 7 
9 -20R3.5 3300 ."'"'.'' 3930 2 0 . " 

r.-i:-'- '. - .' 
>-<('::-!. ' ' . ] - . 

• j f r - ' . 
: 'T.--!. • . l i t 
3 - . : - : . 

> - E - 3 2.13 
. i . 2 r . - l 

9 - 2 c . ^ 
0-2u25 
0-2h25 
9-2f i?5 
9-2'; ff 
9 - 2 6 7 2 . 
9-2fe!< 
M-2CV, 
S-.O'f. 
a-2t'7l 
"•-2<.71 
1-2C1'-; 

9 - X . O , 

2200 
3100 
2300 
1150 
lo-,0 

1 . ' • . ' 

l . ' 1 

('•.? 
21.5 



consistency all f i ts were msrU within the time interval 1 <_ t (hrs) <_ f. r.. 

With three exceptions the ^ele^tion of thi^ time interval ensured the highest 

correlations tie t veer, actual :<\ta a;: i the approximations by -leens of equation 

' ; : ' . "O.TD ir.it ion 3 of" 1 ogar: ti.r.ic and power creep» e.s;. *- = e ' + t; ' ' , 
O f f C. p p P 

ar? possible but have r.ot yet been considered in detail . 

Althuu^r. further ar.alyso:" are needed, two observations deserve mentioning. 

[i) If a "trver iav" creep fc :-ar.u_&t i 2:1 is accurate for constant s t ress , then 

the multiplier " ar.J the t ine exrenem. n appear to be variable. /'.ccording to 

Ta'c le I;, n increar-r-a up to a factor of f-'ve with increases in principal stress 

difference end te-perature. Ccnsiderable differences in the values of n 

regain eve:; if allowances an* .rade for the influence cf secondary creer part i -

c j l t r ly at •-•Î -v-ited t ".T-peratur*1. !-'ore work i=5 needed t--- 4oterair.e whether the 

pira.T:terj C and n *irr independent of one an^Vher. Coupling i vtveen C a:.d r 

war indicat'.-d by crr^ ^arli ' ir data for a r t i f i c ia l and nat iral rock salt (3 , 

iO, 11). (i) The -"n:"1. ueijCf- of confining pressu7'e on axisl creep (?:,» t) 

appears to he nirall, particular;,' at lew (c, - a^) . "ihis fellows fron compari­

sons of the empirical variables *~ and n. It also follows fr"~ a comparison 

of normalised axial strain data, E 1 / C . , which were calculated fror- E. = " t' 1 

at t = 100 hours (Table M. iicvever, caution should be exercised in generali­

zing thi? res-il* to "hear "train (r - E:_), i . e . before considerii.g further 

thr; nature of rudial creei, 

Secondary (fteady r : ta te) Creep 

The existence of secondary creep is difficult to establish vihhout doubt. 

In this case, estimates of secondary creep rates in Table 5 ire based on two 

cr i te r ia . Firi:t, plots had to contain what "looked like" straight line portions. 

More objectively, i t was required that the slope r of plots in the space 

log££ f + . ) , lcg(t) increased with time from the value r = n during primary 
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TABIS 'j 

~iun:;iary of 2ecor. lary Creep Estimates 
(: rarenf he-ios denote upper bound va lue r ) 

S t r e s s and s t r a i n represent t r u e s t r e s s arid engineering s t r a i n , r e s p e c t i v e l y . 

^ar-ple 
(!!ole£ - Depth ( f t ) ) (Ha) (ps i ) (MPK) CO 

Estimated 
Secondary Creep 
Kate e 1 ( I 0 " 6 / s ) 

Upper Level 2 a l t 

9-2076 
!}-2i'lh 
'J-2033 
9-2083 
0-2078. 
o-SOT1!. 
'-2083. 

:i-2'i';3. 
J-20>'<3 

2-2625 
•<-?-•'?; 

0-2625 
<l-?S.Tt 
1-2C7S. 
•i-?t,'A 

•>-?r,::f, 
9 - 2 ' 71 
0-2ICY1 

'>-!(( h 
'.'-27i'7 

2 o ; o 1 3 . 8 500 3.5 22 
1.509 31 .0 TOO 3.5 22 
2950 20 .3 530 3 .5 22 
1.500 31.0 500 3 .5 22 
1Y00 11 .7 3000 2 0 . 7 22 
i i i o o 2 8 . 3 3000 2 0 . 7 22 
2'1'JO 20 .0 3000 2 0 . 7 22 
V.90 3 0 . 3 3000 20 .7 22 
3000 3000 

Lover Level 

2 0 . 7 

S a l t 

22 

L'i- ' >';.'i 501] 3 . 1 22 
v.^ 500 5.5 22 

i :o ) 22.11 500 3.5 22 
2 ! ') ' ; 15.9 500 3.5 22 
] i \,n 7 . _J 3000 2 0 . 7 22 
i ' ' " ' ' ' • . ' " ' 30 0 . 2 100 

] 
7.2 '•00 

!.'; 100 
1 10 
1 r 1 

, . 3 - ' . • ' 3'M> 22. . ^ 1 VI 

: 'a • 
t . . ' . 30.10 

1 10 
2 0 . 7 

3.7 
10-1 
2 0 " 

1 .o ; * .' j i v n 2.1.7 200 
i.'iO.: • : ; . i 5 no 3.5 22 

(o 0l2) 
( ; .92) 
(0.16) 
(5 .8) 
(0.012) 
(2.25) 
(0.23) 
(1.10) 
0.018 

(O.OH) 
(0.20) 
(1.93) 
(0.033) 
(0.008) 

1.00 
0.81 

3.U 
'Ji.i 

( ' . • I . ' " 



: ' -i'.v -I :--"-" L .u;i'::: ar.-j &.-•-• i:.-tr-<: in p a r e n t h e s e s . 

';•- "'..:r.r.*iri' the ::c';.jndary <-reep requite of .'.''-.-v. Mexico rock sal t q u i c k l y , 

*.:.i- a.::'u:.'.: * i'.r..~ v.-v iria'i" tha t t h " t o t a3 cre^p i s thermal ly a c t i v a t e d , t h a t 

t:.:- f-;':'"ct. •'!' s t ress : , tempera ture and p ressu re are s epa rab le and '.iie', t h e 

t'?.T.!-''rh'.!:r''.' impendence -an b« descr ibed ly a : : ingle a c t i v a t i o n energy. I T . was 

f u r t h e r ,-f,i. ulatC'J t ha t secondary creep r a t e s a r e p ropo r t i ona l to a power 

function '•'•' s t r e s s { l^ -^O) . Then, following s t andard procedures t h e graphs of 

':'.£'. 1;' - i ' v.'r-f- -on:;t r ' j ' - tci :'o>- jpper '"tfid lower level s a l t , i ' l y s , 1'/ and ] ! ' 

,:.'• ^: —•!". 'J '.:-.'-'; es ! n .:rjr.f f.f '••':.•• -^sulT.:'. ; r. ;lirc-r.',;/-::'--::, es tirr.a".e : va!--""-:' of 

r i - t : v i ' '. f.i. ••r.'-Ttr,' f a l l into th'- relfi t ivcLy narrow ran^e between - ' ~. >: k c a i / 

mole, an I •'. = I"3.. •< k c a l / n o l e . '".'he n'1'i.i cf c.i' d a ' a a v a i l a b l e doer; not .-j Trice to 

ieterr- ine poss ib le va r i a t i on" : ri C with t^rnperat UIT . /• p r e s su re -': t''•*••*: i s 

we*ik !f :" Is p resen t a t a"; 1 . 

."tr».-s '-xrcr."--.';t." o4' tfie r e s u l t s In Tafcl^ v a v 7;st r-"J in 1-ixr. ] s and 1-i 

fa.- b'jtli si", t hor izons ',-nnr. 3 de n"»d. hV-epi ng di f fcrent group? of t ^ s t n del I -

: o r : i ' " ly 'ir firt t t h " s t rr-ss exponents vary cons iderably between 7.1 an J ^ .'̂  

•;fLcr.:3: r.c s:: t pr.p<"--ratu re -ind whi ?h r^s-jlt:-; are included in a pa r t i c u l a r 3 i n e a r 

•ia'Ji :".\. '••'•r-'.\ defined secondary creep r a t e s correspond t o n = ?.} a t 10H C. 

The svnaining values only correspond t c secondary c reep es t imates (smal les t 

observed creep r a t e r , ) . 

T e r t i a r y Creep and Creep F rac tu re 

Tc:*-iary creep was rr.easured in four experiments a t 500 ps i (3-5 MPa) 

conf in ing pressure and T = 22°C and a t T = 100°C with conf in ing p r e s s u r e s of 
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0, 500 and 3000 psi (0 k 3.5, 2D.7 MPa). Except in one case, o_ = 3090 phi 

(20.7 HPQ; sample 9-2671), ter t iary cr*-ep terminated in creep fracture 

associated with a considerable amount of dilatancy much like that which is 

measured at the ultimate stress in quasi-static tents . At 3000 psi (?0.7 'Ta! 

accelerated creep started at E. ~ 13-5? and continued to c * 29% ever several 

hun'lred hours and with an approximately 10-fold increase in creep rate . How­

ever, no fracture was inminent at the peak strain before the experiment was 

terminated for inspection of the specimen. 

Effect, of Stress or Strain History 

It was stated in an ear l ier section that the data representations cf 

'?f:L\er. n rir.'i > implied no effect of stress or strain history under increasing 

^tres:- difference. This assumption appears acceptable in th<- light of pub­

lished creep results (5> 10, 11) but questionable in view of recent r;hort-tenr. 

•jata for variable stress paths which may or may not be relevant for creep (12). 

".z OVJI1U*!.',O the influence cf more complicated histories and partly to check 

thf- accuracy of some secondary creep rates in Tabic 5» two sets of tests were 

performed in successive stages of increasing and decreasing stress. For one 

experiment (0-?~?;3.5; Fig. 13) the principal stress difference wa; changed 

from 2yy: psi (20.': :-'ra for 1098 hours) to UtCO csi (30.3 MPa for I2r;6 hours) 

and b'ich to 3000 psi (?0.7 MFa for 675 hours). Tn the record experiment 

{y-^C^i Yiuf. 1-; (o. - a_) was verie-J from 220? pn i (1^.2 MFa ?zr ll»?l hours' 

to 33CO prl '22.7 I-Ta for 3ZC hours) and again to 23nO rsi (15.^ "Fa for ^ 5 

h'.urr,;. [Jeta^'ls of these tests are l isted in Tables 3-5. The -est important 

result is that the estimated secondary creep rates at approximately 3000 psi 

(20. v Mia) and 2300 psi (15.9 MPa) dropped by nearly one order of magnitude 

after creep had occurred at higher values of principal stress difference, i . e . , 

fckj'J (2?.3 MPa) and 3300 psi (22.7 MPa), respectively (stages C2 and C3 in the 

capttcr.s of Figs. 13 and 111), 



fHKLIMIilAPi C-.ttJ-AitU'/; OK rKSl'LTS WITH RE/SPEC CATA AJ1D DIGCUSCTON 

in view of limit-e'.' data and data s c a t t e r i t i s important t o compare t he 

present resu l t : ; with t he r e s u H s of Ph/^PKC I n c . (10 , 11) . Given the comple-

mi'ntar..' na tu re of al 1 ten t : ; , r.nt i:; factory agreement would automati cnl ly broden 

*.:i'; o v e r a l l data t a s e a v a i l a b l e for c o n s t i t u t i v e modeling and itcdel v a l i d a t i o n . 

Q u a l i t a t i v e l y , a v a i l a b l e r e s u l t s demonstrate t h a t ?Jev Mexico rock s a l t 

undergoes ill s t a g e s of creep from primary creep through creep f r a c t u r e , .'lore 

impor tant , a l l of t he se s t age r were observed, a t l eve l s of s t r e s s and temperature-

which are or i n t e r e s t t o t h e VflPI*. This means t h a t pact modeling e f f o r t s which 

r.av-' concentra ted on t h e p r e d i c t i o n of primary eiV-ep must be extended. 

Primary 'in'', secondary sreep arr- recognized r ead i ly in a q u a l i t a t i v e s ense . 

••'cw'.-v:-, t he :-o.T.bir.cd da ta of I2ondia and ]iK/l'.VF,C I n c . i n d i c a t e independent ly 

t h a t unambiguous; •i^urr I pt ion:-, of t he se phenomena are d i f f i c u l t . P a r t i c u l a r 

di f f i c j l t Les a r i s e because primary and secondary cr«ep appear t o be ove r l app ing , 

bernus-- primary creep a*, small t ime probably de pen d s upon the i n i t i a l ioading 

r a t e an d because nnst secondary creep rate:', are only upper bcunds. As >± re f .u l t , 

t he d e s c r i p t i o n of primary creep in terms of pi wcr c r e e p , for example (Table M , 

::; yen;-it We t c t h e t i n e i n t e r v a ] which i s chosen t o f i t t h e experimental da t a 

in the rpace l eg ( L , ; , !og{ t ) . ••'urthermcre, t h e power creep r e l a t i o n which war. 

use-: he re renders poor fit."? t o exper imenta l :nca:;urcmer.tF a t t i n e s l e s s than 

approximately one hour . At e leva ted temperatui 'e primary c reep i n t e r p r e t a t i o n s 

a re di r . tor ted by far;t secondary creep which is going on s imul taneous ly , What­

ever the reason, amblRuitier in t h e i n t e r p r e t a t i o n of c reep da ta probably p r o ­

duced error: ; in *iescri ptior. and p r e d i c + i o n s . j o r example, based on Tables •'• 

and 5 v ie p r ed i c t ed t o t a l a x i a l creep s t r a i n for sample "i~2(.ll, (o - o_) = 

221" i-si ( : ' . : " . 'a i i - lC-.?& a f t e r 500 hour,-- i f e, ^ = E^ + e ^ as suggested 

by the n a t u r e of double loga r i thmic p l o t s . This value o v e r p r e d i c t s t h e a c t u a l 

s t r a i n accumulation (e = 12.5/') a f t e r t h a t time by approximately 30$. 

$h 



.Tome qualitative disagreement between various sets of result? arises 

concerning the influence cC pressure. Availeble data (11, 12) led to the ci.-.-

"cn conclusion that pressure enters as a first order effect Ir.tc the predic"" '.<:. 

sf tert iary creep and creep fracture. However, preliminary analyr-es cf :h<-

i res":.t result.: suggest that the influence of pressure on transient ar. : steaiy 

stait; creep ic negligible. Thie observation runs contrary to earlier ?.r /f I- r " 

data and to the results of short-tern; ' quae i -s tat : c) experi-.entr. To clarify 

this poir-t more detailed examinations should be îade of existing radial strain 

•lata. Also, further teste should te conducted particularly below 50C p i (?.^ 

!<•: a* '-on fir. ing pressure. 

\ rclirainaiy quantitative comparisons cf fJor.dia and PE/PPhC data are not 

totally rati r. factory. One power creep description cf P'r./CYj-.c Inc. Cll) appears 

to cr*.-:ir;t r-t>x\r- i durably larger creep strains than those which are indicated by 

*.:.•: re-u'.ts id' Table '' and 5. '''or example, 1'or primary cr*-ep periods of IOC 

r.cjr:: :'.ver^I predict !ont. at rorurson stresses and temperatures -li f fr*r by farters 

o:' ••<.: nrnxis.ate .y ten. :\V./"'rEC results also suggest higl.er secondary creep 

rate.;. -iow-vjr, i t is emphasized that nest cf these ccrr.parir.sns have been 

carri <" •: '/Jt su.' fkly and require checks and confi mat ion . .'so- ~. f the observe ̂  

•i'- '''<~ re.'.ces nj,e;:t ':••• due tc specimen nice. Values of average 'lst : va: lor er,er-

p;i •-:' are relat i vely cons istent and fall intc the range 7.3 < •• " 13. c V.cal .'rr.sl'' 

(: it;. 1VJ. "h" majority of data fit :; - li.Z kcsl/nele. 

it ir nn\. clear at this point how sericus the; observations' of hist cry 

<-ffocts might be if they are proven typical under decreasing principal stress 

di fferer.C'?. However, history effects might influence stress calculations and 

therefore affect the likelihood of creep fracture. 

Tertiary creep and tr iaxial creep fracture developed at J."0 C and 

surj r i. singly low values of principal stress di fferer.ee (o - c .. a 2}?^ p s t 

(It .n ."•'Pa) ever, at t>_ ^500 psi (3. v Mr a) confining pressure. Although these 

stresses ar.d temperatures are likely to develop cr.ly very locally ' ^ 1 : , the 
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phenomena are significant enough to require additional study. For lack of 

established theories it will be necssary in part to conduct very long experi­

ments. However, creep fracture predictions uay also be aided by empirical 

correlations between creep fracture nti . 3 and quasi-static complete s t ress -

strain characteristics (??, 23). Triaxial tes ts on granite, sandstone and 

marble suggested that complete quasi-static s t ress-strain records can be use-3 

t.o establish loci of limiting stable creep s t ra ins . Specifically, i t appears 

that the total nonelastic (t ime-dependent) strain at any stress will net 

exceed t h e nonelastic strain to fracture at the same confining pressure and 

princ: pni stress difference in quas i-stat ic test.".. Although this procedure 

ir. s t r i c t ly empirical i t appeals to the notion that nonelastic strains are 

a measure of damage and that the limiting strain establishes a maximum arao-r.t 

of damage as a function of stress s tate before an instabil i ty occurs with 

associated loss in load bearing abi l i ty . The foregoing empirical predictive 

scheme for creep fracture is invoked here because i t correlates remarkably 

veil with the available creep fracture observations in this report. 
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vac not observed in a l i m i t e d nuxber of experiments at 20C°C arid i s ieerr.eii 

unlikely except, possibly, at very low confining pressure, c <_ ICO rsi 

(•j.7 ."-»i;. To j.re'J:ct cre?p fracture trie '-is?*? of an empirical prrceiure «&: 

L;ugger;tfvl which correlates permanent tine-depe:ident strain? (damage) with 

limiting damage which is established l'n ;r. complete quasi-static stress-strain 

curve;; including pre- and post-failure record . 

S'( 



The ana lys i s of tc.:.r. which an- d<-rcrit ' ;3 in c o n t i n u i r g air! ; r.'-lu'le:: 

t?xa:r.mat ions ?f ~ximir.fi radi ' t ] s t r a i n d a t a . I t a l s o include:; « -iefir.it .ive 

ca::.t-ari^j]i of data with e a r l i e r r e s u l t s of Wr./SPEC Inc . beyond ri rurcory 

o-^c.TBr'inori which is included in this; r e p o r t . 
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Fig. 

Triaxial compression apparatus 
Parts key: ( l ) load frame (2) hydraulic actuators 
(3) pressure vessel (h) loading ram (5) heaters 
(6) insulation 
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Axial cf'ppp reoor-i;; ( r . | v s . t ) n? {o x - o^) = »̂500 psi 
("il.O Mia) , T ~ ,"','•'V and vnruflilp conf in ing pressure ( fo r 
t o s t code nop Fi R. ';) . 
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Fig. 10 

Axial creep records Scj vs. t ! at 03 = WO psi (3.5 KFa) 
T = 10O°c aad variable principal stress difforrnrp ( for 
test cods see FIR. 5). 
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••}-n' i n ! v a r i a b l e t r a r p r a v j r c 
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SLOPE.. CDYVOX.' = .137341 
Y-INTERCEPT. YC-<;.2"> = -.63884 
INDEX OF DETERMINATION •= .933356 
POLY PIT ODER 0 < >'. < 1.71b 
Vf. LOGC1 ) > = - . 33537 
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Y<L0C<1>> = .45070? 
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Semi logarithnic plat e, vr,. log(t) of tes t 9-2803/-5/22 C050) 
(for test cede cee Fig. $). 
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Fig. 17 

neccndary creep rates e-, for lower level ra i t in the space 
(1OS(EJ_), 1/T). Triangular data points are due to RE/EPEC, 
Inc. (Ref. 11), io = (c- - 33). Stresses are given in ps i , 
strain rates in (s --M. Parentheses denote upper bounds. 
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Fig. 18 

Secondary creep rates r^ in space logfe-jj, logfu-. - a->) 
for lower level sa l t . Triangular data points are due to 
RL/SPEO, Inc. (Ref. 11). Stresses are given in psi , 
strain rates in ( s - 1 - ) . Parentheses denote upper bounds. 
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Parentheses denote upper bounds. 
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TEST I .D. CI'9-2878.' . &"22 

PRINC. STRESS DIFFERENCE 2800 PSI <13.8 MPA> 

TIME El 
CHRS) (S> 

8 0 
3.911 .152 
8.889 .164 
20.26? .174 
24.889 .187 
192.356 25 227.556 .256 
261.689 .262 
284.889 .267 
318.756 .272 

TEST I.D. C2.'9-2078/'.5'22 
PRINC. STRESS DIFFERENCE 4500 PSI C31.0 MPA> 

TIME El <HRS> <*> 
8 0 
8 2 1.822 
24 2.63 
33.4 3.42 
45 3.867 
61 4.623 
72.8 4.933 
86 5.466 
183.8 5.981 
125.2 6.514 
142.8 6.944 
165.2 7.477 



TEST I.D. CI .'9-2083-'. 5^22 

PRINC. STRESS DIFFERENCE 2950 PSI <20.3 rt»A> 

TIME El <HRS> <*> 
0 8 

35.778 .698 
185.778 .99 253.556 1.241 
412.222 1.486 
449.556 1.534 
497.778 1.685 
595.778 1.718 
737.333 1.845 
841.556 1.95 
942.667 2.851 
1878 2.19 
1222.67 2.34 

TEST I D . C2/>9-2883''.5/ ,22 

PRINC. STRESS DIFFERENCE 4588 PSI C31.0 MPA> 

TIME El <HRS> <5i> 

8 8 
5.778 1.242 
24.444 2.813 
56 3.938 
103.111 5.578 
150.222 6.68 
210.667 7.875 
257.333 9.87 
294.667 10.43 
331.556 11.766 
356.444 13.242 



TEST 1 .0 . CI•9-2878.5^3.0^22 

PRINC. STRESS DIFFERENCE 1>M PSI C11.7 MPA> 

TIME El 
<HRS> CO 

8 a 
5.689 .87 
28 .978 .879 
24 .889 .885 
198.933 .11 
286 .933 .116 
226 .133 .118 
252.889 .118 
288 .889 .122 
381 .511 .123 
318 .756 .125 

TEST I.D. C2/^-2878.5/'3.8''22 
PRINC. STRESS DIFFERENCE 4188 PSI <28.3 MPA) 

TIME El 
<HRS> <\> 

8 8 
12 .8 1.269 
31 1.831 
5 3 . 4 2 . 2 9 4 
8 3 . 2 2 .738 
182.8 2 . 9 6 9 
127.2 3 . 2 4 4 
146 3 . 4 5 
161 .8 3 . 6 1 3 

55 



TEST 1.0. C1^9-2083.5/3.0/22 
PRINC. STRESS DIFFERENCE 2960 PSI <28.8 MPA> 

TIME El 
(HRS) (.'<> 

0 0 
60 .85 146.667 1.04 
238.667 1.217 
364 1.385 
494.667 1.509 
624 1.644 
766.667 1.746 
914.667 1.88 
1085.33 2.008 

TEST ID. C2/9-2083.5/3.0/22 
PRINC. STRESS DIFFERENCE 4400 PSI (30.3 MPft) 

TIME El 
<HRS) C4) 

0 0 
26.444 2.306 
88.667 4.031 
188.444 5.344 
309.556 6.544 
466.667 7.688 
653.333 8.756 
857.111 9.694 
1867.11 10.669 
1247.56 11.325 



TEST I.D. C3x^-2e83.3«'3.e«'22 
PRINC. STRESS (DIFFERENCE 3880 PS1 (28.7 MPA> 

TIME El 
CHRS> <y.> 

0 8 
6.044 -.883 
83.867 .003 
155.644 .007 
219.111 .012 
292.4 .016 
364.178 .021 
425.378 .025 
510 .029 
563.644 .032 
584.8 .036 
673.956 .042 

TEST I.D. Cl/^-2625^.5/22 
PRINC. STRESS DIFFERENCE 1200 PSI <8.3 MPA> 

TIME El 
<HRS> <.>.> 

0 0 
102.222 .131 
360 .165 
522.222 .168 
788.889 .179 
953.333 .184 
1140 .197 
1328.89 .199 
1433.33 .208 
1648.89 .213 
1837.78 .217 



TEST I.D. C2'9-2625'.5<'22 
PRINC. STRESS DIFFERENCE 2288 PSI US.2 MPA> 

•r 53 
' a ! 

TIME El 
<HRS> <55> 

8 0 
16 .424 
83 556 .716 
176 .99 388.444 1.193 
451.556 1.41 
675.556 1.635 
986.667 1.834 
1153.78 2.833 
1438.22 2 246 

TEST I.D. C3/3-2625-'.5^22 
PRINC. STRESS DIFFERENCE 3388 PSI <22.8 MPA> 

TIME El 
(HRS> <X> 

8 0 
10 1.833 
31.6 1.654 
68.8 2.363 
187.2 2.888 
156.8 3.351 
288 3.789 
255.2 4.288 
388.4 4.673 
355.2 5.823 



TEST 1.0. C4^9-2625<'.5/'22 
PRINC. STRESS DIFFERENCE 2396 PSI <16.1 MPA> 

TIME El 
<HRS> CO 

0 0 
22.B44 .04 
71.111 .054 
137.956 .075 
209.067 .089 
383.644 .103 
393.244 .114 
469 .333 .119 
504 .178 .12 
544 .131 
593 .778 .131 

TEST I.D. CI/9-2&7?/*.QS22 

PRINC. STRESS DIFFERENCE 1150 PSI <8.0 MPA) 

TINE El 
<HRS> <!£> 

8 0 
29 .467 .893 
102 .115 
195.689 .131 
282 .578 .135 
385 .333 .141 
580 .178 .148 
639 .956 .152 
670 .933 .153 



TEST I.D. Cl/'9-26?2.5''.03'l00 
PRINC. STRESS DIFFERENCE 1050 PSI < ? 3 MPftJ 

TIME El 
<HRS> <*> 

e 0 
19.2 .205 
63.289 .505 
146.489 .99 215.46? 1.37 
310.944 1.84 
398.933 2.23 
486.4 2.62 
603 733 3.17 

TEST I D . CI '9 -2624 ' ' .5 '100 

PRINC. STRESS DIFFERENCE 1000 PSI ( 6 . 9 MPA> 

TIME El 
<HRS> <*> 
0 0 
18.889 .319 
44.578 .512 
78.578 .731 
127.689 1.041 
200.978 1.348 
327.156 1.772 
399.689 2.03 
494.133 2.314 
578 2.581 
652.8 2.783 

fio 



TEST I .D. 01/9-2686^.5^108 

PRINC. STRESS DIFFERENCE 1008 PSI ( 6 . 9 MF*> 

TIME El 
(HRS> C4> 

8 8 
5 3 . 2 .11 
128.756 .196 
288 .133 .236 
297.244 .398 
413 .778 .585 
529.467 .618 
636.711 .731 
737 .2 .823 

TEST 1 .0 . C2/-9-2686>\ 5 '188 

PRINC. STRESS DIFFERENCE 2358 PSI C16.4 MPA> 

TIME El 
(HRS) <y.> 

8 8 
3 8 . 8 2 . 7 5 
6 4 . 4 4 .781 
95 .822 6.281 
125.867 7 .313 
154.933 8 . 7 5 
184.489 18.486 
218 .4 12.986 
247 .333 16.863 
268 .4 17.625 
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TEST I.D. CIS9-2GTUZ.*'IW 
PRINC. STRESS DIFFERENCE 938 PSI <6.4 MPft> 

TIME El <HRS) <5S> 

a a 
69.333 .116 
268 .388 
417.333 .413 
556 .52 
785.333 .7 902.66? .798 
1865.33 .989 
1172 .978 

TEST 1.0. C2/9-2671'3.0/'18e 
PRINC. STRESS DIFFERENCE 2258 PSI <13.9 HPA> 

TIME El <HRS> <*> 

8 8 
23.467 2 69.422 3.55 
l??.lll 5.15 
317.778 9.5 407.733 18.75 
536.8 13.35 
677.6 18.15 
773.422 23.1 
866.311 29.1 
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TEST I.D. Cy9-2688^.3/'20e 
PRINC. STRESS DIFFERENCE 1688 PSI <6.3 MPA> 

TIME El 
(HRS) <5£> 

8 8 
9 .147 1.785 
22 .12 2 .731 
29 .587 3 . 4 4 3 
48 .413 4 .176 
52 .88 4 .856 
64 .773 5 .61 
7 9 . 8 6 .449 

TEST ID. 01-^-2668^3.8^288 
PRINC. STRESS DIFFERENCE 1888 PSI C6.9 MPft) 

TIME El 
<HRS> <X> 

8 8 
13 .2 2 . 6 7 5 
36. B 5 .25 
5 9 . 8 7 .525 
8 3 . 4 9 .525 
118 12 .65 
141.2 14.175 
164.8 16.615 

63 



TEST ID. C/?-Z???s.3'22 
PRINC STRESS DIFFERENCE 4886 PSI C33.1 MPA> 

TIME El 
<HRS> (X> 

8 8 
9 667 6.281 
20.222 7.25 
29.778 8 . 5 
39 111 9.281 
48.667 9.813 
55.444 12 863 
63 222 13.994 
78.444 13.625 
80 15.469 
89.333 16.531 
99.222 17.688 
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