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Failure Behaviour ot" AI. O  with Glassy Phase 
High Temperatures 
'T. Felt, M. Mil, hach & D. Munz 
b.(' l l i l IH'..,( I i l l l Ik", /( '11111i l i i  K a r l ' , l I I h r  I l l " , l l l l l l  Ji l l  rV1ah'r id l l~r, ,chl i i i l_. ,  I I  I l l l~.l ' l , , lJ~ll Ka r l , ~ r i i l l e  I n ' , l l l l l l  l i l l  
711~crhl,,i,,l!=~I, cII I I I Id ,~cl i i ldk' l i , , I ,  I I I Idc  I i i i  ~vl ; l ' , ,k l l l lh ' l lh lJI I  ~ I I I I " , IL I I I c  I ( ]~, ' I I I IHII  ~, 

at 

I b~ l rac l  

l-'h~' llt i ; /dc t t t  i l l  I t / i ' I tmi '  lU'i'dtl Itott,~ m lhi' i't i'~'ll t'att,tli' 
, I /  , ' t ' t ' t ttttt l '~,  t.~ ~ , I t t l l l l ' l l  t i l l '  I t t t  I t l t t l l t t t t~ l  I '~Áttltttttttt,!~ It 
,~/t l~'~l  Illl~l~,l ' L . i / l ' l l l t l t '  t l t l ' t lA ' l t t l ' l t l t ' t l l  ~, t l l ' l ,  ~ 'd l l ' t l l ' t /  l l l t l  
,11 I Iqil) ("  D I / / t ' t , ' n l  tan,i.~cs ~I  / t / t ' l t tm '  i ' hu rm 'n ' r t ,~ t ' d  
~1 /a t / t t re  d r . '  I .  ,st t /~l ' r t l l l 'a/  t 'tal'/~ ~.~t'tln l i t  a r id  c t c t ' p  
t t~h ' l l t l ' t '  ~'~llt /~l' I t l~ ' l t f l /71'd I . . I / l ' l l t t l l '  p t l ' d l l ' I l O l l V  l i l t '  
' q ' t / l l l t l t l ' t l  t ltt l / h '  /hl '~l~ I l l  / l l t l ' l l t '  / t t l l ' l l l t l '  t t l~ ' l ' l l l l t lh  '~, 
' K ~'llttl i'l~'l ) ~tttd tlll.~',l.'dl l i l t  i ' t l . ' t ' l l  I'l ' ltlIl~ ,l~t'tlH Ih  
'(_ ) ( ' ( I )  t t th ' , t l t r l l~,).  I I 'h t l ,~ l  lh l '  lWt 'dt l ' l l~ l t t~ I~lt~l ' l l  ~ut 
!,11 i , (  't I ' t l t h ' l ' p l  I IL[ t l 'P I l l ' / /  I I I l h  Ih l ,  I l l t ' l tAt t l ' l ' l t l l ' t l lA,  l / I t '  
tit t 'dt~' l .ut,~ n t i l t / h i '  (_'(I) t t th 'L~ra/ t' ~ h ' m l  ~l ~'t' n h l t , t l l ' r  

,%t~ Prlddi'tlt tli'r L,i'l,ett~dl..'t t ,it'Iti't',~t,~,' tttt A't n'~'h 

lq 't t ' t l  'h l'qltt l~{ ' t ' I t t t t t l~ i ' t t  l i ' t r , l  , / t t r  ,~J/ t t t l t t t t t l t l t t l l  ~ I d,  Álit,% 
, ' t in'  ( , ' luvp/ta~i '  ~, i t lh/ i / l ,  t t l th ' t  ~tti'Jtl / ) I t '  L,i ' /a' . ,~, /att i ' t  

t i n  ~l,' /~ ' t  i ' t t h ' r  ' l 'q ' t l tpq ' r l t l t t t  l l l t t  l 100  (~ l~dAl l t t t t t t l  t '~ 
~,Ott t l l I ' I t  l '~' t ' ,~i ' I th' l l t ' t l i '  ~ i ' t 'P t t ' l t l '  t it q/i't L , i ' lq ' t tv t l l l l t i ' t '  
, '~'~Ittt l t t t l  ~li ' t 'di 'tt, drÁ' dtt l ' i ' l l  Á'tit I t lth'r/~t tlt,~i'h~',~' /~'t/,I 
ra~ 'h~l l t t l t  t n . l  k ' t ' . ' i  h l , r t l r h  ~, , r t t l ' sa i 'h l  ~i i ' t 'dl ,n I M '  
L, ,h l ' . vda t . , r~ , t l r l t l ' t ~ . ,~ ' .  ~ t . d e .  mt l  , l l ' r  Bu,~t,~ dt't 
l t th ' l t t , ' t l  Bt ' t l l ' / t t t td ' l 'h l l t t t /~ ( K l~Olt:i'lll ) ttlt~l ll~'~' 
k'r~i'~'lllu'it, hlrm'h~It t t l l~ ( ( . '+ .  ( . ' ( I ) h t h ' g r t l l ) d t n ' i ' h  
II ' /uht I II it/tt i ' m l d a '  l i u/.'t',~a,~t 'tt, hast~ '1~ 'm /mr / , /~ 'm  

(.'~ l~'i~tt~.i'l l l , t it , l l t th ' t '  ( ; /h ' t i ' t t tA ' l t l t t l l t t t t t g  l l l t l  Ni ' t t  
' ~ lli'rtttti'tth,l/~'tt l h th ' t t  ~ttt,J, t'tiL~t'/N'tl (lt~.' l 'or/li'r~o,L,,c'ti, 

h . ~ t e l i ' t u l  . t t l  th 'nt  ( . ' (1)hth ' ,e~rul ,  Á'tin' :u  /att,~.ll' 
L,i % 'tt,~duul 'r 

L,~' l , t '~dd/ 'mc ~h',~ l l r i "dt i ' i tot l ,~ ~h' Ill ~/ttt't"~' ~h I ~ /J  I Jh'~ 
~ ' / ' t d t t t t q t f l  '~, ~dhi ' lh"i '~ il~Itt,~ l,'tn' dOl t t d t l l h '  ~li' /It l~Ik~' il 

c"/~' ( ' I t td t ( '  Ipo t t r  liltÁ' ~ th t t t t t t t i '  i ' l l t t h ' t l d l t l  l t lh '  phu,vi' 
I t II PttA'l' L,~' ~ It td 'A'ttt'i's I It '  dttt ~"i' ~ h'  ~ t , '  ~ Ill I l 'I( '  I ~"/tl t  v/'c,~ a 
I IOH (." Dll/ / ' t  cn/,~ ,hu l t a lm ' s  ~h' ~hn'/'i' ~h' t . '  o . l  lut 
~;ll'q' hldtt l t / t i " .~, tl~ ~qlttl i'(tt'lli ' l("t't~q".~ / lot '  tot( '  l ' t tp l t t t 'P Á.trip 
l i  itÁ' Idl i't'qlt.~.~,'Lttt('( ',~llttA ~' t ' t l tqt l ( '  l l t t  pdt '  t l th '  / t ' i l i ' I t t t ' { '  i ' l l  
/httl).~e L.{'.~ [;t i"dtd'It l l t t .~' , l , '  ,/Itr~"d' d ( ' l  to' i~ttl d"li" rc"dtJt~'q",'~' 
,viii hu,~,' di '  la t t t ," i 'Utmltt i '  l . i i "an ' , '  ,1,' /,t r t q , h t r , '  

J i i i i i t i ( i /  ,1I t/i,' LltlOpg'l/tl (.'¢'1(11t11,' ,.%'O,'IC'II' ()C)%h 221~ '),-I, 
( ] rea l  Brlla~rl 

l ~ t .  ,' ,'it l l t ta~, '  q (.'~. tnl/'.t~ral~'~ (_'(I I ) I ,'.~ I u/ 'dt, 'mm.~ 
141~{'~'~ .~Itt /~' i~IttI '~'/Pl ( ' I  ~ott l  ~'tt ~ t l I q t l l /  I t l 'P i '  l i '~ 

tth',Wtl ~'~, htth/t~ q t . '  /~',~ / l l ' i "dh'I t~It t~ ,'//,'~'Itti"~'~ ~)/~t t  I t r  
r/i' /IIII{',L~I {ItÁ' (_ ' ( I ) i ' f ; t t l  t ' l ' t t l  l i l t  I)/tt ~, I qt~,h' i / l l t t tdt t lh '  dl '  
~htl{ ' i '  di '  l h '  

I In ln~ducl i ,m 

e\l h~w i¢ l l l p¢ la l t l r¢ ,~  Ih~' {;.lllllrC' ~l  ccralll l~.';, c t ln  be 
dc, ,c r l i 'wd b~ Ih~.' nlel l l (~d'~ ~1 l i nea r  ~'llJ,,ll~.' I l a c [ l l r ¢  
i l i~'charllL',, TI l l , ,  nlh)w~, I I l ¢ I I I l l ~ ,  L(~ be J.'H ~'cll~.'I~'d I{~r 
u'~)llli~(~ll~.'tll,, ~"~l'~v~'d I~) ;11i% I v p e  ~l [(~dldlll lJ 
H ~ k ' V C ' l .  ;11 u ' l~va lcd lL'l i lp~.' lUltlrc',, C'q~'Clal lv  In 

LIL'k'(~IIIll I~)r Ihu l a l i t l r~ '  ~)1 k'~l ; l l l l l~. '  u '~ l l l l ' ~ ) l l ~ l l l ~ ,  II1 Ihc  
h i g h  l e l npe ra i l ~vc  lan ! ;e  v~hlc l l  ,na~ ~ ' ~ l r  b ~ l h  
I I ld l~ IdllLIIJ~ ;in.d ~. '~l l lbi l l~'d Vvllh eavh ~ l l l c r '  

• ~pOl l la l lC~t i ! . ,  Idl l l l l rc '  OCULl~,.., v, l l¢ l l  lh¢  ,.,lle',,~., 
aJ~lIJICd ; l l l~J l l l% ~ I  ~,~ce(.'dh l h c  ~,lICiI~,lJl 

• [ I ; I ~ . ' I I I I L  ~ ;.It ~ l u v a l c d  l~ l l lp~ ' l ' ; J l l lD. " . ,  lll;J~, hk ~ 

CLlll',,ed hv  , , l l bc r l l l ca l  UnlL'k p l~ l~a~a l l~U l  w h l u h  
".drill[!,, I r l~ l l l  ~'~l~.,,llil!] t l ; iw,, In l tw  latll:.,,e ~l  
~lppl lcub~l l l~,  ~l I i i lCal-ehl ' . , , l lu '  I l a c l l l l ~ '  n~eu'h 
i ln lk  '~, II1¢ ~.lack I..,l~,V, III r;ll~' / I!, c~ , r rc la [ud  w l l l l  
Ih¢ !.dle','., I I l t ¢ l l ' , , l [ y  iL l ( ' l ( ) r  i~. I ; l l l d  I req~l~ 'n l lv  ;I 

p~)~,~l I i l~  IN ~ )h l a l lwd  ~,hlcl~ appli¢~,, I ( )~1%ldL ~ 
F;.III~JL' ~)I ',,IL~I()L'III~'!,, ~' 

I lk)= I k  '~ ( I )  

• In ~';i,,¢ ~1 m ~ l w c a h l e  <reel~. u reep illdu~.'~'d 
d~' l~f f l l la l l¢ 'q l  II'.¢11 IIIt lV lead I~ [I ILIliLIrt ' l im i t  IJ 
Ih¢ iLtllk'li~>ll ~l '  it ( . 'Oillp¢~n~ti( i!., ;it]'~'u't~d bY ,111 
e. xce.,SlVe lgh~bai d~'i'¢~rtTILltl~ll 

• 'Tr t le  l a l l u r¢ ,  wh l< l ]  ~!. d i r e c t l y  c~ r re laLed  w i t h  
C'ICCp l i l ( t l l c¢ ' d  d¢'IOFIl lLII. I~H1, u'~)il'.,J,,,l~,, Ir l L'FL~'I.~ 

r u p l u r e  Th l , ,  is l he  re: ,u l l  ~1 invr~ 'a ' , lng i n lC rna l  
d a l n a ~ e  w h i c h  IS a c c ~ m ~ p a n ~ d  hv  the l'~u I11L111~.,11 
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und g row lh  o1' D~res. F~r metals, lhe exper~ 
m e n i a l  t i n d l n g  ~,1' i 'a l lL i re d u e  I~, cr'eep IS 

deserlhed by lhe M~mkn lan - (3 ran l  le la lum 
acc~)rd l i l l?  I,o ~,,,hlch lhe [~r~dlJ~.'l ~>I' m l l l l i T l t l l t l  
creep tale und I~h:llnw rs tl ctu'l,sltllll 

• In addlll~Hl h~ creep- induced dLIIIILIIJe caused hv 
lhe I'~,rnalt~m o1' D~re.~ IIw i..,r~wlh ~1 extsl ing 
crack.~ ~r ~fl'crack.~ d~eh~p~ng du~ t n!.., creep, e t-'. 
l',V lhe c~ale,~cerlce ~,I' Due,~, .',h~uld be laken 
Illh~ L.I~.'~.'oulI[, whM~ L.',t~wlh can he nludled 
I ln l l l~  I'raClLire inecharllCS melh~,ds Whereas In 
lhe ranLi, e ~fl ,qlberlltcal crack L.,ir~)wlh which can 
be descrlhed by Ilncar-ela.~Ile i'laCILIr¢ m¢ch 
LIIllL%, Ihe slre,,s it~tenslty I'act~, was the ',,Ire.',,.s 
~;trlable LII Ihe ClaCk, lhlg I~, the (.'~ Ill lCgral In 
Ihe ralU.,.e of  n~fllCetlble (.~ev, mdarv )c reep  

r'he ,ale ~1 ~.'reep c~m.'k i..,r,,wth m expre.,.,.,,ed 
h~, 4 

~'((.'~ ) = ,,~,(r "~)~' (2)  

The exp~)lteIItS A", d¢lert | | I l led Ior lhI',, h.lw are 
dear ly  ~tn:Ille~ lhar~ lhe values IVprcal ~fl'eqn [ I )  
(,"V , I I ) ) " ' "  

• A I'urthet I'allLire m~de ill the hu-',h te lnpetature 
tanl]e c~m,,i,.ls ~1 ~xldall~m, For whl~.'h up I~ 

row,, n~ qt lan l l la l lve plcdtctl~ul ~I' IIl'ellrtl¢ in 
p~ ,'~s~ hie 

II ha', been the L.,.~al ~fl'an expet l r twnla l  .Mudv made 
1)11 AI:(.)~ cor l ta l l l l l lg LI l'la.~sy pha',,e h~ find ~)tll 
whelher  lhe Ill'elaine ~.'an als~ he pn~pcrlv l 'uedlvled 
h~,. I'raclLire mechanics melh~d,; in Ihe z(me (~1 creep. 

Line ~)1 lhe qu¢'.ili~ils h, he cltl~fied has been up h, 
which [enlpel;.ilure level.,,, nnd l,ur whwh lil'elirne a 

predl¢l~on t~ased ~,r] the k' c~mcepl ha'~ Lo h¢ u,'.,ed 
Irl~lt'adl in l~ which Ihe l~aralnelers ~1' lhe creep law 
LIIC l / ]re/: . , ,raled. M~re~,ver, tl v,,'a,, I r l v e n l r g a l e d  

whelher,  under ~.'~lldltl~rls ~fl'creep, [al lure is eau'~ed 
s~flelv hy Ihe g r~w lh  ~1" eXl.~llrlg ctm.'k'¢ ~r whether 
delecls are newly I'~,t reed a,, D,e,,, alu] ITllCrOik'l aekn. 
In lhal ca,,e iI had h~ he examined whelher  Ihe 
IIl'elHne can he e,,l imaled u,,ing a creep i 'raclure 
k'r l [ t ' r l~Hl 
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Fig. 2. rc,,fmL.,, de~lCe h~r ~rcep and hk'lrrne h'sr,, 

2 Malerial and Experimenlal Selup 

Shc, rl uhataclerr~alt~m ~i' lhc tnale~tal u.,,,ed. 

• Inert ',,lren~,.lll (2 ( )C)  We~hull l 'mramelers, 
m = l~'S, n .w  = 16.', MPa 

I 

• F'raclure loughne,,,,,,' 2() C. 14 MPa\, , 'm,  

I I()() (.', 4 1 -.", 2 MPax, m, 1.2()() C. I I -  

() M Pa x. n~ 
• F.'ila',,lieilv d:i la (21)'(.') Y~nJn.~",, nr1~d~ilu',,, 

E =  12S(_iPa. l:hus',,m ruff(), i ' =  ()2,4 
• Fur lher  dala. (Jt'i],.,ily 1'7~g,.cm ~, inean grain 

~IZt', %//111, ~.'()rlll.'~lY,,llllH1. ( ' ) ~ o  A ] , ( . ) I ,  .. 

• I ) ( ) .  ,, ( . 'a(.) .  ( ) (L .  ,, F 'e ,O.  S t ( ) , ,  I I " .  MI_-',(-), "" "~" 

Bel ld lng .'.,l',ec~n~en~ I . ~ ,  4 ~ .  4",ram vvere dla 
ITl~)lld ll lachllICd tll ld lhen annealed in vacuum 
['~'~1 .~ I1 iJ[ L)()()'(-'. F'l.pitre I sinews inert hendtng, data 
ol)lalned Ill l'~,ur pOl l l [  l~endlng le,~ln wlth a h,ad~ng 

rale dn.,,d/= I S()II M Pa.",, I.ISIII~2 LI llanNIClll rccord¢l.  
'The Weihul l  parameters ~d~lained with Ihe mux~ 
in~im Iikellh~,~d p~eedt l~e are m =  le~.s and 
~h, = th,'~ MPa. Figure ? i l lunlrales Itle creep le~lln~ 
device ~lsed Ill Ihe c~eep lesls :' Wi th Ihrs device lhe 
dl,q~laceltwnt'~ can he Ine.'~,tlred wi l tHn lhe Inner 
~>lle~ span where the hendrng m~m~en!, is I.'(HI',IILIIll 

3 High Temperature Behaviour 

3.1 Creep b e h a v i o u r  
ktgure I _shrew.,, vreep ~.'urves ~btatrled at I1( ) ( )C 
under different h.mds ' [he bendirl/:J, slre~,,,¢~ mHed 
in F'~I:'. t .',r~ rise ela,;Ik'allv cah.'ulaled ~mLer Fibre 
',,Ire',i',,eh A pr~m~llnced pr l rnarv ~.'teep range I.',, 
~hvum',,, whM1 is l'Ldh~wed hy a nearly l~nt-'ar parl 
caused hv st.'c4mdarv creep. 

T'h¢ parameter'~ ~I' lhe creep law have u_~ he 
de le tmined I'r~un the ~lrain l ime Ct.lrve~ mea,~ured 
IiH dtfl'erenl hind,,, 

F'4~r an analyll~.'.'ll representalJ~m ~1' Ihe creep law 
one can stmplv div,Je the creep ',trains ,u, inh.~ a 
pr imary  e~)lllp~)llenl ~:p and a ;.¢¢v~)rldarv v~ inDmen l  

~:~ = % + ~:,, ( I )  
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Iim~, (h) 

t ' l l~,  t ( IV ( 'p  l i l i ~ ¢ ' ,  I l l l ' i i ' , l l l l ' l ]  ,11 I1111i ( 

lhu ",c ' t ' ( l l ld i l t% t ' t ) l l l l ) t l l l ~ l l l  I',, t J ~ c ' i l b ~ ( J  b v  ;i I l l ( t l t l  

l i ed  N l l l l t ) l l  p ~ w c r  hl~% 

l. = [)/,,1+~'" 

I I  I * l r  a _, () 

/ '  I - I  ,'" l l l l  <~ i I Ii ' I I t'J) 

v, h c i c  lh¢  lac'l~)r / lake, ,  i l l l~ l  c ' l l l lMder i l l l ~ l l l  Ihc  ll~tll 
!.>VIIIIII~IIIc' C' leep (tl t ' l .+ l ; l l i l l t  '~, t ' l i n [L I I I l l l l [ 2  ~J l.,lu~% 
Idla,,e T ht' l t l l l i l l J l  ~ t ' l ¢~p  b c h a v l l i i i r  I~, d¢,~clll_~¢d by 

~!r, = { "" ' "  II , %, (n) 

A,, a c~m'_,t 'gu~llcc ~1 Bt ' rm~ul l l '~,  hVl~uhe,.,l ' ., lh, ' l l  
i~h i i lc  c'r~.,,> %¢t'l l l l l lC, i ~ l l l ~ i l l l  l~ lat l¢ d t l r l l l ~  ;I hC l l d l l l ! ]  

It'~d, l i l t '  I ~ l a l  M i , i l l l -  c '~ l l l l~ ~!~cd l) l '  ,.111 t' l: i.~llc' p~ i l l  

i i l i d  a c'tt't~p p a t l  I,,~i I l l l e ; i i  l unc ' l l lU l  ~fl Ih t '  d r d : l l i t ' ¢  

I n u t l  l he  t ' C l l l l e  l i l l e  ~liC' c'atl d L ' r l ~  :l d l l ] ~ r c ' n l l a l  

l ' q U a l l l l l l  Lhal a lh~w; ,  l i l t '  ! , l ie,,,, t l l l d  , d l n l l l  d~v t ' hg~  

i l lC' l l l  in LII~ bt ' l ldl l l l_., b i l l  ll~ bt' d ~ l t ' l l l l l n e d  ~ 

r; I ' i ' l  } i "  = -+ + -  I , d l  + S I  ~ i d l  ((l) 
L', ' I = , I 

'a ht ' r t '  i ' =  2~1 I I '  r., Ih~' d r ,  tum.'u I t ~ l l i  Lhc u'cnLrc lira:' 
l l~ tmul l ' , , t 'd  ~m I la l l ' , f l  Iht '  ,,l'~Ut'llnCll ht'l~.,hl i l l ' )  Tht '  
' , ld l . l l l~HI ~1 IIl1~,, c c l u ; I t l ~ U l - - ~ , h l c l l  Inl l~,t be' dch.u 

i l l l l l C d  l lUI l lUI IL ' ; . l l l \ .  III II1~;,,I L'~l',,,~",~,--vIuId',, I I Ic  [IFIIC 

,J¢l~erid~nl  l',lie!.,'., (jl.~.,li I I_~ll l l l ) l l .  (_}11 Ih¢ ~ l h e l  h a n d ,  Iht '  
',1111111!, : l IMt  I¢ ' , l i l l  ;J', tl I I I I I t ' l n H I  ~ l  I I I l l t  + P~ll l i l l y  

~. ' I I~l~l l  ,,t'l ~ll t l l l k l l i l w n  C'lt't'l~ p a l : i l n e l ~ l , ,  ii '.~1 i l l '  

, ' r ~ p  c ' l l r v~ ' l  I', ~ b l l i l l i C d  [11~ t_~¢t~l ,,~1 ~1 I~a l ; . l l l l t ' l e l , ,  

,~III I I l¢ r l  bc' l l b l a l l w d  h%' IIkL' I f l '  ii le l l ! , l  M.l l l l l l~b, 

~ l l lc '¢dLIre Wi l t ' re  II1¢ t 'a lc ' l . l la led  a l i d  n i~mn t l l ed  c'1¢¢p 
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F'il~. 6. Sl l ; l ln, ,  il l l a lh l re  l~)f dIl]~.'renl hu|ll)¢rallJr.~,., ~ .  I(I()I) (.' 
I-I I1()() (' • I~(t() (- 

I I I l I lUlIv appl,ed ¢)Lller f ibre belldll,i~ ',,lleS'.; n,) The 
~ll;lln'.; u[ FiLlclur¢ decrea',;e w i lh  ll1¢reLl.'.,in[2 '..,lle'.is. 

Fl/:2tll'e '7 ',,]I~V,.'~,, lhe IIIII,III,I,IIIIH L'rec['~ lale'., ()U'Cllr 
rlnLZ in lhe ,<'¢(mdarv creep tanL.,,e, a,., a lum.' [ ion ~I 
Ihe l i letl ines, Ior Ihe leM,'~ ;Jl I I(X) ( : and  12(X) C. II1 I]lc 
I¢',;l~, pel I'~)11ned LII I()()()' (." I,iI) III1¢;.11 Part o1' the ervep 
CLIrV¢ ;lll,,'l Ihere l (ue Ill) .'.,LIh"iciellll~,, k'orl~lalll V;JILI¢ ()1' 
I ] IC It,Ill,)Ill,)tIm cleep rule have beerl ()bl;.Itned 

In lhe h_~l...,-h_~L..,, rel'~re.',,enlall(m oF F'l!...,. 7 a nearly,' 
IIn~'ar dependency Is I ' l - lnd, I.e a de.scrll~lllu,I 

/ l '  ":''ltl I I I  = L'I HI,",[ U I,I I (~)  

In pl~s",lble. F'r~ml Ihe sh fl.w'., whIch are ,denl.lcal v,,,lh 
- I .m~r , Ie  o b l a l n s m : :  14 I'o~ II I)() C a n d  m =  I 
I',,~r 12()()'  C A c~)r l ln1()r l  reprt.- 'Sel11all ,~tl  , ) l ' a l l  d a l u  I'i)i 
l~(~[h leml'~eruture'., vwld,., nt = l'()q )-'he cc)rr~',~porid 
II.I~ I¢ ' la t lo r l  I,", e n t e r e d  I11 f iL-' '7 LI',, ;J d;.l',,h d~l l  Led Irne 
'The sl(~l_~e 1~1' - I I ()~ in In i..,~(~d al2.reemenl wl lh  Ih¢ 
M~)llk ma l l - ( : i ra l l l  relallo11. TM w'hwh ,',,LI~J,~C,'.,[,',, LI .,,h~pe 
o1' - I. C(~l'.iseqt.lellll.'v. lhe M~mk i l , i : l l , i -Granl i.)r,,~ducl 
is ; l¢ luul lv a c~)nM;.11,iI 

In ad,,.'lilllm h'~ lhe lilY-Ill'lie le~I,~ perl ' l) l lr l t 'd I1~1 

.'r I' #,_.. 

u I  • 
I m l l l  • 

i 

I 

_ _  I 

h l l l  i l l (  l , ) 

["1'~. "I ~t l l l l lnlJI l" l  ~.r¢~..l~ l,'ll(.'h Irl lhc ,,cc~md,.Irv ~recp riJn~J~f 
1_-3 I II)11 '1.', • I ? I I'( ' 

,~( I 

I i J l  ~ i : I I I I i l  . . . .  ~ II 

i, (h) 

l"i~. l'l. ( '()rill')iJrl,,~()n ,d ]lh'llli1(,,,, l(~r (I_-l) lh.lll lr,Jl r r , . . ks  .)l id 
1, ',.I ; J r l l l K ' l a l l ~ ,  I I I I J ' I H J I I L I ( ' d  I% I 1 ( ) ( ) [ )  ( l , J t  I~, ~, 

,,,pe,.'lrrilerl. '., will1 LI na lu la l  t]aw p()pLIlUll~),rl le,;l',, Wllh 
ar l l ] ic la]  .'..,Llllace cr;.icks were al,,i) pell'4)ll"ned I1,i 
~)r(.lci Io !...,c11eraIe '.,,i.irF;.icc ¢I;.IL'I,,~, KI,I(H)I~ ill 
d¢lllLlll~)llh WCl¢ irladt' i)i,i poll.,,,hed ,..,I~¢L'IIIleII'., ii1,id 
]l l 'ellm¢ leSl~; were eurrl~'d Otll LII I I(l(I C vv'Ilh Ihe 
cru,,.'k~'d ,,Ide pl,,, l l l(Uled Ill lh¢ len,,ll~' legll)n Ill F'II2 X 
lh~.' r~',,ulltn~, Itl~gtrm:'.'., a~¢ c~m,iI'~u~ed wt lh  th~,,e 
~d~[utm='d li~l Ihc' ;,l'WClITlen'-, ~,.tlh nu luru l  I-la',.v'., 

Il l ;.I l lU l l , i bC l  ()I' l~",,l.'., lhe t ruck  ex|¢.-'I1',,IOl,i V,,'U',, 

mea.,,Llled T'],I,..' in l lk l l  crack v~ldlh 2,' was mea.,,ured 
under lhe IIL..',hlt n]Icr(~!.,COl',e T'hen )he .Sl',eclrn~'n.s v,,.vre 
l~mded al I I ( ) ( )C  w i lh  " , ( )MPa bendln~, ',,lle.',,.',, and 
ul'{et pe~I1~d'., (~I' aboLil 2()h lhc ',,peciinen,., were 
~. '~led d(~v,n LiIid~'i h~ad, lhe n~'w ~.'la~.'k w id lh  was 
I,i,ic;ISl.lled and lhe lesl wa~, c()nlll,ii.l~'d Resull~ ate 
lepre'~el]led Ii1 F'l~, q. v,,,hlch 'dllw,,.,, an I,IIL'rcLI'.iC 11I 
crack .'.,rze al'[¢i an rncubali(u,i  ) l ine (~I' ab~ul  2()h 

3 . 3  F ' r o c l u r e - m e c h a n i c u l  m e a s u r e m e n l , ~  
(:'reep induced crack I,.r~v,'lh cle',,crlbttlL.,, lhe pl(~pa.~. 
;111~)11 ,,)1' pr¢ CXI'.,IlII12. cruck~ or craek~ .~¢lleri.lled 
dIJrl l |~], L'leep I'l;.l'., V~'t V (fl'len beer'l ',.,lud'ed I'l~r n"lelul,,,, 
h i l l  I I1Ve', i I I~,LIIII)II ' , ;  11114) c e r a l l l l ¢  mL l [e r l a ] ' , ,  a r t '  

,,,eld(lln.'.i (, 
In the' c,'r,c ol ,secondary cr~'ep the c,ack lvp 

slre.',,'.,es ;.ire Li,(werned by the (.'* inte~,1,'.ll, ;i path 
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F'~,lcrl;,ll~rl ul K m ~ p  illdlJL'cd '.,IJrlLI(.'L" ~r.'l(.'k~., dlJrlnl., , 
,,I,JIl~. l;,ad I(.",1'., al I l lXI  C 
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F'itl. I 1. The pr~ci~dure ~1Lande ' ,  & BeL.,h'~ I I ('~chc'lTlallC) 

i;~ 4 . 

('1 

('i * 

3 i 

pt~l'~agalln~2 appr~xlmal t ' ly  when lfi¢ inaxllnLlni 
h~ad P,, rcavfied and the I'~flh~wlng crack Li,,n~wLh IS 
ne;Jrlv p t~D~r t ,ma l  I~ the l ime 

The i)r~cedure ~1' L.andes & Bel ie r  c~unprl,~e,, 
~,e~.eral ',leps which are explalr~ed by Ihe ._schematic 
Ivpr~"~¢lllall~m It! FI E' I 3 T'he delalled desvrlpl tun is 
.~lVell Ill Ihe ~r ipinal  paper II 

I I )  Ill Ih~' htsl step lhc load F ~s pI,Hled a',, LI 
I'tlrlCll~m ~fl'crack lenl,.ll~ ~,' and dl.',.placemenl 
tale ,'~ T'he area hehwv l i l t  rt'~Ulllllg ClllVes 
121Ve.~ lhe erlergy rate (..' ~(~l,/i) 

(2) 'Th~ repre'.,erllall~m /.'*' = I (/i. a) p r~wld~ Ille 
d~-'r lV: l l l~,e i"~."t ~'d a~ a rlJllk, l l l l l l  ~1 d) 

(t)  Fr~it I  eqn 11 I) { ~  IS calcll luled ;.llld pl~t led 
Ver,~,u ~, ~i 

_ , , I  m • 

= I 

E _  

- I  I 

'2' I 

I 
- ' : ' ,  =, i -  - 

lq (I.,*) ,', * ,, IJ ' , - , I , :  

F'il~. 14. CIeep rale,., vcrM.i~ ( '* ~d:Jlalned wr lh lh~ pr~,cedme ~I 
L andc,, & Bel..,l~v 

(4) The t',;I,_.,~.' data dlrecl ly g~ve d.,,"dl = l '(u,, i) 
and, I inallv, Ihe C~uTIhlnatnm ~d".,tep', ~ and 4 
l eM. l I l~  111 l h e  d~6df ver4Ll~, C "  curve 

'T'he final te',ull ~1' lhe procedtl~e is phHled it] FI!, 14 
as a relali~m du..dl - C ~ A lea,,I '~qtlare,, til yield.,, 

d ,  d~ = 2,-I . I ( ) - " (¢ '~)"  " 

(( '÷ In N,'mll, d.,,'d/ in in,,,'fi) (121 

wt lh a relat ively law ct.'~ck L - ' t~ th  exDmenf  corn 
pa~ed wl lh the exDment.s o1' k' c~mlr~flled .'.,Lib 
crt lwul crack L.,t~w'lh 

.t.4 ~ o m e  microscopic observat ions on creep cracks 
Cr:u . ' k  ~,~II~rLIII~,H1 L l l ld  ClLIck <levehq.mlenl were 
inve', l lgaled I~ll .",~mle .',peclmen.,, wl lh  Dfl lshed 
,,,tlrlac~',,, T'fie ',,laLic herldlrlg le~l,~ Welt' irlLt.'trl.lpled 
al'ler fixed perils(J,, ~lnd tile ,.,r~eclrnerls were c(,f led 
d4~w'n ur'tdet load. I.Irlder the SEM file lellsile reyl~m 
was se;Ircfied I',u Vlslhle cracks and then Ifie filgfi 
temperature le.'q,~ were c~mLtnLied F'l~ure I '~ ~,h~w,~ 
LI sequence ol r~h~HiLi]lLll.~h ~, ]~)r ~ll~' al]d lhe ~,LIIlle 
hwall~m ul Ihree different rime,,. Se~.~ral cruck,s ,'JJe 
VlsJhle. They l i f lh~,  uppr(~prlulel.v ~rlented gruln 
b~llndarles Crack branchrnP, and inlen.sJve crack-  
~llrl'ace Jnteractl~m.s can he detected In Fq.., INb)  
~)11~' Ca I1 .~¢~' a br~ ~k ert gr a Jr't N, )tl r'tda ry a[ u rl ex I remely 
large grail1 i'r~m which Itlt~.'r~ ~.'ra~.'k,~ Sl:lrl which end 
Lip aS rTiaL'r,u crack,~,  F i g u r e  IS(c )  L'~mMM',,, ~,]' IW4~ 
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211,-I 'f l e t / ,  ,ll , ' th/tt ,a, 'h, D ,111m: 

Thc <rack SiZes 2e' ~,ere rllC~lSl.lred JIId d iv ided Into 
chlsses ~I' 12 '~Itm wldlh l-'rlun F'iL-' lh(b)-(el the 
I, e n e r ; l l t , m  (lll~.'re;.lSe in lhe l(~l.'il crack number) ; I t ld  
file pl,~pa!:,till~Ul ~fl'crackn (!,hll'l , f l 'd ls l r lhul t lm I~)lhe 
I Il:,hlt be~.'~Ulle~, ~d~,.l~l.l'., 

4 L i fe t ime Predicl ions 

Rent.Ill,, o f  I l lelrlnc ri)eastlremer]ls Ill sILI[I¢ herldlrll.., , 
lenin have heL'll I~:'p~)lh.'d II1 (jl~.' e,~Oerlllgellla] parl 
' the rest l l t l r l~ t l l t e rde i~e l lder ley  ~l' lhe m e a s u r e d  

JniL'Iime,, (4) arid the IIIIII;J] ~tl ler / ible hendIi)l.., s i rens  
(~,) ',,l~w~ed ~.ll) III leICSlIIl i2 hehuvl~,~Ull Three le!]l(_)l)!, 
~', l ib sJ!glllfiCal)Ilv dl l lerenl .sh)l~es ill Ihe h~/~ (~l) Vel ~,LIS 
h)l,(n .) ph)l I'll.lye he~.'ll iderll lhed. Ii l ~)rder [~ 
itndel'.,Ittnd I]llS hehi IVH) l l l ,  r"lrudlL'[l(ll),,, ()[' lhe Ill'e 
Il l l leS V~ L'IC IIlJd~.' (HI I] le bilslS ()l'l 'riIk'llll~.' IlleL'hLllll~.','JI 
c~mcepl'-, Stlcll ;I ~, I l l le; l l-eh.lsIJC alld ~.'reep I'taclttre 
l l lecl lal l lCS i l l ld  i)rl Ihe .'Vll) l lkl l |~.lf l-(: irUrll leh.ll l()rl 
whi<h duscrll~e'., I'illll.lle dl.lC I~ cre~.'[~ dilll'lU!2e 

1'he I'la~.'ll.llC"lllechanl~.',:l[ pl~wedLIres r~.~qLllre lhe 
sLI~:'sM.'s III the lent slx'cin]enn I~ hc kr]uwn. Since all 
cre¢[~ Oa tame le rs  are kll(~V~ll, I'I~)ITI ~CL'[I~HI 2. Ihe 
IlITIC del~cndel l l  slresses CUll he ~.'OlllI'~tlI~'d LIL'CI)IdlII.~ 
I~ eqn (ill The resiill r!, ,,h,~wi~ rn l-'i~:,. 1'7 The elasllt' 
s~diiIi~m ill lllc ni~m]enl ~I' h~adln~, (I = ()) pives a 
line;It sl=ens dlnl~iI 'vi lum will= lhe ini l tal  ,~Liler fil'ue 
hendlrU:, slre,~h n u WILh in~.'re;islrq.., Lime, lh¢ stresses 
lwt',unc redu<cd ;it lhe lerlsJle surl'ace, and lhe 
llel.llrLll LIXIS shll ' Is [~ [he L'OlllF)lenSlVe hllrl'Ll~.'e. 'Tyro 
te~,,tOrlS are ~)bvl~tlS ~here Ihe slresses a r e  nearl~ 
L'~HIM;JIII dt lr l l l )g lhe le~,l These reL.,J,ms a r e  called 
'skelel~m D~nln '  ii~dependenl ~fl' lhe l'~Jt'l lhal lhe 
L'Llrves I'ii11 ~)ii[ i i i  real l lV 

4.1 Lil 'el ime prediclions using I 'raclure-meeh.'mieal 
melhods 
'Tht' slarltn)p p~ll l l  aru cr~ckn ~r p,~re,, resembling 
ulat'ks an tun ~h.vav,, be i'~mnd itl t 'eramtc mulerials. 
The s t r e s s e s  ;Jr'~und t lw eruck II[.'~ whwh LI~.'~.'~ILII1L l'or 

I~' l l 'dl l l l  

I = "  I 

" I '~, .  , 
I i Illle~il"~'II~'~a I I I I 

i I . . . . .  

% 

lll"rltlrla,~,,llill 

Fig. I ' / .  S i l l . " , ' ,  d l ' . , I r l b U l l l l r l  i i i  ~1 bending h;Jr  u n d e r  c r e e p  
c~lndlllOn,~ 

ct,'Jck gr~wlh  L'all bc II¢i l led using the l 'raclute 
mechanics c~mt'epls hsled 

• Sirens inlenstl~, l'ach~r &' l'~r hnear-elaslt< 
material bel~avt~tlr, 

• .I tnleb, lal fi~r ch.tsllc-plaslic del'~u'malu.m, 
• (.' inlegral l'~r vtsc~mn behavtour 

4 I. / , , Ipp/tc,m.n ./ 'hm'm elu,~l.' b ~.'lur,' m,','hmm's 
The h~Jd~r~l.., pntam¢leJ ~1 Ifne;i~ I'rat'lure mecharltcs 
ts the _slren~ rntensrlV I':JCh.)l A' which <Jn he 
ca h.'l t la led ll~ml ltl~' t ruck size tl, LI ctlaraclelinll~I' 
SlleSS n, i l i ld  Ihe I'la~.'lure irlu~.'h~lllW'., ~.eor l le lrv 
I'LIIIClI~)I1 )' 

K =r~\ ,  a ) '  (1'~) 

'Thts patamelet u'onlr~d.n sLIbcrlllcal crat'k .~r~wlh In 
lhe iLllll2.e 4~,1 ' appllcalJ,)n ~I' ]lll¢;Jl-elaSllk' l'ra~.'lllre 
llleL'hLl IIIL'.'., 

do 
- -  = l'(A') (I,-1) 
dl 

F;'i)l a lll.lrlrlher o f  ~.'erallllL'n ~.I D)wer luw t'~u resp i red 
JrIL.,, [,~ eqn ( I)  applies in a lar!.,e r~.inge ~I" vehwtlJeS 
1'he I i lel i ine ~fl' ~.i h~a,Jed c~m~l')ont'r~l lhen resLills 
slrnl')Iv l'r~,n lhe inle~tali~m ~I' lhe Cl uck L.,r~wlh hJ~ 
slarlink., fr'~m~ iir~ in i I ia l  t'rat'k lenglh a, LIp I~ lhe 
~.'rlll~.'al Va[l.le ~I, 

i i ''' t, = d / =  (I '~ 
. , ,  .... ~(A') 

Failure ~Wctlrs wher'l the ,,Iress tr i lensIIv l','J~.'h~ 
:~l.lalnn lhe l'raclure h~u~hness K h , l e il' 

A' = K h (If',) 

A'~ huhulreudv Seen slu~wn, lhe slrensdJstr lhul;un In 
lhe creeping.., Sending bar depencln ~n lhe l ime One 
p~ss~b]e Ire: i lmenl by l'rat'lure rnech~.]nlcn ~.'()r~srsln in 
lhe d~.'lerminalzon ~)I sirens ~i~lensily l'at'h)rs LISln~.,. 
lhe prlrwlple ~)I SUl')erD)sIII~m For lhls. lhe slress 
drslriN.iII~m is appr~)xlmaled b7 all n.dt'gree 
pulvn()mlal.  

2 (I" n =  , <',, ~, (17) 

(nl 

An tn lhe hleralurc spet'i~Jl sl~ens ttilensil.y l'aclors ~fl' 
slr~'nncs d i s t r i b u t e d  ucc~rdln/., h~ a p u w e r  I:lw tip h) 
the d e g r e e  it = ", ale av~Jil.'Ible, ~: als~ the l~,lal s i rens  

Ill ktllM l y I'ach ~r is k n~ ~wn :is a resull ~1' SLI per puSillc~rl 

Z ( tl "/" A'= ~,,~ ~.'. if, )'. iIx) 
tnl 

Due h_~ the Itrnrled number ~fl' sirlgle n~lull~rln, lhtn 
appr~Jch is reslrwled 1o stress dt,slrthull~ms wh, :h  
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( l l )  II(il ~. 'k l l l l~t l  l,'%t.'t:',.,l.,l%t-' X~ll l ; l l l t) l l , . , ,  TI l l ' . ,  ;ll~l~llt"'.., 

;,1',~,,,~.' ;.ill I , I  ,.:'.,pC'l Ilil+.'lil,, c',,Idl lc' l~'~l ~11 Iiq..,I, ,.,ilC'~.,,,~.',, 
t'c'~.',l~l,,C' ii~ I1~1 ~'~l,,¢ l i l y  i,.',.,~llllli!., I i l 'c ' l inw, ,  ;~l~' ,m l , ,  
, , h , , l l  ~l l l~l  a l l l ' l  Ih~"..,u' , . , l i< , l l  F'll~,,~l,,, Ih~ '  d e t l i l l l l i l l ' . . ,  

I : t , l i l  Ill~.' I I I l l ' i l l  I I I I I I i i i  d l M r l h l l l l ~ , l i , ,  , l i t '  , , l l l l  l l l l l l t l l  
t . l ~ i ~ C ' l  ,, l~'C'l l l l l . ' l l  ,, I i i l l  i l l i d t - r  l i l ? l i  h iml l l l [_ ,  i i i  

, ' l l l l l ~c ' l v  , , i i l i i l l  c l l l l c a l  ~ lli~'l~ lell.,,:,ll-I', 
I l l  l l l t t t ' l  I() I~t.' i l l , I t '  I l l  dt~lt~l lFi i i l~'  ,,11~,,.~ i i i I t f l l , . , l l \  

i i . l~u, ,  I~u i l i lk  , , l l c ' , , ' , d l , ~ l i l h i l l l lU l , ,  ii,,lll.t., I lk. ~ x~c'l.l..,lll 
i l l k l l ~ l l l  i i i t ' l h ( i t t  t,,t~ ' i.'~, , ,~ l l ( ip l lc '  l e l l l t ' , , e l l l ; l l l l ~ l l  i~) 

, , i . l l l ; l l~ l~  ii~c'llil..,c'~l ',lic".,~, i l i l~ ' l l ' , l l~  I ; i c l ~ l , ,  C~lll I~c' 
~lel-Ii ic'd I~il ,Wl l l l  { ' l l l l~ l ic ' i l l  ,,111 l ace  I l a~ , ,  r ' hx , , l< .a l l v  
l l iCUl l l i l iQ I l i l  ; i~t: , laQii1Q i l l  ~ h i ~ l i  l i l t ,  h~c.;il c ( U l l l l  
l l l l l l i l l l . . . ,  ~)l II1~, t, llt,ll_2v it,l~,il,.,t, lille,,., (~ ii1(, il~.t, l i l .?t ,d 
I i i i  I,, hl.,i.,ll i~l l l l i i i ,~(,(J I~ (_1 ii'~t' ,~ Bc", t l l lc ' l  i~ I I  <_, I', I l le  
I ~  ,i l c'i~l..'..'~ i~'lc';i',~" I i i l(. '  III il ~ l l l i l i l l  C' l lh l l~. ' t ' l i ic 'n l  I~  
\.% ~1 l i l t  = t.' l; l l. 'k ', l l l l ' l lC'i. ' .k I l ie  l i l l a l  t~llt.~llT\ ' I t~le;i ' ,¢ 
; l i t '  I I l I~IIIQ i l l l l i  i lc 'C{Ul l i l  t~ ' : ( ~ / I ,  l e l l (J ' ,  

'i ' I  
~,,~,, = %.",' I , , . l l ,A." , l  = ii,_~l ~ A' d lA. " , ' i  i1~+1 

, ' , l i u le  I I  L I~,  Ilia." c'a,.,e ~1 ph. l r ie ,,lie,.,~., i i l i d  

, ' / : :  /-. '11 - i ') I~ ,  II1~.' ~,'il,,~.' ~,1 i~ l l l i l~  ' , . , l l4 i i i l  Tl i~. '  
~ ; l l  IiI1~1~-' 

k - ~ 1_,,,,,II (2( i )  

~., row, '  I.mYllc'~t 'v,C'll..,hl~.'d ~,,,..U;.ll..,.~d' ~,1~','., I l l l~' l l ' . , l l~ 
;.l~.'l~,l I I  l..';lll I)l,- I I I l (Jc ' l l . . , l i ) ( )d  I I ' l a l  a l l ~ ' l  i l ~ t ' l ' ; l ! ] l l l ! ]  ~1 
,,C'~ll ,.,lit',.,,., i l l l~' l l l . ,, l lV I;iwl(~l,., li lt. ' ; iV~li l ! .~. '  ~) l 'q i l l l l~ 'd 
II11'..,I Itl.'l'~t~ll~] l l l l  Ihc" I '~,rnl ~,1 Ihc' , , l l l l l i l I  Clac'l,, 
I IVlC' l l l l . ' l l l  l-i~ ~,~,'1 ii I I l l l l l  ~)11 II'l~' I ; l l l d ( H l l  a l~ l~ l~; Ic ' l l  

~.llll,+l.' ~.~ Bc, , I I I ICI  ~+ i',l~,l~,,,,,c',,/ ,,.'laC'l,, I l l l .. ' l i . ' l l l t~ll l ',,, 
,. ' , l l l l  Ix',~t d~'L.'lc'.c +'` ~1 I't.c'~.'dt~lll I~ t  '.,c'nll.~'llLl+ll~'+ll 

,ul l~lc 'c '  C'l~iC'k', The'  Ix~> c'r;ic'l~ I l l t . ' r f l l l t~ l l l  ~, hi l%t '  hCL~ll 
l e l i r t ' ! , t f l l l c 'd  I i i  P'IQ,, IX i l l l d  I~  

W i I h  ',~)lllc' t~ ,p i : l lC ' l l t ' t  ' J~. ' t ' l t l l l l l l ; . i l~ 'd.  (~lllf C'~lll 
i l i i l l le l . l l~ i l~ l~  ',~'~ I l l a l  I l ie  I la l  p i l l l , ,  ~1 Ih t '  C' i l rvc ~',, i l l  
I l ic' I i I t~ l i l l lC ' di , l ! . . , l~l l l l  (l¢.t_.,l~Hi I ~1 Pl[., ~t ale '  
i l l l t lc 'a l l l i [_,  , , l ihc ' r l l l c 'a l  or ; i t  I~ .t..,i~x41h t t l ie l~ i i l .> iri I he  

,Ic'c'l_t p a l l  i i t=!gl(u l  I I  ~,l ImlQ k ) (  '~ ( J l l v t ' l l  l.'rt'l.'l~ C'li lc'l, 
i _ , i~ tx t l l l  I,, ~ i  ; i l  I~:~l,,I i l l l i ,  h l  h~' l he  C'ilil,>e 

A 
, ,', ', 

............ :,:,,,:,, .... , , , , \  
/# 

I'~( [ '&':'l-+ "\ ', 

l'II~. Itl. ~' l l l l l , i l  , I,it I', ilil lCrll~'ril i~lNll 

I ,.I,) 

I.i~ 2ll Lih.lllll~.,.~,I (._ll Ki l l t , , l l  ~hllil,ip~.,t .,ll~.l i l l l i i Ir, iq~'dl~ h',l 
I i , , t l l  IIl~' I l l , ' l l l l l~' l  ,,i I I - I  '.ll~'~llll,'ll ', ~',llll i l l l l l l l , l l  ~la~ l ,  

I l l l l l l l l , l l l , q l  , l l~ l l l ' , l l i  I' I l l l~',l l I I I H  I I l l , '  I I h ' i  I h l l l h  i 

I~', I I I IC! I ' I I I IR, I I  ~1 I Iw  I~,'+',~'l I ; ,~ I Iw  k d l l t .  t-'ll 
c ' la t ' l ,  !,lq,V, I l l  +,.','111 I',c' ~.'al+..'Lll~llc'd it., il I l l l l ~ ' l l lU l  ~ l  Ill~ ~ 
I Il l l i. ' 

~ l , l=  IA"~ I / ,  d , ' =  IA+."fll/ ("11 

T I w  II1~'11111+..'/I I , , (h . ' lU t l l l l nUd I~  I I Ic  I ; l l l l l l<. '  +. ' ( l l l (Jl l l () l l  
',Ill.',.,'., I I l l~l l l . .dl~ I ; l ( ' l~q = I I ; w I l l l C '  I()l l j i ,  h[l(',..,,.,' l l l c '  

(I, ' l l , I ()1 I Ih ~ p~,.',C'l hlv,. arc' ( l t ) l ; l l l l~. 'd I~  i i (~ i l l ' ) l ; l l l~ l l l  I(I 
Ill~, ~ Ill 'c'l l l i lc',., I l l Il l~' ...,ll~H I I t ' l l l l  Illll!,+,..' .,~ l i l tS;i l l  CILII..'~ 
+.J~'lqll I~l '~,iI ,Hill V,;II.., i lY.., l l l l lL'd v, h l c l l  I~ , l ) l~ l ; l l l lCd I I ( ) l l l  
I1~' I l l , ; I l l  I I ICI I  MI+.'II!~III ; l l l ( I  Ih,.' IIH+...'IIII(' I()ll-IlIlc"..,'.., , .  L I. 

~'h lllll(~IIl~'III,',,: II~' IIIIIU (l~.'I~Ulld~'IIl ',II~'.~ ,,, dl",lll 
l u l i l ~ u l ,  l i l t . '  ~",,I),HI.~III . \ - - - 1 ( ) ' ~  I", ~'l'~I;IIIl+.'d J i l l ' ,  
~ l , l , l l " lc~l '  +,l+,.'l~'ll~l~'lI~:C ~)11 Il l~'l l l l l ,.. '  I I i l ' ,  I~+,',.'lI I~'1)1,..' 

",~'llh.'II II1 I - I "  ~() ; I  I., ;I da,.,,ll ~i~,[I~',] +,'[liix(. ' [ l l u  huulv 
~,h~'.,ll,,',l ~'lll~,,',., +.'~ql,,',.,l)~Hld I~, lilt. ' I l l l l l l l l l l l l l l  (+4, - -  
i . i I~/ l l l l )  f i l ial I l l i l% l l l l l l l l l  (+Ill ()~-}HIIIt Cl;I~'I,. 'ql(."~ 

v,l~lc'l~ ~,".atl l I I ,~t l l  lilt." I l I ; l% l l l l l l l l l  ; l l l t t  I I l l l l l l l l l l l l l  
I1Wil ' , l l l  +.'d ',l I+.'ll[i'l h 

.~ lil~.,,I I)~)'.,I.,ll'+l]ll~, ,)1 ~t,~l l l - I I . . ' ; l l l ( ) l l  I", () l ]cuc'd I+~ a 

'.,lllll~l+, ~ I ( . ' h l l l ( H I  ~ l l l ~ ' l l  IIll~,.Jllllll,, ,, Ill~' x,'\. '~ll)ll l l I ) ; . l la l l l  
~' lel ' ,  ~,1 IIl+,~lllll~ ' Hi l l  iII l(J '+, l i t ' I l l ] I l l  I l l  I I  I , ,  

I l l  

tHI 

I - I ~ l l l  Ih,,.' V<v'ctl~llll i>ata l l lc 'h .u ~,l Ill,,' I l lu l ln iC! . ,  , l l  il 
C'~HI',I;IIII ' . .,llc",~., h'~.c'l Ira, : I 7", I , ,  <; : X( l \ , l l '~ l  ;11 
I I I ) ( )  (-'1 ~lrld l l w  W~'~I ' , I I I  i '~ l r l l l l lc ' lc ,  i ~1 ,.,lli.'ll!..,lli 

( m - -  I~, '~. '.,u~' Sc~'ll~Ul ~_) I l lc' c " , , i ,mUr l l  . \ ' -  I I  4 i,, 
~d~l~l l tWd i l l  ;.i ~.,,~,~d ,'l!.,ic'C'ltlC'lll w l l l i  Ihc' a d a l ~ l a l l ~ m  
~1 I i l~- I  i l i , . '  

, . ' \ ( Id l l l ( ) l l ; l l  illl.';.i,.,lll~.-'lllt.'lll,., I I I ; I t ] , t '  I)11 '.,,l'l.t'('llll~ll'.., 
X'~ I l l l  K I I~,~ l l  ~'I;1~'1~'.., Ilil'~ c II)~t.'ll l,'% i l l l laltf~,J ,.l'.., il '.,,~'l.'lllld 
lli~.~.ilIl'.,()l V~ ' l l i - i c ' ; i t l , , l l lF l~"  _~()). T IK '~ . ' im ' I ,  ~ , i , , w l h  hi,.,, 
l i l i l ; l l l l~. '~J ',~,llh I I i¢  I I~I I I I IHI  c'la~'i,.,., }H~i%idc'~,, IIi~' 
p lUd lC ' t l~ , l l  ~l i lc ' l~. 'd I(~f Ii i~' ,.,i_~.",,'illlc'll,., w i I I i  K I I~)~I~  
C'l;It.'l,,,., II I', It1 ~.~cc'l lt+l' l l  i l~;IC'C'l l l~' l l l  v, l t l l  Ill<~' 
~ ' " ,p( ' l l l l l t~ l l l  l - I l l ' ,  I l l l l l~' , . ,  ~t'~1~11'., I l l a l  I l ia' , , I ,~ r l  
Illt. ' l l l l l~f,., ; l ie' ,.+qlllX,;l lc.l l l I~  it I , i l l l l l~ '  i l l  ~'~l l l l~, l lTl l l~, 
w l l l l  Ill(.' A ~'IHI~.'cT)I 

II Ih~' A' ClUl,,',, 'pI al+plle,., l" ,rcd HII l I I ; I I I I I~,  I,~ dc+',,~'rib~ ' 
I hu  Iii l~'~ll +,'l~l,..,I i~' l l l ; . l l~' l  la l  I~'l l ;. iVl<+,l lr. I I w  { '+ i l l l t . '~ l~ l l  



206 1 /'+'l l. .11 ..lh/tl,o+'h. D .~hm. 

n]usl  be Ll~;ed Ill eases  (fl' m H I c e a b l e  c r e e p  'T'l~e C + 
InteL.,l, al can be calculated I 'nml the sites.',, rL the crack 
lel.Ik, III u, LIIId the  I'~al,arneters [>. // ~1' lille N1~rtt~ll 
cl,eep lux~. The lifll(,w~n..e eqt la l lon hold.'., 4 

( / t  = uD~t"- ~.ffin. a I1'1 12~i 

'The dala ava~lahle i'ronnl Ihe It le~alure are m>l eel 
;,La~clenl I;~ delel iinlilZe Ihe !2ecut|elry I' l lncli~m .it(o. H) 
I~t senllt c i rcular and Seml.elltplacal surface cracks. 
Hl~.~evet. Ihe !..,e~mllelr,,. l unc lnm can he (d'+lntrled ~n 
a l l  ; . i p j ' ) r o x l m a l l ~ H i  I n , i t ]  I he  re ,~peCl lbe +,.'~rleu'll(Hll 

Itinlclt(m i~I lhe  Ix' c~mcepl  I I ' . t~(u..) IS krll~+,wIl. I1~t a 
I ' I~,~ r elLu,'ell~.'e ~.';.I Se 

:J l,ll d 

+,el (,,,i) 

,L~(II'II)I _( }'1 I)~ 
.~:(,'.'n: }-~, (2,4) 

respectively. 
The relerence ease tr,;ed is the ClrCt.ll~lr inlernal ~,'f;.l~.'k 

( pe l l  II ~' ~,ha ped ~.'i, uck ) v~. hose l]el mllell v I'[ll,lCllOl,lls ;J re 
k l l l~WI I  I'1~1 /~.l,+ ;.ll'|d liar (..~.a~ 

2 e, 
) '  = - =  , ~ ( . , n )  - ( 2 ' + )  

W i t h  n = 2 25 

,~1...)  : ( ) U S ) ' + '  ". 1 ' :  (2+-,) 

IS ~ )b lL i l l l ed  Thu.s. lille pt(~l)lerrl (~l' de lerml l la t i~m (fl 
( '~ can t~e l,edllced Io Ihe in~re Famil iar p~)hlen~ i~1 
sli,eM~ IFI IeI1MIV i;.l~.'l~l d e l e r l l l l r n a l l ~ m  I'~,r l i l l y  SII,e,SS 

d lMI Ib la l l (HI ,_h 

Ill calu'ululllq.,, Ihe devehg~nllerll ~l' sIres.,, dls l r l  
hI . I l l ,H I  v e l s u s  II111e I l l  a M r U c l t l l e  s t . l b lec ted  I~  t.'l,eeP 

I~,.'~;~ vel,'~,,, ch~sel~, l imi ted z~,ile,,, ale Illll~sllv l~u.iIld, lhe 
'.,kelel(m p~inl'., (s~d~d circle,, In Fig. 21) wl lere the 
sirens, beL.,iririrl,ll~? ut lhe m,mllenl 1,1' h~ud ; ipp l ica l t (u l  
tlp li~ and inM~dIl,lll..., lhe .sleadv '.,late case. ul ]detgoes 
I I I I I I ( ) I  V;JI I ; I { I ( ) I IS A,s 113 lhle skeleb.m.p(Hlll apl.~i~xi 
l l l l i I ( l l ) l l l  all l l l l l e i d e p e l i d e l l l l  s t ress  C[ll,\,,es ~)~'~'llr 
belv,.eenl the tv,.(~ l irnl l  el lrves I()r I = ()(elast ic sites',, 

l ,J ,,, t ._.._._ 

uu I 

~.: I I 
i ,  
L-  

- 1 I I 
~ - - -  " I '  

I 

I 
I 

I 

' l l l , r l l  I l l ' , ~ -u l  ~ uH , l l l  ~1~,~ - 

FIt.I. ZI. Lmul ~.'a,,,~,~ ~,1 rt,.' ',,Irc~,,,, du, l~d',Jrum u~,,I,'Jhh,duru-:, Ihe 
,,l,,ciehm F" Hill', 

d ln l r rbulJ lm) al,lld I--+ / taS~/llllphfllc ',,Ires.',, dlSlrl 
bLIll~m), Ihese I,a,,l~ Illlrlll (.'~JSeS k'LIII he used I1~ predlu'I 
lu.'(> Ill,nil ca,.,es (fl' Ihe lll'elll,lle Liildel c~mdtIiOln cfl" 
creep crack ~/l,~wlh bel~een whM~ Ihle l l le l lme ill, Ihe 
~eal e~pelllrlletl,l !,lll~uhJ Ire l-'l~r lille l inear slres~ 
dlsl l lbLll l~HI lhe a,,.el'al, ed sires,, inltel,llslly l'~.I~.'11~r,.., 
Llcc~rdlll!~ h~ e q n  (21)) are rePr~',,e!nlled hv Il le 
!2el) lr lelr l~. '  i l III~,'[I~HI ~,, 

);, i  = I 1)2 - ( l U l , - I / t  + () l ' 7~ /1 :  - I 251 ,~  + ~ ~( )b~:  

- 2 l U . x l t -  ,4 ~ '~2'~"/ t  + l U ' q x l t '  

)"++ = I 28 + l) 2211t - 1) 2,48/t" - ~11)2.4.:+ + 7 2~1 ~' 

- 3 t ~ t ~ l t -  el 18~x"l t  + 2 7 2 ~ x l t "  

; l l ld II lesl l l ls I~i, lille sleadv slate ',,tress dlstrlbtlll~)llll 

);~ : ICL2 -t)9(),"<lt + () 16gh" + ( )216x + 6,418'z +' 

- 2 ~'7~1t - ~.()u4~'l~' + 2 2'76~1t: 

)'r~ = I 28 + l) 2241t  - I) 2~1)[1" + I1 ~45 ~ + 8 hh8 ~," 

- ~ 8 ' 7 f l t -  ' 7 '172~ '1 t  + 2 g b f Y z : B :  

w l l h  ~ = ~1 I ,  [ I  = ~1 t,  

W hen Ihw ver rex heh ~l,ll .k,~l,llp h~ rhle itl;i I~t a x i~ ~1' l tie 
e l l ipse  !.,.els ch~se h,  lhe  lalet; l l  SlWClnwn b o r d e r  a 
".4~lh.'h ~wer' Is cl lected l'l,~,m the ,,ert]i e l l ip t ica l  
sLtrl'ace c~m.'k I~ the ._slraiL.,,l~l lhr(~u~]l c~ack havlnu 
llle sat!rile deplh The l'~dhw, lng teh.i lnm can be 
1~btaltle(l l'I~m~ Rel 21 l~r lh t~u! , l l l c racks  ~ilnder 
hen, d inl,, h~ad 

()..4 n 8 " -  i 
. t : ( ~ ' . . l = h l ( . . T ) - -  - - i I -  ~1 '~"~l) (271 ,/ 

'T'I~ l';.iciIil,'Jle use ~I the ~,,aliles hl labulated tn Rel' 2 I, 
they ; j ie f i l led wt lh  respect h~ Ihle r'elaln, e cl,ack deplhl 
~t a l l ld  lIlle Nt~rl;~l] expol,llell+l . T'hle cxpl,e,i.srun Is 
I~blall~ed 

.4 [ ]: h I = ~ I 2 t ~ +  . .4 , , ( I  - ~ l " " "  (28l 

~ = 1 , - I  

wllhl the cl~elIiclenl.s 

,.-Ii i = 4 , . . 14S  . t : ,  = _1 . ;  ~ 1 2  , 4 ~  = - t '7~( I  

,,I i : = - ,4' ", ~ 2 ,4 : ~ = "~ q X 4 ,4,41 = I ~' ",,4,t 

,.../j ; = ( )  12~ .4~j = - 2'~'2e,7 .4.4: = - ~ S 9 7  

. 4 , 1  = 8'-)()hi .4 ~: = 21) 22~ .4. 4~ = - I .t~.~ 

H,~we~,er, 11 sh~n.ild l:',e lecalled here llllal eqns (2'7) 
and (28) are appl lcat , le inl an appr~x l r r l a lnm (frilly 
tweau,,,e the I'un,,:tt~m hj had been deLelrntned t~ 
npl',lv h~ unlatet rals exhthrltnp, a syrnrnetrtc del'~rnlla 
Item behlavu~ur H~weve t ,  these devaalnms are (fl' 
111trlot Impc, r lance h~ the l i le l tme predic lz lm h e ~ . ' a i r ~ e  

the Inal(u pa l l  ~I' llll¢ l l le l ime i.", 'con,sumed' II,i the 
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I 

I i~. :~.~ I >~'~' l , ,pI, i~'m ,,I ,i i , l ' l l l l  , ' l l IpII~ ,il ,, l i l  I,~ iI i l i l l  I,. ~ l l I r i l i ! ,  
~ i~,~,i~ ll l l[ l l~'l_] ~l,l~I~ l , l~ ' ,~ I I i  ( , ,~ Ik l  ~ l l r ~ " ,  , ,h' , id ~, , , l , ih'  ,,Ii<",', 
~Ii..Ii I IHII I ,HI ~[,1'.11~'II I III ~" ,  l.tl~ aIl,ll~'d ,u l  III~' h,l ' , i ' , ~II lh~' l l i l l h l l  

I , l l ~ " , ' ,  l h I , I t l i l l l l l ~ H l l  l l l l l l , I I  l i l l , ' I , I I  ( i l i  = I ( ) I ) I~IPII  

'..I,.ll~' ~'lh~lll{ ' l~"llI.~'d I~ Ih~ '.,~.'llII ~ l l I p l l c a l  ' . , l l l l ; l~ '~ '  

I ; I~.' I',, 

I-h~' ~'r;lcl~ !/I l)~.~ III I;11~ 'lI., I,'lli'~ ~4~,l~ln!" I l l  I1~' r ; In?¢ ~1 

,..ll]llh~l I~ /~' ~.'~llll~fll~:'d ,..,uh~:rlll~:al ~.'14wk ! , ~ w l h  
,%~ ' l ' i l l l J l l lU  I~) R w d c l  4 I1~.' ~'",l'~l~ll~,~lll I", L~l~t ' l i  I'w 

t l  
\ ,  = _ (2~) 

n 4  I 

,~l~l~.'l~ { '~unp;l l~. 'd ~ l l h  I Iw  {. '~,l~l~Clll ', ~1 ,.,~lh~.'llll~.'al 
~'lliu'l,, [ ; t~v, lh  I", I ; I I h ~ ' l  " , i i l ; t l l  The' CXl ' ,m~l l l , ,  ;11¢ 

~",,ix.'~.l~:'~l i ~  iq~.' '.,II..,.;i]ll~ I~.".,'., I ha l l  IInl l% F'.'..,p~'~.'lallv I ~  
i l w  I l l l i l l : ' l  I ; l l  i l iVL',.,I l i ] i i i~. 'cI  If I c ' . , l l l l ' . ,  I '~ H'rl .~k.]ii ( ] k ) ) I h a l  
" , l l l l  II = -~ 2"~ \ ,  = ( )  7 T I I { '  ~ i l l ~ ] { ' ~ l  .\', I ' l H i l l d  I l l  I I w  

~'1~.'~.'1~ ~.'lm.'l~ ~]l{>',~, lh ~. ' \ I)L'I I ITII. ' I I I~',  I i \ ' ,  = i )  c), ".,CO Cel l )  

l u l l  a!,t c~'., ~ {' l l w l l h  II~c ~ a l l l ¢  ~ ~l'~l;JIil¢~J IIo111 l.~Clll (2  I-)) 

The ~'1;~.'1~ ! i , l ~ l l l  I); . I I~IIII~. ' IL'I  I~ l  I Iw  ( '~  omc~ 'p I  
"~;.1'~ l l ~ . ' lL ' l l l l l l k . ' l ]  I ~ l  I I t l ( I  ( I l l  . _~L ' I I~H I  ~ ] - ' I Ic  l i l t  
I I I I K '  ~ . ' ; l l ~ ' i i l i i l l ~U l ' ,  I ~ ; I ' , ~ l  l l l l  Ih~'%L' I l i l l i l  i l lC l l . l lJ~ '  

Ih~.' I l l l l l l ~ ' l l ~ . ' ; l l  1111~!211111~ll ~1 IhL'  ~'~LII~I~'~:I , ,~ , . , l~ 'm ~ l  

, l l l l , , . ' l ~ ' l l l l ; I I  ( ' ( I I I ; I I I ~ I I  ', 

d~" = I , ( {  i )  ~'' d l  d ,  = , 4 , t ( - ' ~ ) " '  d l  ( '~()) 

,~ i lh I l i~ ~al l I~.,  .I, \ ,  a~.'~.'~rdlll!', l ~ q I ~ l . , 1 2 ) a I l d  ( I -")  
FI!, i I I~ ~ 22 ' . , h ~ " ,  lh~' dcw.~hf lun~u] l  ,fl' iII~ ~ , i i r l n ; i l l ~  
.,~.,inl ~..li~.'ul;ll ~..i a~.'l~ ~I d c p l h  ~ = ",( IHIn ;i,, ;.i I t im. ' l i~m 
~I lh~' l i in~' t ip I~ lh~ ~ ,.,~th.'h ~ ' t  p o l n l  d~'l~'n]uI~.~d h,, 

[ I ~  dmJ]~'d ~ . ' I I~  ~',, ~c~.,til[ l i ~ i ] ]  l l w  I t i ~  i n i t i a l  
.,Ir~',,,, di~,ll IhL I I I~HI  ; . l l | ( l  l lw  ,,~4id line.', ;~. '  Ixi:.,cd ~i~ lh~:' 
,l~'~i~Iv ,.d;ll~:' '.dl~.~'..,'., d i , . , I i i l ' u i l i (m II ~.'aii b~.' ,..,~'¢i~ l ' i~mi 

~ I~l~.'l~ I~a,, i~ l , . 'h  ii,.l~.~,~,~d ,.',,ml'~ar~.'d I,, l i ra [  ~1 Ih~' 
} n l l m l  ~.'lm.'k. Ih~ll Ih~ ~ ~.'~rr~",l~mdtn!.-' l lm~' ii~l~'~val,, 
, l l {  ll:'L.,ll!/Ihl~: II t!.,~'vuJ~.'nl I ha l  Ih~' , , h a p : ' - - a  t¢,.,~lll ~1 
Ihv  h ~  i~,~.~.'l ~,1 Ih~.' ~.'t~l~.'k ~.,r~wlh l a ~ -  i~'maln,., 
I1~'iII1% l..,cIIII C l l ~ ' l l l a l  

L I l ~ . ' l l l l l U  ~.'al~.' l. lJil l l~Ul,~ w ' c r ~  [')~.u l l u  111~.'d I~1 I Iw  I~ ' ,~  

I l l ~ l l  ca'.,c ' . ,  ~>1 ,,I rL',,'.., The '  i~ " ,~ l l l  ~>1' [ ) lCd l~ . ' l t ~m ha~, t '~ '~n 

lU'l~lC".,~.'lilU~J 111 FI[. '  2 l, I'~1 Ihc  111~'a',ulr~' l l lk~nl ', ITI~.H.t¢ iJI 

I II)() (." The.' ; l~ l l l l~ l ' ,  ' , la t l~ 'd al iI IT]~';il~ i ] l l l l a l  ~.'ra~.'l, 
d~.'l'~lll ~1 hllHl"r~ (~.~rr~',,p~mdllq-' I~ Ihe irl~'rl , , I tel ; t . , Ih 
a r i d  I ~  /~ ,  ) T h e '  pr~dl~. ' l lOl l  ~ l ]  Ih~'  I~'11 h ~ n ~ t  , , Ida' ~,, 

~_I I I, i I e 

ill i I I 
,: I ' 

' ii , 

|I'II~. ~ I l_ lh ' I I i i l~",  l i , I  

' I ' l  I 

I'~('lllJlll.I. ~ I,~,l,I ~ , l l~ l l l ; l lm[  I'~ II1~' ( I 

~.; I I Id I,~t I l ia '  I i i 1C i i l  i l l l I I ; I I  '..,ILL"..,'., d l , . , , I r l h l l l l ( H i .  ~ l l  Ih~ 
l i ! #h I  IUi l l~J '.,I,I~' I , ,n Ih~'  ~ , l ~ ; t dv  , .d l th  ~ , , I t r" . , , ,  I I  l. ';. l l l i]l~ 

l.';I.~ll'~' I~,fL'l,~JIIl'.,l.'d I h,.II I.t l l l. '  I~, ~ . ' q l l ' , (2 )  ; . l l ld  (2~a) I I1¢  I ~,','~ ~ 

I I In  l l  ~.'111 ', l:',., dl'~.,~'l ihl n!., I1~.' I il'~'l in le  ~.'a I I h~ ~.~.,~ pre,,~,ed 
t>,,' 

I I 
= l ~ l )  I I t tT HI I I ~ , i ~ I I~  ' I 

IL'  ta lc  ',,,hq~c I l l  IJ]~ d lL I Ig l i . l l f l  hu'* ;  = l l h u i ' 1 , ) I ' ,  
-- I '-~ I)2~'  TII~.' i l~. ' l l l ; . l l  IIl{.~llll lC',.~ I i I i l ,~ l  ~w~.' l l l  h~.~lwc'~,~ll 

Ihc  I~,~ I l l l l l l  ~.'l l l~.l. ''', ( . '~Hl ' . , Id~ ' l l l l ! . '  I Iw  !z.,>{~,:l i l l ,  l~{ ~ 
i l l , ' i l l  ,~l I Iw  {. ' ; l ib ' I l l ; l ied I I I ] l i l  ctir~{'~... ~ l l h  Ih~ 
I l l l . ' ; l "d. l l l . ' ( ]  I I IC I I I I lC " , .  I II~'~.'{~rl~.' l l l , , l{ HI ~.'it rl I~c d l ; I V , . l l  I h a l  

Ii1 ll~{' , , l{ 'cp I ;lll~2~. ~ ~ l  I l l ~ ' l l l l l ~ '  t i l l  % {'", I ; l l l l l l e  ~' ; l l~. 'L l l ; l l~ 'd 

I~ I l l~ ~ ~ ' "  L'~HI~,'L'i)I ITI l l *d II~.'~.'lll 

I l l  ; I d d l l l l H I .  IUIl'..,I]~' II~'..,I I,,, ~. ' r~. '  I '~ . ' l l~Hl l l~ . 'd  ;11 

I I I ) ( )  ( _ ' "  TII~' I~ul l  ~lltl~.',, I~'pIC,~¢lilCd In F'II._, 2,4 
I la~. '  h~'~'ll i i l¢ ; i , , l l lUd ..~l',,~ I~,~ II1~.' ~.'",pqlllTl~.'lll"., 
~'~Uldll~. ' l~'~] IIIl~t~.u I I I l l ; . l ' , , I ; i l  I~.'11'.,11~.' h~ i Id l l l ! . ,  I i I c l l l n C  

l'H~'~ll~.'l l~ql~., ', '~.'IC l '~ . ' l l~ r l~ l~ . 'd  ; l l . 'L '~ l lJ l l l~"  I ~  lh~., ( ' :  
~.'~m~.'M~I. Ii~ lll;.iI ,,p~.'~.'lal h~ad ~.'~i,,~.' ~in ,ill;i]~Ii~.'~iI 
I'III 'II. II~H'I ,. ' ;III I~,,.' l l ld l * . . ' ; l lL 'd  I ~ I  I ] I ( '  l l l~ . ' l l I l l~ '  l~'~.';ilP,¢.' 

~I IIK' llC~IIl~ ~.'~ql'.,l;llll I]I.'~HII,,~II~ l~I i~ ' I I~m W I l h  
} L'IIII'.,I;IIII -" I ~'  = _,~. I l l I ¢ ! ' I ; . I I H H I  ~)1 ~'ql ' l  1 2 ) I c a d ~ ,  I~) 

H, I \ _ llll~ ~ i 
/ I  = I I  - \ ) / } " ' l ;  ~''~ I '~' '  ) ' " '  ~, 

The' ~:l lmll~all~u~ ~1' Iht '  hn ; l l  ~.'l~,.'l~ I~.'n~.,ll~ t,t, ) wh , . ' h .  

IP 

Ill 

I I I ,, II 

i I  ,-I I I 

I " i ~ . . ~ , . , I  I I I ( ' I I I I H '  L " d l 1 - l h l l ( " ~  I L~F  I I ' f l ' 4 1 ~ '  h ~ l l J l [ l ! ?  I I ' , l F l I J  ( ' , 1  
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I I , - '  I ' 1 1 t '  '11 

f"l~. ZS. l_lh'llrrll -,, I,,i belldln!.., h,,,d ~';ilcul,ih-d b~ 
I ,uIl'l'pl ( I  l i l t )  (_') 

: ',: ,I 

he I_'(t) 

dll¢ I('~ Ihe pr~b l¢ lna l lc  I'rac'lur~' h~u~Jhllc,,/,, K h In the 
rall]2¢ (u  n ~ l l c c a b l ¢  C' l¢¢p IS II~H k l l ~ l l ,  W;I"~ 

dl'..,l'~¢lr.,ed wtll-t and ~l, v,,';r.,, c'~ul,,Idcn~'d l~ he ;I 
r.~aralii~'l¢l. II al~pcat,, i i~r'tl II'lc culct.th.tlt~Ul l l tal  Ihl,., 
VLtll~tbl~' d~c'!,, 11~,1 c'x~'rl ;.t r i lLIikcd IIll~t.tCIl£~' ~)i'l Lh~' 
It lcllnt,. ~ Fl[..'t.ll~' 2,.-I ",how.", lhc pledt,. ' lcd lelall~',ll,,hlp 
b~ ' lwcc r l  I~'rt!l, ll¢ ,~ l r l~ ' ! , ,  ',, ;I l ld I I l¢l l l t l¢ I'~r LI r;Il l~¢ ul 
rel~-,;.trll HI1Ltl ,.'laCk I~'nL-'lh!, LI", wall ~.i4 Ihe v;ill.l~'.',, 
d~' lcrmltwd In rh¢ Cxr~etlrncl~t 

Wlfhtl~ lh¢ tan!.,¢ ~1' [ tn¢ctlalr l l le!, cn~l,.,cd h~, Ih~' 
f i l ial crack lenL.,lll whIch I!., m~l acc'unal¢lY k m_n, vn. an 
~I~ll inUll l  ;.llJ.r~'¢lll¢ill ~.';.lI1 t',~' I'~Hllld b~'lwccn lh~' 
l~tc'di~.'il~Ht ;.ind I1~¢ cxl_wZttll~'tll 

4 I ? [ ' r , ' d l~ ' t .m  t~1',,'~t ,1! l l . '  (.'(l) ~'.ll~'~'pI 

I-'¢u rll~' apl'fl.. 'all~m ~1 fh~' C ÷ c~mc~'pI iI h,:i_s Io h~' 
ILIkL~II I I I h l  COIlbld~'rLIll~,H1 Ihal 'v;tlld ( '+ 'vItltlcs ~.lrt-' 
~d'~lnirl~'d ~lll~,' ul'l~u ',,ulliclClttlY h m r  l imes t s~ thai  
Ihc corMi l l~m ~fl' Rl~'d~'l '4 

K : ( I  - ~l : ) 

t "  I I I I - ( t t j  
E(,  + I)(. '~ 

I',, l ulhll~d nil the LC~,IS 'The' c'haraclCi l ' , ; lnc '  I l rnc  l I I'~u 
Ihe hell~l~Illrll l ~l the' Ill'UdlmC I¢,,I (I e cah:Lih.llcd wlLh 
Ihc IIIIII;JI ,~llC'~,~C'~) Ik ¢111¢1cd In F'ILJ 2h LI',, LI d ( f l l c d  

]lrt¢ 11' Ihc ~.'~lldltl,~I1 (~t)  I'~ Vl~flal~'d l)ll~' has t,~ IIk~ 
I Iw (.]1)Lnt~'l..',nul, wh ich c';.irl be dc|c'tilllll~.'d I'n~m 
Rn~'d~'l's '~ I r t terDf lat l~m I~ulnula 

( ' , )  ( / I ) =  I + (.'÷ 13,41 

Idcnl tcal  calculal i~m,, a!, p~'rl '~rnwd w i th  the C*  
nnl¢l...,t al were' cart It'd ~ttl V,.lII1 the' ( ' ( t ) in l~ 'g ra l  Wtllc'll 
ICl.'~hlc'ed (.'* In eqns (2)~ l l ld  (12) 'Th~ nluuncrlc'al 
II1L¢~ILIII~HI W~.I',,, ~ l ;J r l cd  al a t l I l l¢  l~) = 5k  Dut l r l [ . ,  lh l ! ,  
t ime 'tpalL whwh  IS n~'c~'~,'.,urv I'~u a :,,It i()()lh ;.tppllc 
;Jll(~n ~1 the bcndl l tg  h~ad the cu~'~'l~ urack ~l;Jl~ I,., 
~lncl¢tined Figure 2~ ',how!, Itlc predlcl~m,s bu,sed ,,n 
the (.'(t) l.',,rll.'~'pI T h e  Iv,,'~, I lnl l t  u'l.lr~,,u~!, are !d~ll'ted t~ 
h~wer Iil¢llunes and ~mlv the I I I r l i l  CLIF~,,~: I¢',,ulIIII[..' 
I l l , I l l  the ";I~'LIdv SIIJIc hire'.,,., d l ' . , l r lbU l l~ )n  a r c  ii1 
u[. . ' tecm~'nl  WllJl IIl~' rrleanut~'nlcntn. 

I 

i 

._u .4'' - • 

I 
ILp 

I I  
I , l l  , 

II,-,lll I , -  , i '  

f l ~ I  )('I, I I h ' l l r t w  ~ " d l l l l i j l l I l l l  IlPl h' r I ' , l lc  h~;Jdlll!2 ,j~,w~)rdill!J It~ 
M~,lll,,lll;Jn ~ (.il;irll I r 

4.2 Pred ic t ion  u~.'~.'ording to r%1.nkman Grunt  
T~ ~fll'~'r Ihc c~m~t.',lctc' V,JI'I;tIIIHI ,.fl' Ic'a,.,ll'~l¢ prcdlc 
II()rl", ~.t p lCd lc ' l l~HI  ~,lll t'..' I l lL ldv IlCl~' I~r cr~'~'p 
IIIdIICCCI I'1 ;ICILII¢ ;.t'., the ~.'LIIJ%C ~1 l atlut~' Auc~,rdit l  b, I~t 
Ihe Mot lkntar l - ( . i t ; . t r t I  r~'lalt~ul. I l ie pr,.~,dLtcl ~1 I Iw 
IlllllllTILtnt ,.'1¢¢p t;.ll¢ att,d Ih~' I t l ¢ l tmc  t,', ,:t C~HI~ILIItl 
FI~JLIIC 7 ',li~v,'~'d I]1¢ d¢lX.'tldcttcc, ~fl' lh¢ IfllllllT1LIIrl 
C'lt'C'l'~ ",llalll!,. ~rI th~ l i l¢t lrt l¢ A ',,Ir;.iuJhl Itrl¢ Wllll ;t 

A',  ~tl[ ItlI'~rlY1;tft~ul at',~ttf Ih¢ .~/l~ulkrlh:trl-(_]r¢tlli 
l'~r,,~dLtcl II;I'., becn dk~l¢llTllll~'d II{~ri] vulu¢',, IlleLl",;llr~?d 

at IIt¢ ,dC~l'~ hlanc'tl ~1 I lw Itl'eltiYt~' dlaYrurrh t.',~>d 

; I)~lVCll l¢'nl ~l '  LI p r c d i c ' l l , u i  ~,~,'lltl Ih~' b~'rldll l~# 1¢41',, I", 

rvm,.' lwallv Ptu I~r'~P~anlm~'d 
'Th~'rcl,uc'. the cl~'~'['~ t upl t , r¢ dLII;.I ~lt" l lal l lCd Ill the 

I~vlldlnlg, Ic'sl'.,, IlaV~' bCCll II~,~'d I~  c'alc ' t l lal~'  the  
IIl'ullnt~'!, Ill lh~' I',~Lil l~'nnllc' ~.'r~'¢p Ic'.,ln 'The du',,hCd 
lil le III F'I!..' 2f, ',,It,,w',, Ih¢ ptcdlct l~m ;I,..'~,',,tdln~ I,~ It't¢ 
~.'l'C'¢l.'~ r t l [~ i t l tC conC¢l ' ,L. AI .s~ I lc ' l¢ ~.1 ta ih~ ' t  ~ u ~ d  
[I[ZrCCITICIII I!, ~tblillllCd b¢l~n I]IC l~rcdlk'll~Hl ;illd 

lh¢ lll¢[t ~,LI[CIll¢lll 

Ill u'~H~£'IusIOil, lhc qI.ICMHHI LIII~,~'S WIIClhc[ ~.'[CC I) 

I t lduic 'ed ct ; tc 'k  ~Jt~9,' l l l  ~ l  c ' t¢Cp r t lp lU l r¢  Ik IC,",,['~H1M hl~ 

I~u Ihe I';.Itlt.lt¢ Irl Ih¢ high lelttpt'talt..it¢ lal lge The 
!',lLld~ de,wrlbcd ITILIkL~S L'%ldt~llt thai  b~l l l  CLlu%¢b 

I , : lkenl~gel l le l  ml)~lllaCc~ulrll I*~l I';JIlure Add l l l ~na l  
Ilrllc'r~r',k'Ol'~lt' I~lClUre", ~,11~,. lhal  b~lt l  eXl',,lllllJ, cr;..ic'ks 
it' I~' KI1iUq~ Cl;ICl,,s) iJr~w and I1V%% t.'r;il.'ks de,,,eh~p 
T'h r,, iTlC;.IIIg ll'lal I'~fl]t ~'[l'¢cl',, u re c'~vllp~'tinL.., wI th  ~'m.'h 
~fllier' 

5 ~ummar,~ '  

'Th~ sLudy rt ' lal~d ht lh~' I'atlLir~' I~dulvl~tur lander 
'.,lallu' h~LldlnlJ ~1 AI.(_)~ C~ll lUll l lr lg gla'~sV phases By 
a C~mlparl~,~m made b~'lwe~'n pr~'dlc'll~UlS ~tl~ Ill~ h:l,,.,i,s 
~1' the 

• A' c~mC¢l'~l (,.Lttx'r l t , :al t ruck  ~rl~wLh). 
• C ~' alld ('(/)~.'~rli.'el_'~I fl.'z~'ep c'tac'k .~ towlh) ,  
• M~mknzun- ( - i ran l  rt'lalt~rz fl.'rcep rz ip lurv) 

prcdtc'll~mS h a w  bCVll inad¢ Bv a u'{~mparls~m wt lh  
the ~'xl~¢tlln¢l]t,., the rallg~' I, characteUls~'d by lanlure 



I , ~ / I m , '  t,+'h,~l~,m~ ,,t  ~/ ,¢ ;~  2()'; 

~ l uc  t~  , , luht ' l  l i l t ' i l l  C ' l t l t 'k  + , i i i w I l i  h l i h  I+ec'l l i t J e n t i h e ~ l  

[ h e  ,,lec'l~ i ; l l l l . ,e  I I  i l l  l i l t '  I i I c ' l l l i l c '  d l L i ! . ' l l l l l l  t ; l l l  l ic' 

~ l ¢ ' , c i i l + c d  I ; t l l l i  I+~ t ' l e e p  l i i t l l i c e l l  c ' i ; ic 'k  !..,rilx~ Ih  ; l l l d  

I~ c' lc 'c ' l t  I l i l + l l l l t '  

\ V l i l l ' , l  I l i e  l l i c ' d k  l i l~ l l , ,  l l l i , ,c 'd  t i l t  I l i e  < '+  C l l l i C e l f l  

; i ! . , l l 'c t l  , i i i l l i / l i l ~ . l ~  ~c ,  II ~ i l l l  I l i e  n l c ' a ' , l l l ~ : n i t . ' l i l ' ,  Ilia.' 

i ' l c ~ l l < l U q l ' ,  ~ i l h  II1~' ( i l l  illlv!__,l i l l  ~. ' , , Ic' l i t l  ~ C'l ~i I i i l  ..;..,c'i 

I I l l !Jr '  ~1 I I I t ' l l l l l t " ,  

] ; i k l l l !  7 I I I l l l  t ' l l l l ' . , I d t ' l i l l l I H I  I l l e  i l L J I t ' t ' l l l t ' l l l  (~1 l i l t '  

t ' l l h ' l t ' l i l  I ~ [ l ~ " ,  ~ll I + l ~ ' t l l c l l ~ l l  ', ~ i l l l  l l l e  I l i C i l ' . , l l l c ' d  

I t ' l l l l l t " ,  , l l l t l  I l i c  I I I l l . ' l t i ' .~t . ' l l l+ l t . '  I I I I d l l l l .  h,, II '.~-'t' l l l '., 

,h~l~+i l , ,  i l u l l  i i i  I l i~"h~l i l ._ '  I I I c ' l l l l l c '  I;ili,,,.,l-' I ~ l i l c ' l l c ' c l ' ,  

.sl c k nos~ h.'d g l ' m e n l  

1 I Ic  h n a l l C l t i l  ' , l i l l P l l l l  ~1 t i l e  [ )L+ i l l ! , c l i e  P l lu ' , t 'h i l l l ! ._ " ,  

.! c ' l l i e l l i , , c l u i l l  I,, . . , . . , I ; l lc ' l l l l lv ; i c k l l ~ l t t  le l l . tTed 

R e l ' e r e n c e ~  

I ( , l ; l l l l ~ d l l  (~ ~ ' , _ , l l l l ~ " , ~ t l ~ l ~ ' t ' l ~ , l l l t J ' , l l ~ x ~ i , l l l , ~ , i ~ l % ~ l l i l [ i  
l i l , ' l l  l l ' l l l l IW l , l l l l l l '  I I I l i l l l l l '  t i l  I1,~1 rll i ' ..,,lqJ , , i h l l l l l  i i i i i i d l ,  I l l  
I ) l  h , l t l h l l l ,  ql ill ( i ' l l l t l l l l  ~ ] ]  [ l l l ' l l l l l l l  P i i l t h  ,hill,_, ( '~ l l l~ l l l , I  
I l t l l l  1';I.',4 i l l  I '."', gf l  

_~ (.)1111111 ( i [ )  III ( i ' l l l l l l h  I ]~ lh ' l l~ l l ' ,  l l l h l  ( IOtqhqh'#l l~ / i l l  
t l n ' l l h ' ,  ~'ll %% I l i l l l l ' ,  & t4 I I , i l l ' , l iC l  \ ' e l l , i ! '  [ ) l ' l l l ' , ~ l l i '  
I ~ . l ' l ; l l l l l . l h l ' ( l l ' . , c l l . . l l l , l l l  Pl,ld I l t l l l l l~ , l  ( l l ' l l l l , l l l ~  l l l~ f l  l l [ i  
' i l l  f i l l  

I l u l l  T k v l h l  K ,k,' \11111/ I1 [ ) c l l ' l l i i l l i , i l l ~ , l l  ~,1 I /~. 
~ l l l ~ l " ,  i~l I1~1 ltlt".',~'~l ' , l l l~ l l l l  l l l l l l<_h' ,11 ch '~ . l h ' i l  h ' l l l r l l ' l , i  
l i l l~ ' ,  /#/t .I / I , l l !  t t l l lq .~141 1 14 

4 [41t' lh' l I I  l+,lilUl, ' , l l  l]l.,'h ~-+'/ll]++'Itllltll'~ <~llll l l '_q'l \C lh l , . '  
li,'~ llll  I 'J',"4 

, l ,~u , , i l i l i  I,, l l , i u , ,  T l'al', , , i  [4 I- & i _ w i + , h l  \ + + l ,u  
~¢I , I I I I I~  l l h l l I ' l h l l ' ,  '* 11i l/m,/ [ +i#I/+'l+'#It'#' till i' /+'+']+ lllll/ 
/ t i l l  I l l l+' +if [ I I '~ l lh ' i ' l l lH '  ]]+l l+' l l l l /~, +Jill] I ' i l l l i l  Il l l+'~ [ l i l l i l l l r l  
I*~,~ '9 I~1 ~ I()_'1 i ~ 

(, \ l , i l l l l l  (~ I c l l  ] ,t' %1111i/ [ I  I ) < ' h ' l l l l l l i , i l l ~ l l l  i l l  I I~ ' l ' l l  

,n . .  I,, ~,n,,~ lh III L L'I,IIIIIt ', I~h Pp,,, 'l~,l # < 14% ~ , , l l l~' , , ' t l .  ,' 
~lu., ,Lnu u ILI'~ I 

I ,'11 1 kc l l u l  t~, ,~. R , , ' , enh 'hh l  ( )  ( ,  '1111,111 P,II%'[II 
q~.")l ~1 < .' 

',,4 I t ' l l  [ Kc lh 'n  I ~, i~ \ l l l l h ;  I )  ~ n l a n h n l . . , , n , ~ l l l u ' ~ n c e l l ~ f l  
I . ,n pi,',,,r~[ ,,nln~,~nl rlnlll,_ll' nu lwn.  Lunu_, / I / , i n t  %,1 2~ 
11'JI'4','41 41," "4 

'* I , ' i l  ] I,,<lh'u I,, \ l l [ ' , h aL l l  [kl \ l l l l n '  I)  & I 'N i l , ,~h , , t u l , ,  
i ( I~'t' I I I M l , l l l l l ' h ' l ,  i l l  , I h l l l l l l h l  I~ f l l l , l l l l l l lU  ,I ~'[,1',', I Ih,I ,~' 
, I , ' l ¢ l l l l l l l C ( [ l l l  n l l ' l l L l l l l , ' ~ l~ 'L ' l i h " , l ' ,  / IPth'P ( , I , I IH  '~,h '7l 
q l'OH",l 11)41, Ll 

I l l  \ l , ,n l l ,  lnani I ( &, ( , i , i l i l  \ I \n i~ 'ni l l~ ln l~, l l  n<l , l l l~nl ' ,hnp 
n.,iv,,, i,In ILI I I I I I IV hh '  , l l l l l  I I I I I I I I I I I I IH i l l ' n ' l l  I , I l l '  LII I Iq'~'II 
I l l i l l l l ln '  I~"1'. I~l+~i I ~ ' ~ l l  ~ t111~ ) , ¢ , ) ' , ' 14  (, . ' l )  

I L . I l l l lC ' .  I I )  &' 14c,_'h'~ I .~, ' \~T%I  <',If '  Ji l l  l l l " ( I  i l l  t 
I"'_ 4"'i 

_~ ] ~'11 l- \ l l l l l , '  I ) ,~. 'N< ' l l l l l , l l l l i  I / , ,  ,ll ' . I l l " , .  l i l ly ' I t ' , I lk  
I . i ,h~ l  I,~i ' . l l l l , l~ l '  , r ,u l . , ' .  i l l  Id , lh  ' , I I I l lh ' l  l U ~ ' l  ' , l i , ip l l 'd 
, l l , ' . ' . l [ l ' . l l l l l l l l i l , l i ' ,  / t in ' I t?  / l l h l  I / l ' , / I  l (+ ( l l l ~ ) ( ) l f l - 17  ',1 

l I, '11 T \ l . l l l l i l ' ~ l . .  ( ,~. • l i i l l . '  [ )  \ l l l l l , l t l l l i , l h '  ~t~'l!.'lil 
I I I I l ,  l l~l l l  r l , i  .~ll . l l l l [  l i t  i l l , , l i f t . i l l  ,, I l l  . . . .  I~1,1/ l l ,~l ln,Dl#l 
/ l ', ' l l l+'ll l ', 6 I ll)l"YJ) 4:'~ (,', 

-I ( l i P . , '  T \ ,4 I 'h",UliCl l ~ .%1 .! I l l , ~ , l H  I l l l ~ " , t  tf, l l  7 ,  
, I '~,111'. ' \  t l it' %Vl l '~h ' l l l~q l i  .~ \1 I ' i , , , I  h " . l l l l "  i l l  t ' l ' l , l l l l l l  

I I I . i l V l h l l .  ,111 . l lhl [~ Ill , l l  (hi 'd',  I~ll I , I l h l l c  l l l l ' l l l~  I l l l l l  ] t i t  ] 
7~,1,, I I l i l ' l " 4 i  l " ' i  l l~ 

If l  I~ l l h ' l  I I I i i " l l l , ' ~ ' l l l l l _ ' t l C ' . l l . ' l l , i l l ~ L I , i l l " l l l ' l l i l l i l l l ' l l l  l u i l l h '  
i i h l h ' i i , l l ,  i l l  ] l , l ~ l IH~ '  I / , , h , m l , ,  ,,/ < , ~ , l ,H , '  ] i  I~1,'1111111 
Ih ," . ' .  I ' I  "4 ill ~ t , l ,"  ~(i 

r "  ' \ l l l ' . t ' ~ l l l l h  I~. \ I~l l l l l l '  i l l l ' , l ' l~ , , l l l l i l l . ,  i i i i  i IUl ' l l  ~ l , l l  [,. 
, ' I l l , t i l l  / I l l  .I l i g h t  .+l) lll;,~'~_ ~) 14"  ,'~ 

I',"; \ l l l . l ~ l l l l l l  14 \ t Iwl l  ( ,  <, ( , ,h ' i i i , l i i  ~1 i t . . , , I , I I l  I 
\% ( , , , , .  I I I )  I I - I , l i -h I R I,, i in i lu i i , ,  ~ r ,t \ , , , l i e  ( i  i 
( I-( u[-t , l ' , ,U' , ' , l l l l ' l l l  l l l t l l  c I h l l l '  l l l l  ~l,'h', I', Ill I~hll l l  i l l ' l l ' l , l l l l lL ,  
III I I , '  ~l~'~'ll I . i l l " l '  I t , l l  ] l , l ~ l  / / l " # l "  l / , l l  t / I  I1) Illl,~; 7) 
I 1 '  '. 

I~1 l . l i l , I  I I  Ih ,  '~t~+',.~ I l t , t / l ~ t ,  , , !  ~ , ~ , / , .  I I , l t ld l , , , , , I ,  l l c l  
1,*~",',11, h ( t l l lU+ l . l l l ~ l l l  Iq,~fl 
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