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tl11).1 L ~'/l~l'ftliU~'lJaU1~ j (l1il1mLflU[l11) ~~1 Lifu • • 

o = 0(1 + 2~) 
max b 
· . .. ~ 

a = fi5~l1U~LLflU[l11 

• • 
b = tl1~l1il~'lJtI~ LLfluiu 

v • v 

o = tl11).1LfiU~n5~V1in1JWu~lU 

· .. 
LUtI~'lln 

u t: 
tl~UU 0 

max 

p = 
a 

o[ 1 + 2..f[J 
p 

•• ° 01) 

..•. 2 ) 



• ~ v , 
1fnl~u H:rvi~ci'm!ru~!l"'~~fl8'l11 ~~ ,,~n1'lW 1 ) "l~~'l1.h1fu ["l l n 1) J • 

o 
max 

205 
o .... 3) 

.... t: v o'-' .... -oj 

~~UU!l1f111JH flU1-1UllLUU 1st re S", C o~cen t ra t 1 on fo e tor) ",1-1 'lU 'lflU 'l11V1lm"mJ1n~ 

K 
t 

o ;no)( 

o 
.... 4) 

p 

fI1~JH ~U1-11J Ill~1J "'~ ll\J 'lf1'unlJ Iii!. fI1m'~;'UVl1Un''llll'lmrn ( Fracture Toughness) 'IIiJ~ 
p 

1"~l\J'l1~~l'IinlUiJ ~ ~1 "l lnfl l K U ~llru'liJ~l'Ii1-1UVliL;ln~fl11~l;U"~SfllnU~'f11'~l;UlU~~ , t 'lJ , . .... "''' 
wn 'l ~inu~u~ l1J n 1 'l~m!1nl 'In'l ~'l lU'IIiJ~ m lJH flUU ~ L 1ruUI118 'liJ~'l11 lll1~ l sii~ 'l111l'l'lliJ~ 'liJ~ 
...' • " • I' ' 

'l11 ~~S~~~11m 1!J l flULilJ 'l~UhWI'I'l~nUfI11JH flj~fll j~n11 nl1f11S~'lfl1 'l Llflnl1n'lliJ~1Sfliifl1-1~U , , 

" I' ' " 

V1l)H5 LEFM lf11-1ci'nlnru'll~1"lln~'H1U'IIiJ~ Griffith ll\1~ Irwin 'lu'lll~l'IuilVlf1 
v, v 

1920 Gr i ff i th 1Illl;1uiJ1-1ti'n l nru'lll'lti'~ ~ luSiwlUnl'll ~~1-11mllJU lU 'l1~ lll1~lf1V1'ln l'l 
, I l' I tI " 

V11l l1 iJ~lnU1nU~UVI'l~nl1~l~iJ~~"lUVll)HfiWl~llSUiJ11 Irwin lf1~Ul~V1qHfi'lliJ~ Griffith 
, II • tI" 'v' V" II 

l~iJ'l1-1'l1!JO~aVlBl'll1'11iJ~~lUl'l111S~n ~~'l'llVli'l1-1lnllnl'llU~UU'lU~UiJU1~nl1'l1f1f11U UiJn"nU • 

'" I V .... .q ..,. ~ OIl 

~iJ ~l'l l1~~lUfl11!Jlfl'l~fI (st rain energy relea se rate) l'IiJ'liJ~'l11~~U1Ull'l!J~U 

v v 

', . 2 nl'ln'l~"U'lliJ~fI11JHflUUjl1ruUl11U'liJU'l1 1 [6] 
V' .... " • .., l' " 

nl 'In 'l ~"l l~'IIiJ~ In 1!J l flUWUj llruUl11~'liJ~'l11'lunu~lull~Un11~iJlrUI'I ~'liJU'l11 

I \ I \ I \ \ \ \ I \ I 

I I I I I I I I I I I I 
o 

" .... ~I t: 
~11-l1U1H11l11 J'hUl'it)tI ~ l1H:;~ rt1 ,30 cn.J91JirUI 

i i!! lUJ lcifll1 lJl frufi.JfI 'i :;1'\1 



" = - cos - I - sin _ Sin -
• .;;;, 8( 8 . 36) 
';2.. 2 2 2 

5) 

• .;;;, 6( . 8 . 38) 
" = - cos- I + ~m -2 51n _ 

..rr;;2 2 6) 

~..J~ . 0 6 36 
".~ = ../2;; Sin 'icos :2 cos "2 7) 

... '" v' 

~U;11C\MUltlilU~ilU~11 e = 0 f111l.aflU,~~tl1Ll1u a = a =aJ[r Ila~ 'r = 0 
x y L. xy 

... ' II ... II I I 

alJnl~~ 5) 6) Ila~ 7) Ilafl~'l11l~uyrfll1mllJlflUU;lllU~ilU~11~UilUnUtl1~afllU 
v v 

II I ... .... ... ... ... 

.... r'" "III 
tlil~f111IJlflU~~U (a) ~a ~ ~ln~ail~~il~~Ulf1~ilU~11 (va) "afllUUl~UnI1fllfl111JIflUI~lJtlU , v . 
~5ill;UnUil~ 1 1 SIF(Stress Intensity Foctor) UHU1UltlU psi Jin~5il MPa/rn 

tl1 S IF ai~{milU;'1LL1JUlmmJii~~a91ailfl~~Un;,~ ~tlUlf1ilUU~fl~'lUnJ~ 7) ni~tl~,iiU11J1; , v 

K = a../Ha 
t v v 

11 ~UUalJn 1 ~ tlil ~ fl1 '11J I flUU ; 111U1Ja 1 tl~iltJ ~ 11'1 U L ~illJ~il~ 

a K '(I . 8 . 3') x - ...;r.;cos 2 -510 2 ''"1 

a K '(I + . 8 . 31) Y - ..j2n C05 2 s,n i sin "2 

Ii:.S , 31 
t - rrr=!1n - cas - cos -xy 'V'l1lT '2 2 '2 

• 

••.• 8 ) 

• • • •• 9) 

• •••• 1 0 ) 

11) 

L1J1UUliiuualJnl~ii 3) lla~ 8) 111,~l11Jl1tl1 SIF (K) lL1l~rrULtlU91NnUtl1 

lim 
SIF K = 0 Y2aKtrup •••• 12) 

P"7 
ut'" ... ...." iii: 

fl~UUllll ~1~11Utl1mllJ I flU~UlllUU K
t 

tlil~ 1ilU111tfiifl911~~ 'lULflNa11~ 11'Oa'IJ'111~1 
I " " Sol 

tl1 SIF (K) ,'0alJn'1V1 12) 191 'lU01MrI~ 111tl1 SIF ,~~'11ltlUfl~U 
v 

K = • ••• 13) 

I ~.' '" 

LflilVi Q = ~~mrUnJ11Uil~1ilil111 
v 

" V I I .... , 

9l111~VI 1) llaMtl1tlil~ Q 'itn:ld'milil11111111~911~~ 1l1U'lU!lU~IUi1~!lUltl'l~1U • • 
•• to' I ... , 1 "III"" '" ... 

IJln,UtlilUN1Uiln IJIJil~fi~a91ilaU1IJflI11JIflUW1lalil1ilil111 
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'" '" '" "'. 
f11fl11lJLflULtllJtJU SIF i1'nd'u~U~lU~fU1l1'~UIJlJ~~ K

I
[7,8] 

• 
fllQ 

~ u 
tJUfltJil ~ 1il U 111 

• 
fl1Q 

• 
fl'lK 

I 

---, +:-.,--------- ---. 
n 10111 

...4 
n 'L~VI 4 

Infinite Plale 
with C~ ntra l 
Through Cr.lck. 

Semi-Infintl~ 
Plale with 
Thmu~h Edge 
Crack. 
( Lon~ Shallo .... 
Surface Crack) 

• .... 
n 'UM 3 

Internal 
Circular Crack 
Ul.lln Inllnite 
Body. 

." 

" 

• U 

Intern.lll Elliptical 
Cnck in an 
Inllnile Body 

• .... 
n1t1M 5 

Semi· Infinite 
Body with 
Elliptic:nl 
Surf&cc Crack. 

VIlnu L Vlfl 

I 
:;; A', - !..r,; 

'. 
( f1V1lJ 1 U L Vlfl) .. , 

I., 
;;; K, -!.:.!.!V;; 

'. 
( f1V1lJ1 U L Vlf! ) . , 

, 
f·"( .' - " )'" • - • 1 - -,,-1in" • 

.. Is the Complete E1liptK Intqui Function Whose Value 0 : 
IJ / c • IJic • 

0.0 1.000 0.6 1.271 
0.1 1.016 0.7 1.345 
0.2 1.051 0.8 1.418 
0.3 1.097 0.9 1.493 
0.4 1.151 1.0 ./2 
0.5 1.211 

For Elliptical Cracks : 
• - Len!,th of Semi- ~ Iinor Allis. 
e _ LenlJlh of Semi· Major Axis. 

q .. q 

4.3 tJUfltlil~nl'Ltl~uu'tltlil~R1'ilU'11 
v.::.;;~"'-;..;.;:"'-'-'-.:.. 

t' '" .... • 

'luVll~n~f11i1fl1nl1 LLflml'o 01'iL ~UVllU~U~ lUtlil~~1 1ilU1 11~il~ 3 LLIJlJ tl~'lu ~ml 

.. 
1) Mode I Vl51l 

• • • 
Open i ng Mode U15ilU511 LLUO'l10nu'lu~f1i~\l10nU,aU'11 . . . 

LtJutl~'lU~tl~ 80) fI1 SIF ~a KI 

.. 
2) Mode II Vl5a Edge Sl,ding Mode 

• 
il151lU'1100LUllU'lu~f1tJU1UnU~1,aU • 

... .... I 

511'lViLaaUaaO'llmrUtl~'lu~tl~ 8t1) f11 SIF fia KI I 

EJ~ ~ 
Mode I Mode IJ Mode III 

(Openinol (Slidino) tTtorinq) 

0) tJ) f1) 
• 

,u11 8 
• 

'. . .... ~ 

01'iLtl~UUtlUlf1l'tU~lU 3 LLUU tla~1/1,aU'11 
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v v 

3) Mode III ~5B Tear i ng Mod e ~'1~~111Gn~ "L~~n~I~LU~~fill~~UI~B" 
u 

iU"'U L ~U~"LUnJ~ 8fi) ~, S IF ~B K 
~ III 

I , ,, ' 

.!j _<4 ... ~ c$; 

LUB~ 'llmll SI F Kr KIl ll(1 ~ KIl l llJU11 1 >lmI'lB'j'lllL'IIUG"ml~1uLL'j' ~B""UI~ 
'" 'V V' 'v 'tJ 

fill~LI'lUlJ5Llruu(118'jB~'l11 ~~UvUfil SIF l ~(1IU~aL~~I ~W'~L~Lliu~~nLUn''jW, ''jru'l'l l '~ 

L ~8~ 18~a"1"~ 1; L liua~,~~ ~,"nN(1nl'j'lll'l(1a~l1lJ; liU-1 lU L nl'lnl ') L ~8~18 ('jB8; 11'IJ~ 1 ~ llll ) , 
I tI ' tJ tJ II t.I t.I " 

wm III L fiU Lil~~I'l(1il!l~U 11ll1'l~il'lilU'IIUI'l'lnll 0.8 (J ~a,,~~~wu~ IU~B"n(1~I"mnl 'jLLl'ln~n 
" v y~ V I d V I V , 

!{~il n I ') lLI'ln11'nB ~ I '11 IJ L"~ IJ ') ( 'l il ~ ') 11 'lJ811J1ll111'ltJ 1 IJl'la, l w~m l~ l fiuwn '1 ~Vli) , ~ L nl'l~u L ~B 
, ", V 

., - -'l" .<i v 
III SI F ( K ) IHfll1nql'l KC 'D,L')~nllLlJUfIl!llI~~IUVI1Unl'jLLl'ln~n (Fracture Toug hnes s ) 

'tJ 'LI , tJ " 

~8 " 1"~ fil K W11'l,'n~(1nI1VlI'l(1a"l~~'ja~,)llL~~Lnl'lnl,)~~11l1ll1~U~81l~(1IIl~U~L~U , C . \I 

'tJ I <f 

K
IC 

fllm 1~I'llUVIIUn I 'Hll'lnl1nalll,,,al'l lJ 

K 
I a 

v v 

film Illl'llUVIIU n I ') LLl'lnll' n,,'l~ ilJ~ 8Y1n I 'j'll1J 11l1ll1 'IIil" 18 m 11 

240 

L~ 220 
'> 200 
";;; 
->C 180 

! 160 t 140 
_ 120 

S 
~ 

tOO 

60 

~ 6 0 

4 0 

0 2 
o 

HSS T Pial, 02 I 
f- Mot.ricl: A53-3 GradeS 

Closs 1 steel 

, 

--I---

--

I- Dynamic 

Slotic~ I 

/ / IrArrest 

J V.i 
./ ' ./'" V / 

J.....--
'Stotie(lrrodioted fo ~)(101' 

. n{em!, E~l P:'tv ot 550·F")-

-300-2~-200 -1~ -100 -50 0 "50 100 150 200 250 300 



q 'V v~ "" ..:j q OJ • d tJ 

nJVI 9 ) ll~I'l~fl1m llJl'l1UVlIUnl 'lLLl'lnl1nVl~~1IJ~\m lU 'ltllH Vltlunu'IIa~ ll~U l l1f1nmn 
" , 'v v v 

~ ~ IJ M - M tl 1J 1~I1U1 ~~'l~rlUJl1~U~m1IJI1U~o111~UlI'l1Ufin'lruihlfl~ t1{ utln ':nni'hY,l l1lL~lI~ 
n 0 

, I V I V i I I 

d"", q v ""1 ........ ::1 0'l ~ q 
f11 K

IC 
jja'H I1Oln~Ul'llmnnu LlJtl >I'lU'l~~iltJ1l'llHL'l~Vl l 11fl1 K tll'ltll ' l1nl l'l lJlJln l'liUVI , Ie 

• ' I V 9 2 
5 0 F f11 K rc 'l~ Ol>lOll 'l 1n 140 1Ul1Ju 4 5 ksi .fin l~al>l~u~l~ 5 x 10

1 
n /cm 

, 'v I I 

fl1 KC l1Jufll 5 I F ~~~I'l~ ~ llfu~ru~IJu~'lIa~ l~~lm ~lIJ~ua~rlU~Jl1W'llalJl1 'l ~Vl 

n'l ~'I'IirlU~Ul1U ~llll'ln~'l 'J ,n~, 5 IF , K ~ l ilUf1'l1IJ'llHl 'll'llal~U1IJm 1m ;UU0l1tJ'ltl tI; 11 , 
VV 1 V I v 

"'>1"1 v "" 
fll SIF, K U'IIua tJ nU'IIU11'l'llalm1mflUllOl ~ 'l1n'l'l~,H'IIa~'lIU11'l'ltltl'l11 

" ••• 
4 . 4 .". "" ... "'" 

tl'l'lIITlOl'llalm 1 IJ\1U 11'1 IJl'laTi 1 KC 

Lritl~U~1UU1-1fun1'l~'lU'l~U1U'IIa'lTl11IJ\1Ul 
v 

'J ~lnll~nlWTl11lJlTlU'l~U1U (plane 
v V ' V I tI 

st r e ss ) ~u uan'JlnuVlu5l1ruUOllt1'latl'l11 (~ni~'l'lltl1tJ~1) 'J~Lnllujl1ruwal~~nlilu1-1n11-1 
v . . 

l l1tJ'lau ~U'l1U'J~ l ~tJ1ntl'l url'nHru~ lll'lnrlnL Ua'l'J1nn1 'lL UtlU 1 ilUlJIJ lBtI'l 45' 1 'liUfl-1'lu 'lU 1 n) , " 

lla ~ 1'11) ~~ Lilun1'llll'lnrln~~lJ'IIiH Mode I Lll1~ II 

v v . 
q'l~ v '1'l"~ v 'J 111 m 1m TI'ltJl'l U'l'lfi'lla~mlIJ\1Ul'J ~!lnmlIJ\1Ul'11tl'l1~1II'l1U lal 1 U'lJru~'1'1 L nfln1'l'lltJ1tJ9I1'11a-1 " , 

v • 
q q .q oS 1 ... v<:l.... ... u'l 

'l !lt!'l 11'l ~ lnl1U5l1rul'lI11~l'lnLl1n '1 11t1'ltlU ~1llI'l0I10lJaOHru~l'ltJU llUU Mode I ltiUfl-1 u'lll 
~ 

I I I ' I ~ q .q <I od:I q'l~ "if ~ 
1'1 1T1 ) 'J l0'l'lqHnTl11IJtll1\11~UllJaTl11lJlTl'ltJlI U'I'Ifi'lla~Tl11IJ\1Ul ( z ) E

Z 
lJTlll uttuu . 'J~lnfl 

Vi tI tI I , 

~Jl1 'l ~ mllJLfl:j Ull'l~U1U~Vlujl1rumu'lu'lla~~u~IU l'liU ~-1'lu~~ 10) lla~fl1 KC n'l~ll1I'lIlU 
'. v "'; .q, q .... ..,; ... I • 

I'l1lJm lIJ\1UI'11a-11~~ ~'1'1 11) Ll~fl-1a'l'lDWI1'11a-1T111IJ\1Ul'l1a-11~~lJl'lafl1 KC lla~~nHUl~nl'l 
v v 

v 'l .. v 
lLI'l0I10'lla'l'latJ'l11 U'lU'lIa-1 % TI11IJL'ltJU'IIa-1'laU'l11lll'ln\10 (percent square fracture) 

" 

Prone stress 

PloSlic Plone s"troin 
lone 

Plone stres! 
Crock 

• 
'i1J~ 1 0 
~ 



t 

7 0 

Plane stress 

00 _I 
~ :c\ 

80 "\ 

/ 
~ 

" 40 

Plane strain 
K,c - - - - - -- - - - - --- - - ~- -=-=-:-:-""- "'- -;':-';;;:T=---J 20 

• I • ~ 
Mixed mode: Plone Q_ 

0 ~i 

1O~~1 -!! .. -' 
/ ~~ 
~ r--

1 00 

80 ~ 
E 
u 
o 
" 

60 e~lq, 
go 
0'0 . ~ 40 _ 

i 
u 

" c 
20 0. 

o fracture: stroin z~ 
I fracture :-- 0 .2 '.4 .6 .8 1.0 

Thickness---+- Thick,..." B, In. 
, 
~ " 

11) III j L t1i'1t1U1ItJ ~mKC nUfl11 fJ),nn 
, 
~ v ~ 

11) III H t1iltlUtltJ~KC LLil~illl1ffiJ~1l1 j LL91mm 
v v "'I .oi 

1ItJ~ ltJ tJj11llUmllJl1Ul11tJ~tJmlL Utili • 
~<tlJ 7075-T6 

, 
1lI~ 11 • 

• "'. '" '" I .. ~1 . u .. '1'" .. ' 11l ~t1., 11) ' ~Ll1U 9111 ~1 KC <tll1jUlljru~11lJL~U5~U1U UnU~lUU1~'~lJ~1 
u , 

. ". '1" .. '1'" '1.... ~~ LLil~ KC lJm911~~ Ullmfl11lJLTl5U915~U1U U'aU~lUl1Ul m KC UIl5rufl11lJLmUTl1~U1U 
'" • '" I • 

L1UIl11 SIF <tl"'lUmllJL~5Um ~U1UL~UUmlU911U K
rc 

m KC i1Lilut)1U<llJU~tia~1<l~~~~m 
I v v I' I I I 

Tl~ii<llWlu'l tI'lun 15aamLUU;}U~lU91llJl1iIl1la~llml1<lmn 11 LL91nl1ll K I C iIDn~al1i1~ L 5Un11 
u , 

.... 4 q.... .. 
fl11lJ91lU111Un15 LL91nl1nmam llJ L l1UU191anl1 LL91nl1n (f ractu re toughness) nlHtliltJUlti • 

• , V I V 'II I I I 1'1' 

aUl~Will<l~nLi1a~'lnn15511~1il91il~L~a~11lJl1U11la~~U~lUL~lJnU ~~L"1«UL~lJLtla1L~91Da~ 
.. u x 

fl11lJL 5m.J'lIa~ 5amL91nl1n [1 008J 
'" • tI I v 

U~L1ruwill<l~ntlillU5aUl11'~Liluu~L1run11~ii~1'l1a~nU~lU 
II V • 1.1 I V ..: .... t u II . q"': d4 q 

LD1'lnanill~~RU~U~lULtlUTl~'lUltl., 10) ~~UU~l"lU~U~lU"Ul U1L1nM1U~1~nftB U,L1ru • • 
q G ..,; q...... G ";q I "" I' 4 I 

wal<l91nLan~ "911~nal~Tl11lJl1Ul Ra'lla~U1L1ruwal<l91nLan~ "lJ91aRanl11LTljl~nl1aTl"tJU • v v tI V I tI V II 

L ~~ L <lu U; L 1ruUaltJ1atJll1 <lllJl1ULm '1'lI1Tl1~U L ~lJm llJtll1'l1a~ jatll11w'l"'1lJfr1~Da~ 
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a q + r 
L~l-J p 

1 2 
2n [K1C/oytJ 

t '" I '" 

••.• 14.1) 

.. . • 14.2) 

, .. 
'!tI'YI 1 2) 
v 

~ ~ ~ 

U~~~U'jL1~<l1~~nL<ln~ ~hJ<l1!J 'ja IJ'j 11 LL<l~mtl11l-J!J11'l1a~ 'Ia!J 'I 11t1 'I ~~'YIfi~<l get t 

, v 

'ItI~ 12 ~nHru~'lIa~ujL1ruW<l1~~ntl<l1!Jla!J'I11 
v 

v 

4 . 5 WU1~n1'jU!Jn~''l1a~'IaIJ'j1' (Crack Opening Displacement) , COD 
" • v I '" I "''' '" 

V1ql>iin<ll11~~'!n1 'j LL~n11'n~'1'YIfu1~~~~1l~U L ~~ L ~u (LEFM) ~'1 ~n<l11ii~l-J1 U<l1'l 'll'1~ 
• I I '" I '" '" 

~nU1~~~nn1'jLtI~!JU'jtlaIJ1~U11'1Ua!Jl-J1n ~illfu1~~LllU!J1~~Ln~Uu~L1~<l1~~n'll1~llU1'1aU 
' v , 

'" '" I " I I "I 

'I11l-J1n We 11 s '1!1 L ~UtlLLU1fim 1 n1 '!'lIU1U~''l1a~ 'Iau'! 11aU1~ '1m ~1iUl L n~~u L ;ID'lIU1!1n1 'ILLUn 

"'. I I , '" It'" " 
~1'l1a~'jaIJ'j11ii~m1nqm ;IJn11 COD LL<l~~l-Jl-J~'1m COD ULVl1nuVl4'lu~U~1U'l14 LL<l::~U'YI!1aa~ 

v ' v 
~ v.:\l "" q~ G.... "'" ... 

'l ~!1 <l 1IJ!1<l~nULl-JaU'IL1ruw<l1~llnl-J'lIU1!1L<ln'l'l4~ LL'I~UUn'lau'l111nqll G
C 

llallU1Ufl11l-JU11l-J!11 

Ll1u 
•••• 1 5 ) 

, 

1~ !J~ 6
C = 

v 

a 
yt 

m 

!111l-JL!1U!1'j1n'lla~1~~ , 

COD 1nq~~~ L n~iu'lIru~LL~n11'n'YIjam~~'jaU;11 L ~l-J'lIU1U~1 u~iUa~nULLl'l11L Ila; 
v 

I, I I I"" 

m~ 'l L'llUL~U1nu K
1C 

uufia'llii~'lIa~1~~ aru'Yliljjti'm1f111l-JLfljU~LL<l::iiU'l mLll<l1u'1Il'l1nn1'1 
" v 

" I I....' I 

'YI I1N ll~ "( ~!J'l 'll L !1~ll~ 111n1 'Iiil1~'1!1m'l1n~UVII1<la4~n'jaUU1n (notch spec imen) 'lU~ilTI1~~LL111 
.., I V • I • V v 

<la~'l ~'l'll~1ULwa'l~L~UH~n~illfuLtljuuL~UUnU!11 6
C 

~!1iU1ru'1!1'l1n"(!1'1~~'I1~'l1~'l 
, I • I I ., 

ltl~ 13) LL~Mn'l1l'l~1aUWl!a~LL'j~fi~LL<l~m COD ~~~~!1~~ifi(y'l fi'~u 

COD 
, , 

'l11 C L~U'l~~il1'j~~m~~~!1 
, , 'U , 
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Ultimote 
c: " load 
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