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The development of new materials and the increased sophis—
tication of computer assisted stress—analysis techniques provided
an oppor tunity for the Ship Struc ture Committ ee to review and evaluate
current and proposed ship hull crack arresting systems . Major emphas is
was put upon dynamic frac tu re mechanics for the proper classif icat ion
and evaluation of the crack arrester systems investi gated. Results
have also been compared w ith a stat ic arrest  toughness analysis.

The results contained irs this report indicate that 1) there
is no general type of crack arrest system comp letely superior to all
others in all circumstances; 2) an exact quantitative evaluation must
be performed for each app lication ; and 3) insufficient fundamental
work has been done to prov ide a fully ra t ional or sc ient if ic approach

• for crack arrester design. A five element research program has been
proposed to remedy these deficiencies. This will be considered by

• th e Ship Structure Committee in Else future.
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ABSTRACT

A w o r l d — w i d e  Sr i  r v I  v of m a r i ne  eng j i l l - i r s , sh I py I r d s  , and r e g r i l a t  i ng
i l g i Tic  S ~-S was conduc  ted to s l i  r to in bet  Ii c u r re nt  and cent emp I ate-cl appr  sic
to a r r e s t i n g  c r a c k s  in s h i p  h u l l s .  As a r e s u lt  of t h i s  s t i r v i ’ , -s c r ock o r —
r e st e r  c l a s s i f i c a t i o n  s st em  was developed . The c i  i-s - i  f j c ’at ion s-is  used to  s i d
in a s y s t e m a t i c  i n v e s t i g a t i o n  s imed at  d e t e r m i n i n g  t he  m o st  a t t r a c t  ive  p r a c t i c a l
schemes  f o r  a r r e s t i n g  c racks  in shi p h u l l s .  I i i  a d d i t i o n  t i  d e s c r i b i n g  t h i s  c l a s s i —
f i . l t i o f l  s V S t c - i f l  , examp le ca l c u l i L i o n s  showing  qu a n t  i t a t  ivel V t lie e l i t  o f  i m pi l s  l eg
v a r i l u s  k i n d s  of m e c h a n i c a l  ar r e s t e r  dev i c e s  in t h e  p a t h  if a i . c ~; t — r i - v i n g  C C I  k
a re  g iven  in t h i ~ r e p o r t .  r s s i d e r a l, l h , i e k g ri icnd n c , i t c - r i i i  on L i i i - I i i  l i t  i l  C i t i S
c e p t s  and m a te r i a l  c h a r ac t e r i z a t  ions  r e q u i re d  I or t h e  a r r e s t  .e f i s t  i r s -  t o r t - s
a rid f a t  i gile iii also g i v e n .  Taken t o g i ’I I s - r t h e  work  i i i ’ s  r i bed i n  t h e  r i -p er t  in
be used is a f i r s t  s t e p  in dev i l opin e gu ide l  f i le ’ s o r sli i p d c - - ~ i g n er s  i n  - i  t io l
where  s tr u e  t u r a l  p e r t u r b a t i o n s  f o r  t h e  p u r p o s e -  of a r r e s t  leg u n s t , i h l c -  c r . i -~
p r c r p a g i t  ion Ir e  env i  s 
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A Si l ’D~’ c c l-’ i h h h i 111 1 11.  ( :gA CK AI-DG-:s’t i:ii gys IllS

1.1) 1 N i R a li l i :  l io N

E a r l ~ i n s t a i n -e s  in wh ic h th e  i -a r a sti r ccphtii- t a i l u r u  i f  a s l i p  h u l l  Wa S
a c ur  I 051 by t lie ai ’rt-st of a r a p i d ly  p r o p a g a t  tu g  c r i c k o ccu r r e d  in t i c  1 9,~D 

‘ .

The 1 i ne r s  N i j s - s t  in and l i v  i a t l i i n  both came pen l o u s l v  i lose to i-r c- aki ng in
two at sc-S in the winter North Atlanti c - . In ecu -hi I N c’ , cracks propagated
5 ’ r c l s s  t h e  s t r e n g t h  deck and down time ships ’ s ides  and s topped  o t  c i r c u l a r  c i  r
a r t  op e ning s 1 

. W h i l e  these  somewhat  f o r t u i t o u s  cases mi g ht  cave si r —c t-cl t o
at  i m u l i t e  r e s e a r c h  on f r a c t u r e , i n t en s iv e  a ct  ion  was nut m i t  icc t t-d until aft i’r
t he ep j U t - n i  i i ’ ot ship f a i l u r t i s o r i g i n a t i n g  wi  t h i  th~ ~clic’n ~ c ’ i cil y and t i c ’ Esso M a n —
s c a t  i in — ,  d u r i n g  W o r l d  War i t .  S u b s ta n t  j a l  I y ,  as cc r o s i c  I t  i t  these and o t her

~cr i on s  h r  i t t !  e t r an  tu res  in L i  ) c ’r t v  s h i ps and T—2 tankers , a c r~c grain ot  ri-st-arc -h
S is  s ’ s ’5un . This work  has developed into the pr -s -sI n t — d a y  t i-c-hnica 1 d i  ~~_ i p 1 i i i -  of
rai l c rc mci - h an ic ’S.

l- ’ r,cc tore mechani - s 0 p c - P S  the sac ‘ analyze i n-s- inti is- r ing st  i s  L i l i e s  I s it

w i I c-S i ’ i n n  t - p r i - d i - l e r m i t i e d  amounts cit sta Si c and u n s ta t i  i i -  c r a c k  p r os -t  .1.
S i’ l l  I c c  i , ’ -~ i - ~iii tliiai fit - ; i i , c j - u c ~~c c p c  t ‘1 c- r o i L  in 1 d i  I f ‘ t c - u ~ “ c ’ , s-

(I) Through th e s5!ts ’ t ion of relatively hlc s - ic _ s i p
materials , cri cks sire not aLlowed to pro’~: N -  1

cr i t ic a l sizt- . P e r i o d i c  inspe cti on s ;ii ’ c - i r r iod Ou t

to ensurti that c -r acks arc- det ectcs - d hot c - r n  t h i , -v  c a n
‘a i i se  f a s t  f r c i c  t or i ’ . In o rde r  to  sc hin du lt - t i l t  in—

spt - i ’t i on  i nt i a ’ v c l . in cc i -u r i I i ’  c l i i i ’  i s - t i  r i z c i t  ion  of
f a t i gue c r a c k— W i -wi  h b c c h i a v i o r  i s  r eq ic  l i t - c l  .

(2) i-b c1 i - i ’  t o  or j i w  - toughness mat trials sire ins p 1 - ~ cI and
c - r a c k s  art- a l l o w e d  to  g row I , - .i - - r i t i a l  S i 5 ~~t and

last f r a c t u r e .  U o w e v er , thu s t r u c ’ t  n r~ i -c  d - -’
si gned r u du n d a n t  such t h a t  cm f a s t  c r i c k  i s  a!’ r o st ol
w i t h o u t  causin g comp k e t t -  l o s s  i t  t h e  s t r n c t i t r c ’ . ‘th is
can  be .ccliii’v t ’d l iv  b u i l d i n g  a s t r u c c u  c o n s i s t  ing  -f

— 
p u p  1 Id m e m b e r s , on t -  c i t  w h i c h  ma’,’ conip l e t . ’l Y l i i i
or by t h e use of c: r a c k arrest -r s .

(3) I t - i c R - r u t i or l ’s tou ghness i i i c i t i ’ i  i t - i  c r c -  emp l - ’ ’ -d and
r i c ks Sr i - p c - r i c t i t t e d  N r - ’w t i  - r i t u a l  S t z c ’ i s - i  i n
2)  h u t  t hu, t i _ l i l t i r s ’  i s  lo t  r c — d ij u d u n t  . l o s _ i c  I ,

c r a c k ar r c - ~~t n r s  I r s -  i n s t i l  l i - r i  in c r i t i c a l  l o c a t  i o n s ,
n i - S e i r s ’ si c - s i g n e d  t o  s - i  ip  II , i r  k r c - oi ’e - 5 - : - c S S l V c

cl i n i c s  is  s ij s i , i i i i t d and  t o  - O i i L u j s i  t h e  s t r c s  t o r t -  u n t i l
r i - i - , ! i r s  c iii St 5 , I a c t i -  -

t P r i ’ s c n t  l v , l i : s i p c - — t  - l e r a n t  c o n c e p t s  I and 2 i i ’t su c c es s :  c c l  lv l i S t ’ SI in
a i r - r a i l  c h i - s - i g c i . S I L i i i -  t i c - i  I c - c l o l - p i e s  dev ~- l i p ~~d i i i  i - . a i r - i  i f  t i i t c i u s t r v
w i  I I i, d 1sc ’iis~; c d  l a t e r  in c i a  i

- r i  I r t  - h i a n i c ’ s . l ,p s i c s -  I o l s - r o i t  s t r c i t t i c c i n s  c c v i  n o t  c - - cc c s ’ ’1 - l  l i i
in d r i l l  in  ‘ i s - d c — s i g n  01’ s h i p  h u l l s  and l i i i ! —  s i c  c , ’ , i s -  - ‘ - s ’ t r i : ’ r t  - a t o  s i N h i  i ’ i s - s ’ t ) t

~1~ ~~~~~~~~~~~~
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f r i  b i t S  i s  t n i ’ l a r g e  hu t i-grsilt-c h tug/barge W .V. N s i r t h i s i  IC l u 1’ r , i n c  j p  N w  l c i ’ k

- i - - i  l i t  1 4 7 ,  — — h u t  t i c s  u s c -  I t  [ c a n t o r s  flt es I i l u l t i c s  i i - t c i _’ i ’ J i t s  k s  lu - c id v i ’ , t i - i l .
R o i f t -  st  c i i  ‘

~ have proposed t h a t  t he  mos t  e c o n om i c a l  d a m a g e — t o l e r a n t  s t r a t e p i -  f u r
s h i p n u l L s  is t he  use of t i c a t e r i s i l s  w i t h  i l m o d e r i t e  l e v e l s  uf  n , i t c l c  t o i u g t u i i ss w i t h
pr psc  Ii - -  ~l i - s i gneJ c r a c k  s i r r e s t e r i c ’ .

I n  r c - t u r n i n g  to lice c o n s i d e ra t i o n  of c r c i c k  a r r es t e r  syst c - r c i s  I -  p r i ’ v c u t t
s - c h i n  h u l l  f r  i - t u i r e , t h e  p r o b l e m  h a s  come f u l l  c i r c l e .  The or i g i n a l  sH u t  ion t i c
I s s i  i t  I — a -  tied l i b e r ty  shi p d i l emma d u r i n g  Wor ld  War I i  was t i c  i nc o r p o r a t e  - r a c k
, c r r , ’s t  i r s  when - a d v a n c i ng  b r i t t l e  f a i l u r e s  were to be s t o p p e d . These c - i n s i s t  ccl
- i t  I I o n i c — c u t  I o i t g i  t u d  i na l  s lo t s  a long  the  w h o l e  m i d s h i p  p or t  ion  t h a t  we r e  c overed
w i t h  riveted straps. b-tony cases  arc ’  on r e c o r d  of c r a c k s  being a r r t ’s t t - d  by t h e s e
d c - V i i t ’ s  , ~ csf c t is a lmost  c e r t a i n  t b - m t  several  sh ips  w e r e  ssivi-d from comp lete
r , - c  i i i  by I n c r  p r t - s c - n ’ c— . M ore  r i - i  m e d  c o n ce p t s  s u c h  as a r i , - s t  ing i br i t t  I t
t r u i cr , S i l o  i si r , c k e  of not chi—tough ~ t ce  I w e l d e d  b e t w e e n  at  r c i k t - s  of c t  ,ind~ rd
ship 5 1 c c - I s i r e  c u r r e n tl y f a v o r e d  b y sh i p des i g n e r s .  However , i ’ p i ’ k ar r e s t e r  d i - —
-‘ t i t t i  - t i-c J u n - s  ci re still not well developed in gt ’nc -r s-c l

t h u ’  g i - n i - r u l  oh c i t  ives ol this report are as follows, F icc - c t • the
t c - . t c c c l  I - - l i  , h crack arrt-st&’r si--stems a r c  considered in p r t - s cn t  — d a y  sb i c c  U i - s i g n s ,
is ‘ I s I s  rs-i in , ’cl b y su r v cv  I ng  mar  inc  e n g i n e e r s , s hi  p y a r d s , and n i - ’g u c i a  I i t i c ~ s i g i c i c ’ i t ’ s ,
h O t s  In  t l c - I ’ . S - c o o , c h r c a d , w i l l  he d i s cus sed . Second , a s t u d y ,  [d e n t  i f y i n g

t t i . - b i S i i ’ t s , c t  , r i d  and t h e o r e t i c a l  c o n c e p t s  r e q u i r e d  f o r  c r a c k  c i r r c s t  d e s i gn
i s - - I  -~~ t t j o g  t h u ,  st ; igt ’  f o r  more advanced r ec -c c c c r c h  i n to  t h e  des i gn of c i  I c i  t 1 V i ’

- r i  r N  ,-r s  f i r  sh ip h u l l s , is  g i v e n .  T h i r d , the  c u r r e n t  s t a t t-  of t h u
‘ c - c r i k i c r - -S ‘ l i t - tn t ’ s  ‘ c c c i  c l s i - s i f i t d  ccnd c Vsu l u c t t - c h  t o  i d e n tj f ’ , -  i c c c , H ~

t s c s - u R ’ , ’i ’ci u I s i r  c l i ’s i g n .  l i c c r t l c  and l a s t . n t - c i , nn, s -on d , c t i n n s  h - c r  t h e  r c - s c s i r e h i  ne c -t ied
t o  t t i s c ;  i , - l i n u c l u i p i - a l  c r c i n l e m  Sr i-  st- I o u t  and disct i s sed .

~~~~ ~~~_ - -
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2.0 DESCRIPTION OF EXISTING CRACK ARRES-rER 1,1,5 I G N  P R A C T I C E S

2 . 1  BA si c :  P R I N C I I ’ L E S  AND C L A S S I F I C A T I O N  OF A R R E S T E R S

The basic p r i n c i p le beh ind  t h e  use  of a c r o c k  a r r e s t e r  is  to  n t ’~h ’ l -  i us -
crac k-driving force bel ow the resisting f o r c e  t h a t  must be ov c -rco r c i t -  I i ’  i x t e n d
a c r a c k .  T h e  c r a c k - d r i v i n g  fo r c e  is the  e n e rg y  ( s t r a i n  e n e r cv . k l i u u - t  i c  c - n i - n p :
and external work) released by time structure at the crack li i as fracture s - s t  s c l s
The r e s ist  ing I c - r i s e  is f r a c t u n s -  e n e r g y  which is  c l o s e l y  r t - L i t e d  i c  t h e  f r . i c !  c i i
toug imness of t ime m a t e r i a l .  T h i s  p r i n c i~u i e — — w h i c l m  u n d e r l i e s  t h e  us ’S d h - ~ ip l i n ’
of f r a c t u r e  m e c h a n i c s — — c - in be used to  c l a s s i f y  the  d i f f c r c n t  c r c ,  i t  r t - s t c c r i t t —
f i g u r a t i o n s .

( 3)  A r r e s t e r s  t h a t  dec rease  t h e  c r a c k  d r i v i n g  f o r c s - c c i  , l  p ro-
p a g a t i ng  c r i c k

( 2 )  A r r e s t e r s  t h a t  m c  r e u s e  L h e  f r a ct u r e  tou g b in & -ss  i f  t i c

ma te r i a l  en coun te r ed by a propagat ing crack

(3) Arresters that simultaneousl y chatige both the drivi im y
f o r c e  and the  toug hness .

A more  d e t a i l e d  d e s c r i p t i o n  of t h i s  c l a s s i f i c a t  li ii togetht-r wit h some n u m i - n  i c i I
exanip les are  g iven in C h a p t e r  6 of this report. 1 quan ti t s u tiv e discussi on i t  thi n
fracture mechanic s parameters is given in Chapt cr 3.

In the r t - mi ici-h ~-r  o t  l i i i -  s s - ct h c n , b r i e f  d c - s c n i p t i  i n s  c i  t b i c  - c c n i o c u s  l i c1 I s
of  c r a c k  a r r e s ts -r s  w i l l  I i . - g i v e n .

Riveted Seam l~y,p,e of C r i u - k A n r t - s t t - r . ( F i g u r i -  2 . 17 . 1) ‘ 1 h c c ’ i on t i i i u u ’ i i c i
structure if an all—welded ship makes c r i c k  a r r t ’ a t t - n - s  v t - r i -- i ssent  i i i ! .  I n  this’

r case of a r i v e t e d  d i s i - o n t  i n u o u s  I m u l  1 structure , a c r i c k  o b v i ou s l  ci c , i n n o t  c o o t  i ‘ t u c i -
to  p r o p a g a t e  i c c - c  a r i v e t e d  s e a m .  ‘h is- - i s i s - s t  scud s i t s c i c i e s t  t n - ’ ’! c t , i -  k i t - n c  b . , n
system would he i c u  i t s - ; . ’  r i v i s - t e d  seams i t  t h e  v i t a l  - n t  h i t  i f  5 ’ l c i - i h  - s t  n c  t i n
However , t h e  e c o n o m i c  and l a b o r  i -ond i t  I i n s  s- > : i s t  l u g  t c i i  , v  p r i -  u s c ! - t I tem I u ~ u t 5  -

of the  s c a r c i t y  of q u a l  i f  led  r i v i - t e r s.

l n s ertt -cl Typc of Crack A rnc- ste r. (Fi- g i t r i - 17 .1..!) In t h i l — . t v u n , , t  -

c r r c ’ s t t ’ r , t i u i u g hc- r s t e e l  is  used j u s t  s i t  v i t a l  l i e d  R u n - , i n  t h c  - c i -  t o t  - , ii i s
F i t  e c o n o m i -  i i  t o  u s e — h i g h q u a l i t y  mata,- r i i h i n  t hi s -  w l u  i t  sI re t u i r c -  I S -  I c i u s i

ldc- i is t l u , u t  i t - u i g h i si n - - t i - n  strci ke c’l i - v , i t i - s  t his- i -t i - k i i  s h ~~ t t ip- , - I r s  u l c i  -

the level - i t  t h e  i -r~ t’ k— dr l y ing be rt- c . ‘ t h is is thi s mi t - I i -om meu t o  i s-i l l - v - I  i i i
marin e app 1 - atiotis . Also , exp erim t- n tai i-v, i lui t Ions of t h i s  t v p t - ’ ii irrc - .c r
have been cci rr icd out ratbic- r c-st ri - c I v t l v . u

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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P a t c h  v~ u c  u i  i n i c k \ r t ’ c t c r .  ( I -  i g u r s -  2 . , u .j )  l i i i -  ~~~ h c ~ i h t i u ~
type i f  sirrester i s  t u ,  5u 1’ - 1 u  l s S S  t h i s  i ’ r i c ’ s s — c l r i v i i c c :  c u t s - c -  Ii\ ’ i t t i  - ‘dc  i i~~~ - ~ i ’ s—
s i s i t i  load fro i t t  . u p _ i t t - h i .  I n  ‘ c c - i c c - s-xpt - r i t c c s i u i c l  h c u v s s t  R i b  in n s , t h u s  u - m i ’ s -  c c i  t h u s
h i tc h reveals a decr s- , i s t -  i i i  K near  t h i s -  p i t c h . t ’ c c , 1 1  s i c - , . a l c i ’ c s i r ,  S r u n s
i n to  t h i s  reg ion , i t w i l l  h i  ani ’c - st ’i l u - c c - i t  t I  c i - c c 1 ’, lc  t h e -  h . i s i c  I n - u I t i n -  i u u p t n t e c - cs -s
is imot chan gc-l

S t i f f t ’ cc i -n  i~~ c c u , I ,\n n - c , t c n  (F i gi cr i - 2 2.4j 1St- - - t i - c t c R i t n  c - f

a r re s t i n g  a rutmn ing c r i c k  i n  t h i l -  s v s t i ’ ss c i s  s i t t i i s i r  I - u  n ui  s c I c i m — ~~y l ) c -  r , i u u d - l
C a l c u l a t i o n s  have shown t b t a t i f  t h i t - msi i tm c r a c k  p , u S s c s L u r o u g h t~~ - ‘ t  i f f -  I t s - i ,
t he  a c c o m p a ny i n g  d i s p l a c e m en t  w o u l d  t i c  r u - s - s i 51. 1 Sc th e  at if f c c u - - c a s i n g
compres s ive  s t r e s s  at  t h u s ’ t r u - k  c c r c , u  s i t U  ci r c ’ c io c  t l o u  i n  ti n- Uri c - : s i p  n r c -  - -

‘lest results frost various comb in5t i sis ot a st i t f t - c c c  i c , mu llen ,, s, - c u-I I , i t
t r ea t  cund i t  io ims m d  I c s c t e  t i c , c t  c r c  -c c c i t t  bt- , i r n c ’s tec h u s i n g  t h i i  -c ‘ c u n i .  u t  -

A ‘f —t i - -p c  i n t e g r a l a t  i f f c , -n sr  ic - s i l s i  s hown  on F i g i t n i -  2 !. 5

) I t s - I u iv p s - - t  i ; t ’ : c - k  u \ r r t - s t i - r .  ( F t s : t i r c  2 . 1 7 . )  I n  t h i  - c s - p c  o f s - i l l -  S

arrester , the h_ i - ct- m i t t - r t c c l  t l c i c k n i - s s  is th in n i - ui hi m a c h i n i n g  cc pr y -  s u i ng  l i i i -
u i s u t c  in a d ir e c t i o n  p er p en d c c u l i n  t o  t ime  a t i t  i c i p s i t _ - ,h r u t t t u i a g  c - r a c k .  T h i s -  b u s - t i c
idea  is t h u a t the  f r a c t u r e  m o u l t ’ can  he made t o  l i i t t pc at t h e  r i - U  i- -U , c  ‘ i n t l  by
p roduc  ing a shear  l i p  t sr . ’  - The i- f f t - c t  of  t h e  sh u e ar  l i p  i s  I - -  c s - i  ; i s (  th u t -

—
• e n e r g y  d i s s i p a t i c i t m  mode sind to  clc cti s- ’, c the crack -r op l ip sut inn di ru ’ s t i c s  i t -  c ’v c t i t u n l l y

a cr es-c t l i i i ’  c r a t k .

fl ][

Hull

I
i Welded Patch Type Riveted Pa~c ’ - T-,c 1pp
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2 . 2  ~~H I P  I . A S s l F t t  S I  05 R c a  I c  b Y R h ’ b ,l S

t 

I b i s -  u c i ~~’ l i l c t i i  c i t  b i t t  i i  i i  t u u r  i n  h i p s t i u i  t u t s s -  s u - ~ c c - i i t  id d i ’s ss s— d
- b y t h i s - c l i s s t l  1 -  i t  i on  s i c ,  i c - t i - - - - t i h y  i i .  u i ~ - t u i 1 -  t i . ’ s i m u l t , u i u i - . u u t s  u ; I cni u , ic lii- u , :

h t t t p rc ,v i ’ ’ c . - t  t i c  I - - I - - i s i  g - - c e t  i i  -old t h e  cs i - ’ t  ) ‘ c ’~ i d
SI  - i - i  -i ii - i - i I c i i  • t ‘ - I ‘- - - t

- 
2 .  t s c i ; - r - : . ss ci - t t t I i i  i c e  i t  .— , i t i u l - -,ir , 01 s i u i ~ - t  i - c . t u cr c -

— i. l t t q c r o v c ’ i c , - u t  1 5  5 ,  . i , t - -  u _ -ti I ’  t i - I ,  - ‘ I r i s-,s - n - 0 —

t r u t  i i i  i - t b i - , I s .
11

l i i  ‘ h is- l~i i s t ~~~~ I c r -  ij i t - t i  t St- h r  itt I n~ c t  s n  ir  I - c t  S c - -  i ts-c m i - - - t
- c n u c . ’ l u h , t h e  c i u s s i f i  c .  i - n  hiS  i t  5 5  h i t . .t  l u - b -  l u s h  cp u ’ c u l i - ~~i t  a c t i i n .  As a n i  —

s u i t , ci I cic : e u u c s ’ D c I ’  - I  S~~ i - ’ i t t -  , u t i , u t u a  a - i r s  t n s t  s l u t  i - , s~ i c c c i - t  c s - i s - t  - i  c - - c i t  l i c t i t t i t
t m c u t u r n .  In  i t  ‘i , ‘ - - -c , i v s t , t i c s  s c c c i ,  t t c s * jic htis- d icc - u u n i b  Ii i t  c u e  ‘ - I  t i s c ’ i r  r i c h --c
w h i c h  a - u s  ws i comed by bt -t h i s h u  i ; u h u u  i l i i  n a  nd st s -c- I s c c i k s n ’ , -

- I s , - - I i - i ’ I s  i n c  l b  I 5d  l i v  t i -  s i c  i i  t i - -  w i t h  t i m 5  j u t  i n t  l i i  u I  ‘ r u -
V I , i  t i p u - r i c h -s at -- t rcnc ’th b eet s a u th lice i u u - ~~~ - a s - i n c  t i i u g h t t i c ’ cc~ r t b c c i r  i n t i - i c c h s  I

- usc ’ . The c r - s l u t  i on  U I  t ou g i u i cs ’—e- . iS - i  l its il t c t - d bc s~ ’ i ’c h f v h t t 5 :  t h e  , u ; u u u n o b  t h a l . -  r e —
5: . t r s 5 s c e i i t i f - r - - c i t  rol i f  i l u — s i n a i  i - o n ip o s it  i on , h - r e c e s s  c I  m c i c i i c l s i c t u r t ’ , c - si It lu.

- - p r - i s - l i t - c’ cu d , i n some c u - s e - , , :s - r i f b c s i t i o n  Sc i ’li sir pv V—notc h t i - s t  i t i . t h u . ’ is - s - t i —
7 

- csi n i l s i r e , i u  c i  S h l p p c t c s :  s t e e l  g r a d e  p c c i f  i c . i t  1101 5 u r c  a h i u i w t t  i n  I a b l t - s 2 . 3 . 1
‘. - 2. 3.2 ~~

— . For c u s s c p i r  ison , I c i b l s -  2 .  1. 1 shows  t h e  spec i t  i c s i t i c ’n s  t s r  cs- u s - s i -  u , f  t h e
cc i tc ic  s t ee l s  t r - - cn L loy d s  Reg i s t e r  u t  Sh i p~u i n g 1 ~~ . These specifications dif ic- r

- ~~
- e s i - n t i . u l  l v  o n l y  in t i c - - i r e , c  of F h i . i r p v  V — n o t c h  t e s t  ~ i t i t  t s - I s i l i r ’ r s i t u r c s .  i c c -  ABS

t 

s p ec i b l u  i t  c - - t m - c  rt - q u c r s - a t i - a i r  t i - - c t  l u g  I t - r c c p i ’ r s i t  i r e .

‘Ice app l i c - ct limo s for esic lt s t i - i ’ i ‘ir e  i n d i c c m t c u l  i t i  t i m e  v a r i o u s  sect  i~~t t s
of t t c e  R u l c - s  t o  - u  ‘ c o n e  t h c i t t h i s -  q u a l i ty  of  c-s ~~~h c t c - e l  i s  s s i l t a h l t -  I c - n  t h e  c ;t e i ’ l
t k l u : k c c i - c s -c , shi p ~ i .-t~- , scud  p s ir t i u - i t l c t r  ap p l  li - u t  ion i t i v c i b v & - d . For examp l e , I cc
ABS r c ’ u h c c  i n - - s t i n t  t o r  ( Ins i de  c\ St i ’i  I ( t h e  I u l W c s t  t c i u g i m n e s - c s i - c i t  i - p c -  rs-- ) mci i- c i ’ u su’uI

- cc l i  t o  ~l t s tcs u  ( 2  i t i )  t h i c k n e s s  l i i  I - c a  s Irs --s i n - - c , b it t a - o l d  t i l L  he cs n m it t c - l
i n  an y  t b i j s s l s t c , ’ccc,  f o r  i l i c -  s b - u - c s t r ; u k  , - c u f  s in n i - i n  go l ly ’  - ‘ c’ sse l  in c x ,  s - s - c  c i f  37

- 
t i t t e r s  (!. 3 0  f e e l )  in l i - n g t l i .  5 , t ’  thi s t ) e  of st -r v i c i , u i ’, n _ u c h i -  B s te r - l  wo itid Sc-
r e q u i r e d  cip to  - ‘ t h u  S , c m s ’ — -  u I  15 mm s i c 3  f l ) ,  ci  Rr . i t b t ’  I i  no nc ’ s - i l  zt - i l  c u p  t o  27 . sic- -

- 
- 

I I - 0,-, i n )  anL h - i  Sr  5 I • -c  I ’S nc  ~~~~ I l c i i -d  t i ;  i .  S I  cs - it t ( 1 7 . 11 i n )  - ‘l h e ~~u n e —
- 

l i t  ionships ht-’ ws c-n - t t i - i  g r . i - l e s  - i n - i  sh ip - -j , l i - u t  i -t i s  i ns -  b s i s s -, I  p r i m a r i  lv ‘i t t
, p r o v e n  s u - r v i u - i- - ‘ h - n i I t ’ ’ i~~t i u i i ’ ~~ i a-id - c- i n c - t v  ‘ - I  i - u c t i d i t  i o n s  t n -  ‘ u c c t  - r i - s I  5’:

- 
c - i- n -  b u . i s i t  s h i p s  i c - c-n i P u s  c . u  S y - a i -

S I c  I I i  - I u i ’ Soc i i  I V H i t  ! i ’ ’ -. i l ~ i t c u u  t is  I t , i ’ I t - i ’ s l i i i -  C ‘gi - ’ , -  b i~ i’ c - Is ci r r s ’ s- c  b s r  —
t i e - ’.- h i  -~~i - [ t v  t h a t  t i -  t -  i t ~~h c - r  - n , u c l i -s  u - i ,  i i  i~ , to s- sI u s n j u l i - )  I - c , .  i - -

- •  t h u - i r r s - s t  i r - t  r i s -  i t  - u a o , i l -c ajc ~ c i  i s ’ s .  l l - .vcl ’ - . t s r  . x itlu l i ht- . s i c - c  i f  
i- I i t  t h i -  s i - , ,- r ’ , t  t ,  i -  . t ii ’ I otig I I  ti l l i i i  I b _ i t  I k u ,  id . s i tti l i t  l i ii ~

i - i -  c t c i n i ’ i u i  i f  Rhii iup h t uc t , i, u l r e , c i c  V i - r u t  u s , 0 s - i - s . c t i l~ ( i i  r l i - c d ,  b , l i - v d ’ s-c 1 s - h a l
5 t u t ~~i~ u t ’ c~~ i i  R 5 t  ~ i s i , i  , , ‘ - I  S u - i S ~~e V i - r t t . i , . , i i si e ’ 5 c s u  i i i  I L S u A~~i u i Oi ’  

~~~~--~~~~
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I p - L s 2 4 3 - u i  W i s s  if t i t ’ 8 -,  II - - i -

turn—ot—time Iii4e strakes. Figure 2.3.1 shows t i m i s  r e q u i r e m e n t  f o r  a t y p i c a l
tanker section ’s,

The , \ t n u - r  i cato  Sort- si tu  of S h i p p i n g  a b cs -c i f  1 es t h e  t t t i f l  l t riu tn ic id t h  l t I s s  S i t  en-
s- i r , u k e  ft , r t h u  m i d s h ip ts) L Ice I e n gt h  c - f  0 . 4  1. u s i ng  tlic f o i l  c c - - i t i p  t ’qnc i  t i on s  - i t s -
t hese equci  t i on s , L is t h e  l e t s - g t h i  of the  vt -ss t-1  at id b is t h e  w i d t h  of t h e  s I n ,  i —

A 

s t r  c k c .

p (a )  f o r  v e s s e l s  less  than  120 m ( 3 9 5  f t )  in l e ng t h ,

b 51. + 916  mm
sI n b = 0.061. + 36 in .

( h )  f o r  v e s s e l s  u I  120 m (395 I t )  or more  in l e n g t h  but
- - not  t - x c u  u - t h i n g  4 2 7  m ( I  4 ( 111 f t  ) i t o l e n g t h

S = [52 S ttjn
~
0 u i r h = f h i n .

- 

. 
I i r e  t I m i u - k n e s s  of t h e  ah e e r s t  r ake is a lso  sp e c i f i e d  in t I - ABS n~ c c l i ,

— m i -juts.

Ihi e st  r i - - ~s - c l i i I v s is  c i i  ship structures has been improved t hiroug h i 1 1 c c ’

- 
c i  irs , mos t impt irt int l y  t b u t ’ u ’ i i g h i t h i s -  u sc -  cu f  f h t t j t t -  -e l emen t  s t r c - s s . a c t i l v s i a  i ’ c i t l i j i n t t ’ i
p r o gr  cci ‘c - h i . i t o y  su it l - r s ct r a m . s  i n s  i n  i t s - c t c ind some , u r t - f a v o red hi ’ s - n t ,  in  d e s i g n

.~ i gc nC it ’ - , u , v e r  o t h e r s , S u i t  g e n e r a l  s t r u t s  t u r a  I p r o g r a m s  c u r b  i s  STR I ’DI , ,  S t R E S S , cinch

k D A I S Y  c r c - ‘ t t l t i . ’ , h t i t o a I ’ ~z i ’  u ccntt p l et e  s h i p ,  cm s e c ti o n  i t i  c r c - n , -  d t - t c u i h .  -n - i  ~ tt s -5I t ’
m emh s- r  in  great d e t a  I I . Th s ’  ABS i s  f a v u i r  h n g  DAISY c m - c  an  ap p i  i c c u h l  - - p r - u i - r s t t n  - Oh—
v t u s h ’ , t he - c - c . -  of  b e t t e r  a t u  ~-s s  a n s i ]  i s is  t e c b t m i q tu e s  and t h e  r e c o i l  t i n g  i m p r o v e —

S i in  i t t - s i g n I t  u s  t i c  r -duc t -  s t n i ’ - c --, i t i c u - t t t r u t i o n s  w i l l  i m p r d s v e  I b I s  h r h t  t h e
u r c i c ’ i - i re - r o b i l  em.

-11-
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In  s tal i n h i s  Ut- i eni t ui it i - b u s  S l i t s ’  s I  t ’ c t n i s ’ c t t  i t ’ s  u - u n ,  it c u n d  pr c c c - t t i -  O t t
t h i s - pr ulO tet li of u r r s ’ c ’li ng t’r , i c k s  in  s h u h  h u h  ‘- . a s ur v u - ’ ,’ c cl  ‘, luu i l ce st  is  and fu ,r s- i gtm
s h i i u i va r U s , d e s i gn u .‘t i c  I s - c, , i i C - i s l e  i n s t i t u t i o n s , a c i d  n i ’ ( s r i l , i I - u r v  c u s ’ u - u t ’  i s-c  r c—
l at s ’d to  s h i p hu l  I U t -si gn a , u s  ci n d t - n t a k s ’n.

B e f t i re  t h u  S i c r ’ e \  c c - c s  cs -I  i r t i ’cb , t i c s  s’ , ps s u f  t i c s  s- f f c , n t i s i S  1 , 5 1 1  5 . -n  re-
f i n e d  in t h a t  t b it- d c  1 s t  w ers’  I S  I n c  l u i u h e  on I s- cc immer c  iou s h i p hti .l  I d e s i g n s  and ntm t
mU i t , c r ’ ;  slO ;’s . ( c - i l  f c t i pccs  cu nd l u s t  - i’ i , i c t o r u .  , , n n e s t c o n c e p t s  ‘ . 5 - n c -  to  be con—
s i der t ’d, i t t  5I~ s ’ - h , c  I s c c i t t o s s  s h i p s  ‘i c s - i t t - n i - I s  f o r  s j u c ’ c s l . i l  s u h i p t h u ~cut  io ns
is’s’ re i i i  t L u  I ’. i t s  h i  - I t O  -

T h e  ‘5 -c ‘ ‘:s , i - c k c -d

( 1)  I i , ’ v u ’o In st -ni t I ’ .’ U i - s i g n  c us-cl , c r r e s te r  s \ ’ st c -m s  f o r
c c c  I I - - t r s i ,  - t o t  s ’s -c ?

(2) l i v e  you gs ’ n c r , u t e d  s- x ;s’n iuc ien ta  I U c i t c i  t o  aopp t i r t  t h s
u t f e i  t t y e n t u ’’s- s of v a r i o u s  s b m l p  h u l l  cr a c k  , t r n e st e r  dc-
c- I - ‘ u ’ s ?  I - - co’ , c r c  t I c e c o  u h - c t  - c ci v c u  i I c u b  I

( 3 )  Whcc t  d e s i gn p r c -i - - u l i i r s ’ icc f o l l o w e d  f o r  f r a c t c t r e  c o n t r o l
i n  s h i p  I m u l l s ?

s~.s ci c o n u p u m n e n t  c i t  t h e  f s u r u ’ i gn c o t r c c e v , a c o si n eS was m u d s ’ ml ’ the  open
l i t e r c i t u n u -  to  i d e n t i f y  th e  s - t i - S t  - u r r e t i t  cr s tc ’k c c r r e sl c r  dci t cs -  a l o n g  w i t h  cii i s t i o n c i l
,u ge t m c ies to be c on i c - c  ted . The use of t he  2 . 5 .  -Si n i’ d -n ec CIRC c c sm p u t e r  s t i r n , c c ’ s’
f i l e  of S l a v l c— l s u n g u s u g e  t e c t t n i i - a l  h i t e r s u t c i r t ’ s s ’ s i n c l c  i t m d  i n c i t e d  a sm c i l l  n u m b e r  of
journal articles pertainitig to h u l l  c n,tck irns-sters .

2.3. 1 R e s u l t s  of Doitiestic Survt”c

A p p n r u x i c s i c t c  I v  h i )  p e r c e n t  ‘f t h i  n t  \ — ‘ c u - \ ’ t ’ n  U p S .  compao ie s  -~~ ‘l i i  si c t ed
re sponded  - Amim n g t i r e  t c i j c  h ’ s  d i s c us s e d  w i t h  r e p r e s e t i t a t  b y e s  oh  t h e  c o m p c u t m i t -s a- u - r u -

(a ) ( n i c k  an t-ci t t o p  t e c h i t o i q t t i ’ c .  , if c m v , tha t a r e  be ing  used
cs- n nt - com c cs u- n I u ’ sl in t h e i r  work

(bI h-ixp enimentsm l dat ,u on s - i c c  S arresters , eitber publ ished
or u n p u b l i s h e d

( c )  Any  p a s t  -- -: j i u ’ n i n - t u c e s  w i t h  c r i c k  c r 1  , - , st e r s.

The r s - s o t  I -c  j n d i c , i t u -  t i i i t  1 - n ’ , - h i t  I s  t l u s u t  i s  l t d - a ’ i n  t h e  as i c - n b  c r a c k  u n r e s t  t u g
t e c h n i ques  is - u u n r s ’ I t l  I s- l ie u n g  U s c - s i  b y d i m m e s t  ic sh i phu  i ld e r s  con d n a v a l  i n c h  i t  e els .
i - b u s t  n c s p o c t r j u ’c i t s  l t o d I , - s c t i - U t h i s t  t h u s - v  i r e  p s - t o - n u l l s - ’  s u a , c n u -  o f a~ d u - c t -  l i i i ’  p r scct i ’ s’s
of cmp l ui ’c I t j g  s t ’ - t c  h u — L c ’ u c g I r  s t u d s - s  and u li ~signing b c i v u - i d  s I n u s -us c c i ,  u - l i t  n , l l u ’n s in
l b t , -  h u h  I and d c - - k - c I l , u u I i t s - s u t  s . i~b u - s t  of t h u — c s ’  who C c u t l , ” i ’ t i o s l y  d e s i g n  and b u i l d
e r s u c k  , i r n i : s - , I u - r s  use  t h u s  wr-h ileci , in ti- ~- nsr1 strcik es f n c i t i : h t _ t , u u i u t h i  i - t c - u - l  c i t  t h i s ’  t u r n
of t h u  h i  i g i -  and - - I c e s - — s I n  - I .  C ’ c u t  I on s .  M i t t , over S c u l l  ‘1 t h i - - c o  n i ’ - s ; u u ’ c i u t in g  t c ’

*5 
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t h i s ’ su r v ey  b i s i y s - , t l s o  u sed b su l t i - c l  u mn r i v e t s - h s t r s c k s -tc t o  ut ’ E  a c - n e c  k , c n n u - s , t u ’ r s .
N s , u r l y .i i i  ot t u t u - s  i s -  ‘ u t o d i n g  i t i , I j u ’ , i t t ’d  t h i c u t  t h u - i -  l o u m k  i d h u r s t i  c i t )S  f o r  d i n  , t  i ou
him t h i s - s  a r e c .

i c c  r e s p u o U s -u t  -i I - I l  -w e d  h i s  ABS n s i p u  h r  u - s s c s  i t S  I i , r  s c - c  I s - n  h i t  s t r i ’ i c c ’ t 1,5
in t h u s ’ b i i g i t — s t  n t - s - c  m e t s - c . Some s h h p h u i  I d e r s  m d  i c c u t e d  thcu ’y used a p r - i d e  or
ta’s I , , i i c 5 h i s - r  t hs in t h a t  n s ’ c u u m t l i s - u m d c ’ d  lii Ail S I cm r t h m a t  p s c r t  h u t  l c c r  t h c h  isSu es-i s-i i t ud
a p ph  I i t ,  ion u s  sun sudd i t  iuuna I d e g r e e  cs- I t ’o t t su - r vs it iv c-ne sc- in icc- i  i g n .  ‘f lu e it s - p I t —
S t  ni ’s-c zone s u c h  us  t h e  t u r n  of tics-  h i  ige  cu d t t t u ’  sheer t r .iku ’  i r s  , c - , we n
t n t - i t t - u i ccc - u c a i t ig  s n t u g i ’ u I  s t rc ik es  of s i d e d — h i  I c  s c p l c i  n s i t u _ t I , c ’ ~ Sc- c r u s t ,  . , t

t he sh i i i c b i u i h d u - r s  mud agenc i s ’s-c .

i h i s t u i n i c a t l y ,  t h e  r i v e t e d  or b o l t e d — t n  si c e er st l  ike  u s i a  m e t u t  ioned
b y tt t c i uuv re s - , 5 u c - t m dt - n t s  as a t e c b m t i i q u u ’  used It s- 1St- p u t st  - bl iss  ‘ u i  - cc i’s i n  I y
1 i r p u ’  nut u iber  of r e s p o n d e n t s  ( abou t  55 percent) i t s - U  i n c i t e d  t l i s - u t - - i t  s t -u - c  ial t on—
d i t  ions , t imis  p r o t edure  is s t i l l  used t o d a y .  N e a r l y  a l l  c-s  t i m e r sp o n d e n t s  ad-
m i t t e d  to t t t c  u - c u -  of c a r e f u l  des i gn and r u - v i e s - s  p r o c e d u n e s s  to  a v c i d  st r e s s  iii —
s ’t - t : t r , i t i , r s  Lim t h c ~’ deck de t a i l s  p a r t i c u l a r l y .  Also , nesd u ly a l - c  t i m e  sg e n s  ies and
s l c i p v a r d s  m d  j e st e d  t h a t  t h e y  used g e n e r a l l y  tough  l cc , t  t s ’r i . i ls in L i e  t l i t  i r s  b i t s - i l
constru ction.

No u n p u b l i s h e d  e x p e r i m e n t a l  d a t a  on h u ll  e r o S  cmr rs- v- t ,s-rs vu_-re un-
covered  i c -  su r e s u l t  of t he  s u r v ey , a l t h o u g h  most  r e s p on d en t s  w er e  aware  of t h c
s-~~~r,. tha t h u t s been done in test ing notch—to u gh s- ct. cri s  f o r  th t  i I c r a c k — r e s i s t a n t
p r o p e r t i e s .

2 . 3 . 2  R e s u l t s  of F o r e i gn Su rvey

A t o t a l  of 23 f o r e  ign agenc ies  and s h i p ya r d s  ac re c c i n t a c t ,ed hi l i t  t iu r
r eques t ing i n f o r una ti on on cr a c k  a r r e st ing devi ces, Japan c~~s eye- c U d  f r - l a  t b c
l e t  t s r  c o n t a c t  because  D r .  K . i b a c , i t h i t a h m j  v i s i t e d  t he  i c - i d  i n ; ’  di l i s - sird s , univ c rs - ci ti c- s,
.ind st e e l  c o m p a n i e s  t h e r e  to o b t a i n  t h e i r  s- in st  c u r r e t m t  d . u t . s  - it t  h u i s e  c ‘n tci ct s - t
by h i t t e r , 48 p e r c e n t  responded in a f a i r t y s h o r t  t ime w i t h  i n b , i r m a t i c m n  n s 1 - ’ i rd in g
t it s ’ p r o b l e m  a rec i  of c rack  a r r e s t i n g  d e c -j et ’s .  V.”u r  Lou i s  fl u I c  - , i l s o  s en t  c s u c i e s
i l l  t t t s  in  puc b l  i c a t i o n s  r e l a t e d  to t h e  p r o b l e m  a r e c u  A l -  I i l  ‘ t  — i  i’ll ‘ ‘  u s  i

k 
documents were received . The-ce documents a- sri ,  ,us id ed t L I d s - i i o n s - i  ‘ c i  u -r i c u l

c - t e c h  in pr eparing this robs-art. I’hc c 2 s v e t m  i h n c u m n c c t ’ I  s i i -  u ‘. 1  t - - i I., r i  ni l-  N u c i ’ s i u e r s
17 t h r o u g h 23 .

‘ 
T im e ‘ore ign survey nesponth-nts w e n  t-,sae n t  1- , , t  . 50  1 ‘ u , S t

t c t u ’ s’ wer e  using or recommend in)- use  of  n o t c h — t c i u i s : b  - i  - ‘ u - I -  ‘ I  ‘‘u t bce
5 -  — r s , - u l a t i t tp , sp s ’n u - i e s  sucho as L h c , y U ’ s R u g h s t s  t c inch  s -

N One specific design in Swu ’ulu ’n is-c ci r c - u - s i~ I c c i ’  - ‘ i .  r i a l

• s-ce ided b e t s - c - t en  the h u l l  cmnd t h e  itt ’  i v y  m i  l ’g r  k s - i - h  - I ’ . - .1 s- t i ded -

p r n v u - n t  a c r i c k w h i c h  a _ m y  s t i n t  i t t  t h e  h l h y l u i  c’ s t r u ’ s - , ’ u , - ‘ - n - - t t h t 5  k t - u ’ l
t rust runn lug i i  l u u  t he  hu I I sb - I I  . ‘1)0 a I - c i  go t - _ ‘~~ , u ’ w - ’ - - - - _ 
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— 1 3 —



- 

‘- ‘ 
‘

~~~~~~~~~~

-“
“* Mr~ ‘ r - ~~~ft

ii.-

— Hull shel l

Iron bar material

/— Bilge keel

Butt weld in hull

N
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Joint

• FI GI’RE 2. ‘. I .  B l t , ( ; b s -  K F : t : t ,  CI-i ,\i ’K , \ b ) R t ; S ’ 1 E R  D h S t c - N  ( b T R t g s r - I ; - ; s )

_



-U’

\ u s , u t  l i i i’ or g ; t i t  i / i t  b u it o i i i  5 _ ui - I .  i i  c~ bi t t—u i t s  i c , 0  t h i s -  i t _ u  u -c ’ u - u i  n m , t i ’ h m —
t d i t i c i l i  c 5 1 , u h  c-str ak u-a oim s i l l  t h o u - h r  c , h u h 1us  s - - m c i - s l u l l . ‘ ‘ i ’  u - s t r c i k c - s  a b c ’s, - t l c i  i s , u t u - l
limit , t i t e ’s- h o y t ’  used u t  r u m p  ‘w i - u ’ t h u . m u t Or  m l ,  s I s n  El i  c , t e t . i u - c , t u tu t h u s - u g h  t h i s

I , i s u - s l l  s i t  S i ’ t O  su c i h i ’ t v  n u - q u i r ’ i ’ t s c s ’ c u t s  nt i s-’ l u i d i c u t i -  t 5 u u t  Gra de D Is  ac, ’ s ’ b L , u l ’ l u ’ .

2ss - , ns - s s - u i l t  i - I  t i c s -  s u i u v . ’c s - I  1 , — n t  i n  a ut o , ci n umh ms - r i i i  A r t  i ,  l i - c .  , c c u c l

“ u  ‘si  S ~ - ‘ c c  l , c h ut itog ex;uer iu t e imt .il da t o  s-uco d t i i s u t e t  i ’  c i  s u ms ly s i s  wi re  ridded t ‘‘ h~-
dot  u I - - u s e .  An , i n a h y s i s  cml  t t t s  nisure pert Itic u t ;u u i u l I 1  c i t i i ,un s  htis i n d i c a te d  t h u s m t
- d  s - i t’ j e t s -  ‘ I f  c n , u c k  a r r e s t  i i mg t s ’ c huu i i q u e s  l u - i i ’ s h s ’ , ’n s tu i d i c - d  in  J a p a n .  R t - c e u t l - : ,
5 5 , - se v e r  - u~’i 1 ii  t i l e  sl c w t c t  c n n  i i ,  t u e  c c c i i  , tsu ’ , ’ t i u c r e  , t i n -  s i t i p h m u i  I d  lu g  f n d u u s l r c ’  nui
l . - c c c ; s -r  u, t i m u h , u t s s  c - i l t i t  i t s -ued  s- n c ’  k , s n u ’ u a t  sr s t u d ’: ç i r o g r s l t t u a .  U u m w e v e r  , t li e i s u p c u c u i ’

-c 5 - s , isut i i s cc C u l t  I s -  - cecI l  cs- c u r s ’  p r u m m i  n e n t  in j u t s - c- s t  i gci L i m p  new c c m n c e p t  S t o n  c r c ,
I .  u’s t h a n  b u u  , u n i s - , O i u ’ u I s- si - i n  t i , i ’ wu ir  Id

I l I e  j u t , !  l e St  I ,~~ms f rc ,r ,’, 2- s~u u n  u r e  Ii sled as Referet s-es- h thorough 11 and
I-. i i t n u i i c g i u  l~ - . I” ,c’ s t i t l e s  u m l  u rick ,irnt -sl er s were exaniits-ed w i t h  e x t e n s i v e  e x p e n i —

s’ cs ’ i l t a  I ; - n - - , r c s - c -  its- t h a t  , ‘ s c u t r l n s - ’ -

‘ l s  r c v ~-t s ,-d s - - c a d s -  is a c r a c k  . c n r u - s t e r  w h i c h  is e s s e n t i a l l y  no l o ng e r  itm
‘ I c y  die , ’ , u u c ~~c’ of t h e  a s su r e  I t s - -  c i i ’  r iv u - t e r s  in t h e  i n d u s t r y .  B o l t  ccl st  r c u k e s

a ; ’  - - ,r  to  I - c  s, c-’i ’s-’s t i , i l  t h e  ru c u s l s - r u m  c o u n t  u n p i n  of t he  r i v e t e d  seam.  Thte ’se  a r e
used t ’ - a u s - c i t e d  s-s It-t i , u s - c b c - s t  as  can  be d e t e r m I ned . ( F i g .  2 . 2 . 1)

i t i t e p r u l  crue l arresters s i r e  t h i s ’  most  c ammon is -i tt ’ described in time
i s, ,  u c s - e s u -  I l t u ’ r , u t u c u s s - ‘l ’hcos l ’pe 511 c r a c k  a r r e c s l en  is-sea a w e l d e d — i n  s t r c c k e  of
s - c r  - t t — t ’ - c p i c  s t e e l  . TIm e . i s s u c m p t i o n  on w h i c h  t h i s  co n c e p t  is  b s c u e d  is  t h a t  a c r a c k
n u n n i t c - ,t I s O , ’ ci h i s i t ’ I ‘ I I  l c c i c g l i s ’ r s s r s , I u ’ u ’ i a l  w i l l  s c m n e s t  if the toughness on l i i i -

‘ i t c s ’ l a t - u t : - , i s  i s t r~’ e e n -us - g u t .  i F i g .  2 . 2 . 2 )

The p a t s h  t y p e  u i f  c r s u c k  s m r r e s c b u -r  c u , u i ’ -c i c , t s  of a sh u , r t  s t r ap  u i  t n a t c ’ n i , c i
s -s s lded  , i l . ,r t s - g i t s  s i u o r t  end -c t c u  t h e  s h i p h u l l .  The is’s _ _ I d l i n g  u-c h i n i i o k s i g u ’  c r c - s i t u - s a
C , u ’ 5 - r e s - ; - s i s - c  l o a d  in t ime  t o l l  m a t e r i a l u n d e r  I b e  s t r a p .  h u e  s t ra p  w i l l  e x p e r i s - I m ’  - -

5 t s-n scl e l oad .  T h e  t h e o r y  h e h u i n d  L i r e  idea is that a crack w i l l  no t  p r o p a g at i -
I n u t ’ s - p h  h u t ’  c o m p r e s s  l ie  s t r u - ’;’, a rea  unde r  t b , -  s t r a p  p r o v i d e d  t h e  s t r e s s  i s

l , u c ’ ,St e fl c ’ i p j i .  ( F ig .  2 . 2 . 3 )

S t i f f e n e r — I  ‘ ‘p u-  c r a c k  c r r u ’ s , t c r  we ru -  a l s o  i n v est  i g c t  ‘ - U  i n  i s u p a n .  l i m e
t c t  u -n t -n is s-u p . - r p e n d  i - c l a n  s t r i p  of  c-c t u’u’ L ws ’ h c t s’d ci l ong  1 b t ~ - s t n s c i - ’ s’ d i r e c t  icun in

t ius ’ t u u i  I . i ’l r u ’  s t i  f f i ’ u u s c n  t in one or b o t h  a i t h ~~~ c m l  th us - has  p l a t e  and r u n u m  I u u i ~ L h i n i - i u , ’ b i
L b s  h i s - s . ’  p l a te  is-e n -  a l l  ex c i t n i u s - e d  i n  i ’ : - s p e n h m u - t i t s-s . i d u l c u i l , , 1  i c u t i s  h av e  shown b u d

t Itus- c-cai n crs ,ic k ; s ,r-u es t h r o su gh  th us -  ‘ s l i t  t ’ t ’ci c r , thus s t r e s s  d i  s t_ n i  h u t  ion ch at s -g e cs
- n - c -  k c an  h - u ’ u n r e s t  sd . ( F i g .  2 . 2 . 4 )

d i i ’  l i t ,  I c — l ice c r s u u - S  s u r r c - s t u - r  r u t s  sj so  it ve st  i c y u t e d .  T h i s  t ’- pe i s  ssr i c h

• ‘ ‘ r s h u u s i t u p  t h u s -  hum s-s i s s c - i t e n i , c l  t h t ii ’kut e s- u by n t r i c b o i n i n g  t h e  g r oo v e  a l o n g  t I r e  p l s u l e .
l I t - , s i n n i c i :  u s n , u s - h <  i t l t u ’ r s - r e u  t s  t i r e  d i t c h ,  and it  i s  assumed tha t t i u u ’ f r j c ’ t i c r t - cs , , - t l t -

u ’ i r . u u i g e s c l  t i r e  n u - i l t s - - e c h 5u’ c l i o n  ‘,,‘ uus ’ nu ’ si s b , s ’ , i r  l i p  is  p r o d u ced . The e f f s ’c t  of  t h i s
5 5 4  u r  l i p  i s  t s u  i n c - r e s i s t ’ t i u t -  c o i n ’ s -  d i s s i p c u t i s u t t  mode smnd cho an ge  t b c u ’  c r o c I
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p ro p a g a t  ion d i r e c t io n  to  e v e t m t  uma l  ly  , u n n e a t  t b -  c r i d  S. ( F i g .  2 . 2 .  5)

‘t’ bu i ’si’ d e s i g n s  cci- , as y et , l a h o r c o t m u r y  s t u d i e s .  bras - u’ m u ’  cur rentl Y

be ing  used j im sh i~p b u i i d i t 0 g , e~s:s-~i t  l i - n  l i r e  , t o L e -p r ~ u i  I S I - ~ -
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1.0 - u i b i  1 1 1  S FOR AR R E S I 1) 1- f’AS ’l FIG\ C TI 5RI

~1’
- I , \ N A I , Y S  i s  c ii I— RAC’I’uRl-: ARREST

F l i t ’  1 i n u r sc , 5  - i f  c r u c k  u n r e s t  it m s t r m c c t u n e s  cs- in ics ,l j u ,c rcsssd with LEIs-M

I i c m s ’c i r  s- l c m s t  Ic fracture s-ui chc ,cuu j e s) concepts and pcirametu-rs ~~‘“ .t l  t ~m o u gbu  s c u d  t u a  I
p r o b l e m s  may r eqc i  ir s ’  mont ’ con tp l i c u l t -s i e t c u s t  i c — b )  l a s t  u s  I ru - . m t d i e r i t  s - ‘flue I,EFIt r i —

c , i g u m i z s ’ s 4 f s i r c s c s  us - u  s - t t e r s- - ( i )  s - l s m st i c  s t r a i n  u - u t e r g : , ( i i )  ktc i~’t i c  s m m e r gv ,
(iii) so-i -k  d i u c u e  by , i ~t~u i i e d  l c , n c s s . s u t o d  ( i v )  ida- ctts ’np v d h s s c b u . u t e j  b s -- e n , , -  I- t i p
I lsuw and t ras - t u i re  i n o i - s- as-c s’s .  TIme f i t - s t  3 f -u s - si c ; uls ’h ts -n,l -ni m s ur liv dun t i c s ’  - r i c k
l~’u ,pt h i , t luu _- m j c ~ u I lcd le,m.i~ st uud the pu ’ . ’ I c r s - t  nv  su f t h e  Sou ls - ’ u u u n t s i u m i n g  this- cn ; . c ’ic i o u

a r e  c - , u l ~~ t u I ’ c t i ’ s l  lus -  s o l v i t t g  pr ol i l enis in t ime  u t u a t i u t ’ l s c , i t c ~ ’ s i i  t h u u ’ , u t ’’, ’ us- I’ u ’ l s d st  I ’ t i ’ s - .
The net c -i tuus - g u ’ in t i u s ’su’ I s’tus’rgies lit-n u c im i t crc-s c i-I i r s , ,  k u,- s - c t i - n s i i l im  i s  u i l  u i _ u i

t b u e  e im e r gv  r e l s- o s e  r s u t  s .‘s- and l i t  i s  is t b t s ’  d r  i : ’ i  n I~ -r :- ,- f or u- r , u c k  t ’x t en s  i s ’ m m . ”
‘f loe r s m t e  i f  e h i s m u o g u -  t u f  t b m u _ - l a s t  s - i m s r g y  fu m rtto , h . us’ . , I Ic e u-nt -np ’-’ d I s - c t  ~c a i e d  ~us- r ur c i t
screcu of f r a c t u r e , is c a l l e d  t iu e  f r a c t u r e  euie n 1s-’,’ , It , us - mi d i s p  r e a s s -s t h u  t’ t ’ s L s - L , o~ r . -

to c r a c k i u s - g . ’5’ b’ ’l2lu e f r a c t c i r c  s ’ ’ ’ ’ ’ rp\-  is a m a t e r i a l  u r u ’ ) i u - n t s - ’  e s - c s e u l t  i , i l l ’- t i t c i s  uu ’ c c : t i t

u { the geouttetry and app l ied loads .’ ~~ ‘t

Crack—ex tensic s-n en its-n i c c f r  I hu m s - I f i ’ i~ci t he pr itmu :  u p I s  i u f  e ne rgy  cous i n’ s , —
t ion , n a m e l y ,  t h a t  t ime eu u i ’r gy  ru- I u’cise r a t e  u n t t a t  bt- b a l a n c e d  h ;  t hoe f r , .  t cur . -
e n e r g y .  Th is s tat e m e t o t means  thu  t c r a c k  e x t  i n s  i on  ( g r o w t h  of s u s t a t  I m u o n

• c r a c k )  or em s-n t  i nued  p r o p a g c i t  i on  of a tluoving snu c k  art’ u u n i v  p o s s i b l e  when

= R ( 3 . 1 — 3 )

E q u i v a l e n t  l y ,  no c r c -cc - k g r o w t h  i s  p c m s s i b l e  u n , f o r  a p r o p c m g t i t  lug e r r s - k , urn s - ct
msist  t s c k u ’  p l a c u - - w im c n

-4- k . - ) Uu ~ dw
s t a t i c u u u s m r v  c r a c k  ~—“~ = — 

~j”~ 
+ j ’j~ ( 3 . 1 — I )

dl ’ - d T  + d W  --f a s t  p r o p a e~u t  u c i g  and — 
~~

—
~

— 
~~
-
~~

-- ~~~~
— ( 3 . 1 — - b

a r r e s t i n g  c n a c k ( - . ) )

a-lucre I is thai s t ra i n  e n e r gy ,  T t h e  k i u s - e t i c  edu u ’n cr , ’ , ~
‘ thai sonic performed

on 
- 

t h u e  s t r u c t u r e  b y t I m e  s u r r o t c n d i i m g s , A t ime  c r a c k  ar e a .  For t h u e  u - c a i n —
- 

- i t  u - is -  s i t  ~ 1c m a f a s t  p r o p a g a t in g  on s m r r c s t b — g  c r s m u k , t u e  t e r m s  -~-~- -

and  n i s u s t  be e v a l u a t e d  f r o m  f u l l y d y n a m i c  a u s - a b y s e s .  
c IA  dA

f~~ f n a c t t i r e  e n er gy  lu-n tht- extension of a s t a t i o n a r y  c r a c k  i s  u s c i a u l - .-
refsnrcd t - -  u s  

~~~~~ 
, the critical u ’tm cr -sy nc’ l c-ase r c u t e  -

•‘~ It is , in fci ct , ci b a s i c  p o s t u l a t e  of LEFM t h o a t  i l l  i n c l a s l  i t ’ in -
nc- s-’u - r s i h l e  c u t  n p y  d i s s i p a t i o n  p n u -ce sses t b t a t  c u t - u- s i m 1u s u c u v  cr,c,O - s c ’ x t c - c t u s - ’ c s
can  be i n c l c c d e d  in a s i ng le m a t e r i a l  pns c u c r t v  t h m a t  is po ur - i ll -I s - a
l c u s l c t j o n  of t i m e  cr , u u ’ k speed , bu t  is  i n d e p e u m c h ’ i u u  of t Out ’ c r s c u k  h e t m ; - t l i .
t l t e  app l i e d  l o a d s ,  a nd t h e  e ’ s t u  n c u s m l s s c r u m t ’ t n y  o f th is -  bod s-- . ‘I ’ h us-  t ’x t e t o t
to  w h i c h  t h is  is  true reall y de termines lIt’ app l i c - u bi lit ’; - - I  l b - I - t i

~
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- It 3 . 1 - - u i

t i - n i l l  c - m i n t - s  ‘ u  R . F T h u s - s e  c n i u e m  i c c , s - c  we l l  u s  t h u . -  n c - I c  u - f  s t r , c l i u  i - t t , - n g ’ .’ , m c i
S l i m ,  t i c  e s t s - n g ’ :  i r e  11 I s i s - u  n , c t  u - s i  s c h m s ’ c ! c ; c t i e . u l  I s - ’  i n  b i b - i c r , -  1 . 1 . 1  t O u r  1St -  c , i u s c  -

, i ’ , c s - k  t i c a t  is p n ~i 1 u u g . t  l ug i n - u  s t r u i c t i c r u ’  u c u u u l u’ r I i x u -d g r i p u - i u t i d l i t i i t n c - . I n  l i s ~~s
- u s c ’ , t i m e  s t r s u i i i  i - i t t - n -c’ - ’ ~.’ r s i s - a - ; , ’  n a t , -  — I i n s t  i t -  n e , , s’, w i t h u  c r u e l  - - I s - e s ’  i - - u i

acid I Ic c s l ~~ l’ , - i s - ; e u ,  w b uu ’ u i  b l u e  c c s u c k  I s c u ~~u~~~, ,i , bmc ’ cmu n i es l s i r ,~c n i . I , u i  I - c  I O  I s m  d i t n e u u
s c , u t c  - b  t b , ,  c n , u c  kid ‘,,,i s u b s - e r .  l ic ir ir e ‘1 .1. 1 ‘siu , ’s-u’s’, t h m , st t h e  - n i t e n i - - s i  f u r  t h e

s i ,  l i i i ’ s,- is -c u t  i s h ’ ied w h i t - u ,  cm = cc , , \ t  t h i s  i t i a t c u n l , t b t t -  t ’ n , u r - k b m u - g i u o s - c  t o  u ’s—
tslicl r u p i d l v _ l i t -  u-n m - is ,‘ont ti u c u s S t u ’  l u u ’ - u s i r i i t t ’  u t m t i l  , c = ~u , , , h t ~~i .  t ims - c n j t c-n i~uim
1 , 1 ’ , n _ i c -k  , c l ’ c - - t  I s - .  s i t  i - s i  u i - cl. h o t i c s  i c m i l u , l  u r s u p t ’  ( t hus - u~1u -u s--~c~ AB ) .  l i i  st t ’ . . i n
scmers - ; t’els ’,use r u t s - — dl s u t p p h it - s t b c e  c -s i c k c l n i c - I t d g  i’ r ’r c e  and i c s s 1 , i r t a  S u n  t l u

i’u c s r pv  t c -  ihm u’ h . t s h y  b s e~~’~s b i s u t h r - u l c u n t ’ .t i tu  F i s-’, u u nu-  b .  1. 1) .  In  t i m e  I c i t i  u -n  t ; u c s e  ( th e
t o t . , r i~i l  BC ) I re  c r i c k  i m u t m t  I u t u i e s  te p r m ’ p s c g c c t u ’ t v e u  t houg ht — is less t b c c i n  R

h r ’ s v ir t c t s ’  i t t  t hai k in e t i c  u s u i e r g y  r u - c o v e r e d  f m , -’ t h e  st r ’j u s t u r c - . D u t n i  ng t I c  I ~~ m e n  i
hu t h u  t i s s - S t r s u j u u  c u t e r , ’: r e l d : c s s  r i t e  , u imd  t h e  k i n e t ic  s -uu ’rL ; c r e l u - ,c se  r a t e ,
c . c m t n i b u t t e  tus -  t Im e ’  - n i c k  d n i v i u m g  ~~~n m - e .  

-

I ) s ’ t . u c l e m l  ds - ’ i , anu ic  r , c h e u c l a u s d u m n a  us - f t h u s t y p u  arm s  a v s c i l c i b m l , - f o r  b u t - a u t c l i k s
cent i p ct n,t F ~~~~~ 

,O, 
- Th e exautup le shows-i in F ipurs 3.1. 2us- and 3 . 1.  l h u  f o r  a n -s- c  I s i n g u c  1 c m

• Us u s c h i u ’ _ c , u u i t i l s s - s n _ b e a m  (DC II ) t ss l  ~~s-e c e  c inder  f i ; - : i ’d  g r I p  c o t m d i t i u c t u s - m , i l l u s t r a t  i -u -
t l t , m t , i h m ~ u r i t  51’ of t O u t - k i t s - t h u  e nen g \  l c s -~~, c n l e d  1cm I b i s ’ S ps -c  is -u - i c  i s - -, r u ’ t i t r u u , - 5h t i  liii -

‘ - n i ,  I s  t c ’, u u u t m u l e r  c - m u d  i t i m u t s - s - s . h i t s  n u ’ ~r n u - a s - r u t a  3b PS ’ -i ’ t im e ’  u - l I t -n p’; a p c ’ u u i  i n
c r , .  s ‘ s r i  is -p s - s m t e n  i m b  i c t u l  p r , u c ,t m u r  es cm U i s l c r d u s s - m r n t  j r ’ u u , i l e  c u m m u c c u t  .0 c r i c k  u ’ s-s i - c r c ;  i _ m u )  I s - u -—
n i s c s ; c  I i s , - t  I ’ - i - l l s r pv  i s - .  r u t l v  u .u r t  u - f  t i m e  d n i v i t i g  O , r r r s s .  A t  d i r , -  -c, c L , e  t i ’ s ; -  i t
r d t , ’ u c l d  s - i  s c - O s - c l  t i r  s-c- nv l i t t i s -  Sins-tic - es-tu ’rs :’; u’ ,’t ccrn i s - c mull h i l l- sub c’ ,l ’ ’’ r sc s ,ccli
e n d ,  55 i u m L a r g e  h u s h es t h u s i l . i p l m r u u x i n l , -s - t e  t h e  ct’ s m c k — i n — t u u s - — i n f i u m i t i  — h u m u S ;  id t -u m l i / s i t  h i - m u .

h u m  - ‘ t b c ~~u t-.’ u - n d~~. t h u t -  : ‘ u n t n i b m o t i o n  us - i ’  Lice R i t i e t  c c  e iu t -ngc- ru - l i - u - c  r a t s -  is u s - , , n i c m b I u ’
t l , , i l  dc1u. i tch - c d i l l  t d t i  F s s i u u u s ’ t r ’ ;  r u f  the stru ic tu cr u ’ . ‘l’h ere is a nt ’s- U I c r  m i ’ - - n u n t i c  u c c . u l y s i - s

i t  1, - i n s ’ t i c s  , i s ’ r , - u u u m t  is-f kinetic t-tm engs -- return in di d t e n , ’ u c t  l u s s u ’ s  of -n u l l 

g t -  i. b m a t  t h u ’ cc~u m d i i i u m n  s- lbs -on e ~ e’.:u’ u’ c- c I s  R i s  s - o h  ocr , s- ’, i h l r  lu ,  u ’ s i d u t i i ’  I t
w ; l u c  10 v i  - - l a t e  t im e  t -ts - u ’r gy  ha louis e pr i nn  i p lu - - Tb u ’  1 s l ~ ‘ s -i n c u r ’ , t r i c h  nc —

i t t c - i t t , i u t e q u u I t l ’ . ( 3 . 1 — 0 )  - it  t u i i s s h u t  be p o i m s - t e d  s - r u ,  h o c ’s  ‘m m -h  y i m t b i t , ’

this’ s r d e r g y  mci i m u s e .  l ’ I r u -  r e , i s ,u)  is  t h a t  Lii t h u s  u s - c u - . I b u e  cd’ si c  k’ s - n ,  s - h ut
u r i c  c u r  r e s t ’ l n d s  I .m v i r l u s i l u ’ n a c k  i ’ s - c t m ,- im l ion  us - t i l t’ .

b i t  d r  i i - - -,) u ’ r i p c s - n ul l t i c u n s  ( u , and  t i m e  u c r i t e r I a  r u s h - - s  i i  t i c

- - I I r i  u p  ‘cprc  ‘ c - c l  mm ci

I - Cri tu’r i ” us - f - n  t h I s  ( I t s - s c - I  of Frci u Lure R - ( 3 . 1 - - )

2 .  C n [ l m ’ n i ’ - t t  [ mm t i c s  P u ns - I i f l i c a t  u i _ ui ‘f I I) -
b - m ’ ; L  Frcu u st scre R — — —  ( u . — - )

- ‘ l b  s i u  -
b .  (‘ n h - n - h  f m u r  Fr ., s l u c r e  A r r e s t  — — (

~~. — 1 )
- I c - I A

r

—1 8—

-- 
_
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_
~ . ~~~~~~~~~
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FIPI ’RE j .1. 1 -

l I PS R E I ’ Sb - ; Sl’,g ’IATION OF T I l E  CO>hl ’ I IN E NT S OF T 1IE CR ,\Ch  DR I V  t N P S  b 5 u - ‘ C E .  i - -

b I lE  FR \ t ’  l ’ V R I -  i th- ; s I S’l ’ , \ t C E  R \N I )  CRACI< VELOC I tY  \t ,-\ ‘ l ’ ’b ’ IP .  upo; T i l E  E l ;  ‘ . r I R E  ( b F

.\ S TB U C T I R A L  -lht t bIE R b t ~ l) l .R F I X E I )  O R t U  CON flI’l IibNS. Thtu ’ l os--c , n p - i t ’  I s i t  t I m .

cl i ,ugn ,ic s r shi-’ws I b i s ’ s - c l u - t i l t  - —  f .u crsuck m i t  h a h l v -’f c - c u - 1 t I m  a~~. 
( s u ’ , u u ’k s

sm;,h lcn t i m - m u d  i - ‘ r  1 - u n - c r tItan i s- c annot pr--v s - 5 l i u u l u t . m f l~~c 0 0  lv d c u r  t _b cs
c r 1  i u - m c l ar  grip cli -up lacemen t rep resu sntetl b ,ecautse ~ ~ - R .  Suc h  c r a c k s

c u ’ i t ld  grow s l i s - w i s -  h - -  f a t i g u e (u n d e r  t h u  s i c t i c i n  u _ f  c s - c u t g r i p  d j s i m l i u s  -

mt -r u t s  t h a t  ‘ b - ’ n u t  u s c  c ’ s - h t h u  s-’ , u 1s i ~ r e p n u s u - s u t u r l ) en s t r e ss  u- i - u - n - - s n o t .



- - - - -~~~~~~~~~~~~~ -~~~~~~~~~ ‘ -~~~~~

0 

- —— - ‘
1

a - S t i ’ , u i u  E u -  n .

I s  -J

/ 

•~ 
u

_ _ _ _  _ _  H -

i

TIME (MICRO sEC~ 
~° (s-sc,)

(a) (b)
In

/ 
u S s n s i u -’m S u r e r , ’ ,

/ 

‘ m

I . ,  

/,
,,
/
“ 

,.
;~. ~~

to 
~
•, 

~~~~~~ 
~~~

TIME ( s I I C ( u u - c )  ‘ °  ,‘ i d , 5’n’-)

(c) (d)

FIGUR E 3 . 1 . 2 .
I N F L I ’ b ’ 7 I C E  OF I , S , \ h i l l . PS  SYS’l EN u i i M I ’ h I ’ - ’ ; I  I , ,\ N 0 I - l \ S S  r i ~ i f :  V i -  P ROPA —

c A r TON AND m’u R R E S I ’  I N  TI lE ( Z E R O  ‘I ’ - \ i ~I - R )  bt b - IC ’ I ~~h b U ’ l \ R — i A  B (a 0 / l u  = 1 ° )
- t TEST P I E C E  FOR I ’Y P E A l-b ,\ I ’E b ( I , \ l ,  R E S P O N S E  A N D  K1, / N 1 ~~~~~~ 

= 1 .5

( ‘ u) n u b  ( b )  We I s ’  I ‘ s u r h i n g  ( l - ) - c c - n i p l i s m r c t  0
(c) ari d ( U )  ‘I’ c- n ,s iiu - b - - - i d i imy 0—2 . comp l t - i c m ;c = 1. 6 ss- dr , /~ ts , mass  12. ’-. kg

— 2 0—



a

ni - mass _ mtm d comp liancs’ s- if  t h u s -- 1, m o d i i n c s’, ’ , t c  cci  I - - - n : u s ; u u l ’ t m n d t  I . . - 1 - m t ’ s wat I i

e d I t -n  t he  p rob le c s t  b y way of tic s- s e st e r s  , :- wcu r k  s flu ‘~~ - F i g u r e s  3 . 1 . 2 s i  cm t u uI
I . 1._ l I , g ive  t he  r e s u l t s  of c a l c u l , m t  l r u u m s ,  c . c i ’ ; - u - c -  g il  ( - c m _ miud  u r n -  st ’shu~- I t  l i c e

g r i ps i i i ’ t L x i sd and = 0. ‘t h ese s - n m ’,- b c ; ‘op c . ; - - -ml ~~‘ t t i  I ’l-gs srea l . 1 .  .00
i . 1 . 2d . f o r  r e ct a ng u~~~ m DC B— L e s L  p iec e s  ~ i , . -  r s u p s  s ine  i i i  rigidly t i x e s t ,

,iu ish p s i s sess  the  mass and comp lia nce t v ~~j c , i I  - s - b  - I c l - i - c u t  , - n v  l u c i d  in g  sy s t  em.
In t h u - c  case , t i m e  ex t eni ’ua l  w o r k  lu - n o  *“ n i b, -c ~~- d i . , - ‘ u s - i  i b - c u t i o n s  t o  t he
c ro c k  d r i v i n g  f o r c e  c a u s i n g  t i m e  c n c ,  I - ‘ - - is, - 5 s .1 c~ su u c cr ’ ubis ’n of t Inies. Tine
,- XLs -’ cs- I , m f  p r o p a g a t i o n  is n e a r l y  t ’s i c c -  b i b ,  - h , - ’ ’ i t  ,i i uuc-d cods- n I I x m - s l  g r i p
cond il  ions .

i h u e s e  c r i u s - c e p l a  S e r v e  t i m  ch a t  t i c - - u - sI h~~’ Se - -i c t i , s  t s--;o h u r i u t e l p le st i ’ st cgcu’ S

t n  ,u n i ’,-st i tu g a crack in a m o i m o t u u u h i c ’ s t t ’u , o c t ’s , .  i’ n s t u k s  u-s l i m he ‘ - s t i c i r l m c - s i  u - c ; i c u - n  h ’, :

o I n m -r e . s - s in g  t h i s ’ I n ,  i r u r e  t ’  - I 1  i t ,  , P mr

• ii ,-e nc ’ u s ing t he  c n , i c u  d n i ’ - i t c ,  f s ’ ic c  cc

in t h e  p a t i u  ,u f the ’’ rack. ‘t wub 51 n s u  L u  5 i s -  , , u t - . 1 I i s s - , I  r u  l i si  in  I-’i gu n e  ‘3 . 1.3  f o r
p - l a t e  u n d e r  e- csc’nt j a l  ly  em ~u m c i t , t t s - t I c c ; i d . ii i- s - s t r s i  i n  cl e rgy  t e n s : , , — - in cr e , , s es

“ ‘ ‘, s - c s l , - ”r l c ’ :s - l  1’ , ruts -u s-n  t h i sa e  c o n d i t i - r t r s  ( , , -~~ 
5 p u r e  d .  1 i b m ) .  This u,~ ,c ~~

’i’t h u t ti ce
c r a c k  w i l l  no t  s top  W i t i u m h r u l  .s-n s u n  N u b  i r u g , i - ’ v i c e  - T i , u  en  cS can h u e  am e s - i  c- - h by
t , ,s f irst stnatu’gv of i n s e r t i n g  , u t ’~~n ; h u r n c s t c - r w i l l ,  ni h i g h N — v a l u e  in t i c c  , , s c t l i

umf  t I c s ’  c r a c k  ( F i g ’ n n s ’s l . 1 . lc  cund 1 . 1 .  ( U I .  c _ S d ’  - u s e o u d s I r - t i - U ”  is iutsuri s - s - un- nted by
, i t t , - - h u t t u - g  cc s t i f f u ’ n i e r  w l m i e l u  p r i c e s  .u l u ,  1 r u - t l u c t  i - u n  i n  — ‘ (is - ip scn s -, 3. 1. ’le

c u d  3 . 1  . i f ) .  I n  h c m l h u  c s , S es  au s-m e k i l s e t  i n  ‘ ‘t : . - t ~gv rd  a n t i  i s  s i , U ~~ui s, I c e L , , i l l t . i  1 1 ,
s r ’ I  st  I 1 a f f s -  I tOte p e r f o r m a n c e , - 1

’ t I ,  - i r s  ‘ - t i - n  -

I n  p n i u m c - i p l e , t h u s - -  n i  p - r u t s ,s-pph h u ’ s u t c o u ’I -o L b u u u- - i c r ’ u s - s  -s to  I I , ,  di - - s i ; , sc i
~~ i f  C r,mea arrest s--ms is S I  ra igb uthm-rw ,u rd . liii en e r g y  - - - s s , s ’ t , ~~c’ I i i  iJ,~ s- IT , cnd c li ’,

c I A  ‘ - I A  ‘ d c c
c r c c , u l - - r u h  l ed i s - n  thu’ sl n ,cc i n n s  .mu ud l ,b ’m,i j ’s-~ 

, f I u c t . ’ s ’ s , t  - Hum- f r - r e m  l u r e  - n c r , ’, ’;
c u t  t h e  h u l l  p l , s - t ,  n i n d / o n  s c r r s -- s l e r p l c u t s ’ s u r e  s - i c ’ s , - ’ s - t ’ u si  i n  r i c e  lcml ccun ,’ut ‘r’ - ‘l m i s ’ u ’t c u r ,
th i est -  q U a n t c , t i l c s  s i e l  i n s ’  t i n e  s — j U t S , a~s u . i s ’ -~ r c  r c i e d t b - c c u  of  s t i l f i n e r  or

- — , c -ne t’s, n c l - s -, - i r n i ’ S t u ’u ’ ,--, . ‘In  i n c  I s -  u- , t - -  c s - c S is ~u d i i  f i , u i l u  s - n m - . i’lc thio d s
i f  c ’’ - u I s a t i n g  d c c c -  c m e r g s - -  c o m p o n e n t s  f n  - s l c i , u s - i - ’ a c i , , l - ,s - ( s r i - c ’  i 0 u c m p t , ’n b i b  a re

t u n i s ’ s - - s w  h e tO s-p  sl us- v~ - i s ’ i ” c d  f - u n  s i m p l e  ‘c d i’ - - I - n r c - i  ~- l  ‘- ‘ - - s i t ’ s  “ ‘ ‘ - l ’h e i r  . u n p l i c , m t i o n
t .  L i c e  cu m p l e x  i u c c l l  s tr - ,c c t r i r i ’ s  w i l l  us - u t I r e  r u - s - c t’ i c u  - F u r  1 b ,  I ’ , re ssSus -n , cm ns - imbs -c ’r

a i m p i i d ’i
~~-,c h i m  - , l s s , e d i t s  of - r - c k  a n n - - c t  h s s c s - , m ’d on c i l  t i ,  , u c r , r l ’ , - s m - s -  l b - c c -  i u ’ r u n - - ’ ;

• nd t I c ,  ‘ c i -  si ns  n s ’ vj e w c ’ s h  in  4 u - - t  l u - n c -  ‘3 .3  m d  3 . 0  - f  I h i  e c u  c l - i s r .  T i r e  - ‘ ‘ su b u n i t i - ru m
c i t  t i h , - ‘ s- - n v  I u r g e  f t — s - i b i s  re qi tir s- ul o f  m t - - su e r s :s ,ml ’ s - nl, c l s ml -;u s n e s c u s - l u t s  s p e c i a l , 

- ‘ S c ’ h ’ ; - u  I p r u i b u i e t n s W h m l u ’ h i  i n  -s i ’ ned i n  ( ‘ i n , u p i u , .u ’ 
~~

.-
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Plate With Stiffener Type of Arrester

; ; : - : 5Ul I - i , l - ; S r u E  t I l l - I  l ’ R I N I ’l i ’ , \ l ,  i ’i h b , ’u i ’ b ’ c - l h - ,N FOR h ’ i ; - u P - , s I  I N  CR.\CK A P i t h  ~~l : ( t b  u t  I i t I , ~~~’.’

d c l . ’  - t I t h e r  c m i u s t s i n t  l i d  and  n i -  c m i  s t u n ) ,  (Iii p I t .  w i t h - rn t’ ,’s t er r.bH . i

- i’ -, , u~~u ’ - - n m ,  t ’ c r u - ns s ’ - d  i n n s’ II i n  tO r i  u !  Ii  c - f  I i , ’ , ‘ r , u , ’l’ , c- lOb - ‘ b  ‘ l i e  S ’ i d

~ 

~-— u -. 1  t h  f t - t i e r  t ” c’ uu ’ i :  m t ’ t ’ , ’ s ’S b e t ’  w ’ h t i u h r u - - b c -  - s  t b u t —  - c t r , , u : m  s - t i ’  I’ , - ’; ru - I r u  t i n

5 , i  usc  t I c i f  t h u s - ’  e n  u -  F - l ie q u i t o  I i t  c s ’S , 
, m c m , I  II N , I 5 si I  I t u ‘ i t

s ’ n u e r p i s - - ’ c u t  t ’ s s  l , c ’ , u ’  p I H u ’  , i d d , b  u n  ~u u t c r  p~~dl t s  s- , r u - s - i I I  ‘ i c y .



1, 2 i liAc K Abc ’Sb , h i  > t s V I ’ E R I \ l .  P R & I i ’ I ’ ; N I I  I S

l i e  l r s -- , i t u n u e u ut  ~- I  c n . m u ’ k sm r r s ’ s t  i s  b u n t  b s s u ’ c . u u c cp i l s ’ , , t s-si by  i h c ’  v ,u nc t i - - u i
0 1  t ti ~’ I r , m c ’ L c c rc  s - t i , ’ r u 5 v  1< w i t h  e n s u c k  s-’ u ’ i u u e i t v  c - l u s t  p i t t -  t I c 1 ,  L i i i ’s- , . , I t  is sins!

- I u —
~~ i c ’ s d4  si ss , ’ csh R—v ,m lus - -~ f r o u i m  t h u s ’ B a r t m u m u  m u d  f l a i l  I b m  w i l e  m l  u t  - , ~ b c i

s I t e  I L ’X l b e r  t s ’ l e c t t  s- ‘Ih ucir ru -suits , wh iushu mu- I h u t  I u ’W c h i n ; ’ ’ , u I , u ’,’ -~~s ’ u b u m ,  t m c n , ’ -

u u . t , n ,  t h e  t u i l  d u u e t i l i t y  t s ’ t i n s - s ’ r atcc n s-- ( N i H ’ ) , i t s - U n ,  s i , -  t hnut l - I — v s u l c c c ’ , -, c i r s t  s!.-
w i t i u  i t t .  n . ’ .s i ng  v e l o u ’ l tv , d i s p h cv  a u u u i i u i n u u t t t  c i t  ci I i t s - i t ,  v t - h u i c ’ i t ~~’ . m c i , i  t h R u m i n —
s- r i - u s c ’ ~c n , c : c s , , t  H - s i l l y  f o r  c r a ck  s - ’ c ’ l o c l t  i c - c  i t t  es-ses ’sa of p u l P  ma . P i ’ e ’, i b  re-, mil to
S r  I - s c , - s’ c t e c ’ gv  f i l m r , n o s  f n c m c t u r s - s in  A L SI  (s -~~) - c t  s t - I  i r s - cc - o t i s -  i i  i n  I-’ i , - - s r u , -
3 .2 .  b s -  - h i s - r e  l i ce  f r a c t u r e  e u s - u - r g y  i n c r e c i s e a  f l i o t c o t u i t i l s  c i v  d l i i  u t  , I , “ s l o c it -.’ .
SI nus ’ t - ’ u c g l c  a r r e s t e r  u m u a t e n i j i s  a l s o  d l a i u I s t s -  t i m , ’ f i i u r r u n u - , m s - I , ’ , i t  i s - ’  P~~s~~i i - i~ ’
t s r . m t  t b t , ,- i r  m i t m i m u c m  f r , c c t o n e  u -Is -i m ps-’ v a l c c s - s w i l l  c I s c ’  iii’ u I ,  - . ‘ r - s - i , I  u t  s t i r , -  vs-H i ,—

R u s s - m i r o uc’ s: . c l c t t l a t  i on s -n  of f r a c t u r e  , , m r s t s c s r s s - - u  t , b k s  m l , ’ - i e c c ; n i u t l  i t ,
v m n i . t t i u u n  of R ui ’ i t i u  v u - l o c i t y  and an ss -rm t ’s t  c r i t e c ’ i t , n  i’- s c ’ , cs ’ c I u-n t l m u ’ m i u m i m m i m  I’m , , , ’ —
t i m e- et m m c r g y  

~min  (see Fi g u r e  3 . 2 .  I a ) :

- b I . U - i )nu lls-

It  t h e r o f c u r u ’ he cuuc s - c ’s n e c e s s , m r v  to  d l st ln g u f s h  among s t - v u - n i l  d i f f e r e n t  v . i l i m .  s-
‘ n i  t t r s -  f r a c t u m u ’  s-tm i- r g v  (ant i  t h u t - i r  e q u i v a l e n t  f r a c t u n u ’ tou g b u u n c ’ s s  s-’ si l u u s - s ,  I .
Su; t~t b c u i , - , atid d e f  its - I t i o n s  of U i f f s ’ r e u m t  quc m c s - t i t  it- s cutu p lo’stt’d hu t - re  sun s!  a b r o a d  i r e
I t ’ c t c d  in  Tah i , ’  3.2.1 . N o t , -  t l u c c t  t h e  c r i t e r ia  f u r  c r c u c k  s - s - s t u ’ t u s -- i i u i t  s i t s -  _u l so h u-

c s - s h . m c ’ ,s”ci ’d Lu terms cs-f t h e  s t r e s s  i i m t e u l s i  t ‘-‘ pa r , c u u s - ’ t  u -n K and v a n i s u i t s  f n c m c  t o r e
t u m u g b mn es - c a p. m n s c c s u e t e n s  as exp l ai n ed iii t I ne  f u m r t  u m c ’ i  s’ t u ’ ‘I’ ah ’I u’ 3 .  2 ,  1

crit eri o n (‘cur is-is -si-I i~~f s sr c in k
s’x t s ’tm s m ’ u l s  I. = K ( 1 , 2 — 2 1

u- r i t e - r i d s - n  f o r  c- s - n t i n u i n g
p n o p ig ot  i an  1< = K

1

criterion f u r  c rc cm k a r r e s t  1< K - I -I),ntso

I b c s  s u b s c r i p t  I ( l . u ’ . , H , K - , , K ) is in t r n d c i c e t h  t o  d i s t i s u , s n i s h i - t t s r s ’
m d  t - sig l uu i s sa va L u ic ’ me:m~~in ed ~~huen 

1
~~lme cC’ ~ , i s k _  I i p p m u s t  in f l o w  i s  p r . -du ini  i n , m s p

lu a u ’  ~l r , m u t m * u s  o ; i p - u s s ’ . ,I to  so—called “p l a t t e -  s - t r e s s ’ vc s - l u i e s  w l m i c l u  n t - f i t ’ ’ I s i g t t i  -

I c ,  m u t t  - n s r m ’ u c u u t  a ,uf  t ( c n o s - c g h u — t h u e — t b s - i c k u s - e s s  d u - f u u r u t t a t i o n ,  l i i i ’  p l a n e  ~ t n c - i n  s - sm r u e s .  i n
, ‘ s s c i i u h c ’ c i t  - f  tbu iu -kn e s s  w h i l e  b u l l  s h r u c m n  (p l ane a t n e a , u ) v a l c u s ’s r u b ’ t t n ig h i n t c c s ” n  i n m l s

s i t  s , I i  i i ’ .’ si modes t  t h i c k n e s s  d e p e n d e nc e  ~ -s ~n , w h e r e  t is t ics- t i m !  s’ f s u u i ’ S S  su i t d
0 . 2 1  -‘ n ’s- 1.0 33— ,.6

-
- b h c m s - s -  t o  ,\s’m i-i 1 1r i q , p l n u tm u’ ,st n c u i n  ( a  u u h t c 5 i h f l u ’ d  w h i t - t i  I b i s -  p s i t u ’ t h i u ’ k n m - s - s-
t ,, ‘ . ‘u ’ K i c  s,- b o r e  i s  t h e  s - l u - i d  a t me S s  . A s i p , t i I a n  s ’ x l u n e ’c i u - t n  - c i i  hi-

ex p i - .  I I  b u d  cu ~s-p h V tm I s is - c t ru i nu ’ i tug c r i c k ’ -, I uro vu u h i ’i h 
~~~ 

i s  j n ~ . i 5 ’ h ’ u i - S  -s - .
t i s c  I s  I I s  s - i t- I d  S I  n e s S .

— 2 3—
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Fr c :s ’ g hs  ( .2 . 1  . EX,\Ml’LI ,S c u R  ‘l ’ i ’ b - , ( , b b - \ c  :s- V E L I b C  1 1 3 ’  ; ) I - : Pm: : : l ub - : o c E  c r ~ ‘ m I l E  l- ’R, O ’ I i ’ J - t u, I E 5j 5 ’l , i - , i i  i i u 0 i b  1 1 1 1 - , C O R R K u l l bs-i l ) I N ( ;  I R ( u i ’AKs \ ( ’ l g p  CR,’,c,b : 1’t i b ’C i I N E S SK0: I )  sur c u  s - r u ’ Ic ‘I ~ i - U i- i tt- u - - - c-ce icr li c a m i n i m u u n u  ~~~~~~~~~b - u - b  b ’
0 c c i  (~u b  r e a m h b s f , , u  ,:I~~av a g s - f r c u u ’ t c u n , - - ‘ I I , ~~c p l si l ’ s-‘ 1 ’  “c u t, K r , ,, f t  - - i  

,c cu sl l n u l u t m  si ts- st i b s i l l  ‘ °  a n d  1020 s I n  - Ie t  i o u ’ - -  -~~~u - u , b  N i  l e N  32 
1 r e s u l t  ~ 1 1 Ici t f b m ~~~, t sI , , u u  h O  c - b  ‘u I ’ , i i  s- h ~- u ’ I  a f t  ‘n l b - i l i u m , sI  c 1



TAI I LE 3 , 2 ,1. SUMM - \b - ’3’ i- I 5  I ’ht,, i  ‘1 11K ENEb<G~ i \ I D  b - : h l ’h ’ ; , \ l , l - ’N U FRACTURE
b ’ c i h l C l ’ Ni- ’ t -;S ’ ‘ , - \ h , I I E S  REI . s ’c i ’El) ‘I ’ ll I h l E  ( h ( A b f’ - ‘m R R E S T
P11051 c - IS ’i

‘ 

oi’ ;— ;~ il _ i Us-I FR \c ’ I N I P :  1~~, i 1(3 , i c )  
I R A ’  lUR E ‘IHUCI-INESS (b)

1.0  I h u e  inact i i  u’ i-ut - n v c u u u d  t o , ,  ‘ l t u m ’ ’ss
U t  t I e  , s - t s i ’ t of u t i s t  , cb l e  e t ’ ~~c5
u- x t t ’ - m s t u ) n  ,, ‘ f u r t  e S u t e i s - t I  f ly
zero crack - ’t’ i s -- t ’ i tv

s-. 1 . 1  \‘ ,u iu i , -  c ’ s- r i  u-~’ r , ’ r s - i i dj o ,,, Ic  ‘ K
- ‘ - u - Cim l r w  , id  m u g  i ’ s-i t e l ’

1 . 2  u s s t l u e 5  f o r  I i f , ~b i l m c s n d  l u g  . ‘ d K dn a t e - s  -(
2 . 0  The minimcc un f i ’au’t ~s n i ’ t ou r ; ’ , -,- an d

t , u r c c ’b t c - e s s

.1 ,- ‘ c l u es dcc js-’o,I f ,  tucs R - K‘
- otto D ,umui nul y n a m t r , s - i t , u  b t n ,  ru

2 . 2  E - tj m a t , ’s d e n t  , u ’ I f r -rn 5 KI 
‘ ~~a a:, a r e t  u t  a n s i  1’,’ , cen  - i f  0cc

an - s l u g  cms bc k

2 ,  i Ja bs- , m n i - s c  p r , -: t i t l e  f m - c ’
e S t i b s , s - r c - s  f s ’ s- st a t i c
ams - s u 1 y s i s ~ ” ’I

1.0 The- l’ ncus ,  l I t r e  e r u e r”  - scud L oui ’ -hness R
0 

K
0i t  an  a r b c l , ’ i n :  c n ~~ck y e - l ou t  uy

l i me f n a c t t c r e  n- - s c ’ r~~y s ’ l - n i  ess-- t c - n d l n g  c r t m c k  ( i s-- , ~ 11 , ,  11, , e t e )
- - - C u s - t n  - a-

‘ u s -  r e l a t e d  to a r I - ’ r h ’ s’ s n i m ’ l t c i l u m g  f m a c L l u r e  t - u c c s s l c i t i ’ s s  parameter ~ l - e .  , K

- K 0 m m ’  K 0. K s - ,  s t e . )  5v t h e  e x p m c s s i n n  K = 5\ l / 2 (v) IE ~~/ i - ~~~ j~~’2 wbi ~~re
( S  cc l s c - b c r  l o c ~ - ‘ 1 t r ek e c - l o c i t u -  u n i t  , l c  ‘er t ~I s’  u - n 1

~~
. (‘

~~ and  C r and
1 w h e n  V = r . I s- ’~~~~b \ ’ )  1 . 1  f s ’n 0 \u I N N ; -  it’s~~ l f o u

“ s t e e l ,  2 7 , 59

( a )  C.runm i’ti  b u t t  i t s - , t h u 1 b ’ q /  ~~fl 2 = I - 7 3  i / c - u 2 
-

-p 2 ( b )  Cmi uumu,n u s -  u n I t s :  K, s f JT~ 1 . 1 0  t ’ i t ;/m 
b / U  

= 1 1 0  -iN ~ = ‘3 . 5 4  Kg/mnu ’3’2 .

f c )  I ’ r  i l l  h tu t Li t - ’  I i i , u n c. r e -u- c - ru t h c p m a e s t ’  I - ’ n oi ca l 5 5 ’ 5 t ’  I l l s -  q r n a l s - t i t i u . S ~:un ’ I  K - u r i s -  ss, k - t l s t , , b  l b s - a t  ~ ~ a iud  K ~~~~~~~ 
C



5 ui ’ ’ h t m l  i s  i s ’s - ‘ c m i u u l K m u  I _ c l ,  i t ’ I . 2 . 1 - - c v i -  but—s n ‘ u - I c i  s d  I - — Ii , cc is - u I
K 1 . 

- 
l u ’ s’ k r s i f t  ,u i ud  l r w i u u  U ~~ a~ d k r . c i f t  18 ‘ l I m e - S i ’  w u u r k e - r a  n i p - c s  ~~~~~ t h e

c n c .  k - i  i p  a t  n e ss  • s-s t m c i i uc , cs-ut! at  n s u  i n —  r s m t s ’  c ’ n v i r c u t u n e i m t  s . f  . t  r a p i d  I y lo~ dcd s - S i t  i t - u n i t y
u’ n , m s  N c u d - ,  l i r o p s i g a t i u u g  u ’ n , u m ’k - , r m u d t i m e  f r s m u ’ t c m r s ’ s- u u t ’ r g v  i n  time -se two  u ’ c m s c s  curs ’
t r ue  s-n , n n i u s ’ ‘ c n m , s - - i uj euh ths’ s t r e s s  n s m l e  K and  t i m e  e m i t - k v e l o c i t y  V c u r e  c u u r t u p a r a b l e :

(K) 11(v) (‘1.2-5)

A - ‘ n c s s ~~1e eia~~~ic s -mn g u i tn e n t  s ug g e s t s  t h a t  t ime  s t r e s s  m a t e s  K = 10~~ l-01m ’3”2 S ’
Is  15 ,i HNsh s -S~~ a r e  comparable  to  the cr cmck v el oc i t ie s  of V = 1 ms ~‘ to
1 1 1 ( 1  ~~~~ , - s u m n s s i , u l c s l  i c u ’ ~ I , i  N - - A t su ’ o n d i n g l v , L bs-c 

~ d V a lu e s  meass ined  c u t  t h e se
H u , s l c  r , i t s - of lo s m d j t s - g m n , -  , i l t

sts ~~, u s u u m u ,  of R - . R e a u c i t s  in F i g u r e  3 . 2 , 2  le n d
- , - m u ,  -- 5 - m c c s s ’ -s r u p s ’ , u t ’ t  ‘ um t h m s  c o c u c ep t  n s - i c , u’ lm us no t  w e l l  ‘-- . ta b ii s h ed .

I. ‘I ( I S , S i ’ ,\ ’l’ i i ’
, s\ Iii- -’ I I S ’ i ’ Ib u L ’ - U l l N K S S  ,~

, K )  AN,\I,yS1S

. 42 - . - 4 1 , 4 l — c s l1 r w m t u  ‘ m u t d  W e l  I s  cin ch Crosley and Rip lits -g bua vu ’ r u  us ’’ .~~ -, m a i o 4 ; 1 I I  c c - mi  tn u ’ ,u tc , ,s ’uc l tuf  c r a c k  c c n n c - s t .  T h e i r  a p p r u s - n c c h u  emhss -d ie s  t I m e  same m i s - s i ,
c r a c k  s i r r e st  , s r s t u - n i o n , i s ’ . ,  ~~ ~ Ii , ,  bu t  a p p r o x iu n a t e a  t i u e  d n i s - u i us -g n’u ’ rs ’ e f - n  c u ”, —

- - til t_ u  ‘ — - -u i uus - u ’U s’tc -us - N ( > r d l r s u i , u t  t ots-  w i t h  the  s--cu t ua- appropr mate ton ‘i s t a t  I c u n n u r v  - r , c , -k ‘ ‘ I  I

same e t i s l l  ,~~ , * ‘i ’bu e - st a t i c al l y e v a l u a t e - c l  ene rgy  r e le a s e  n a t e  a t  c , m r e n . t , , is -’ t iket’
as a s , l ’ ’~ - s c u c s l c r o x j f l t U l i c ts- of 11 - , and t h e -  c m i  t o r i  un f o r  c r cu ck  a r r e s t  g iv ~s- n i r s  I -N N - ,m - —

un t ot c,c ’n ( l . ,~— l )  m e h t m - : e s -  I c - :

dU dW b J . 3 - , c

u u m

K > K ( 3 . 1- 2 )

w’’ u u ’ r u , K iNN K , , n u  l u t e  c s - n n e s p o u m d i t s - g  s t r e s s — l I m b i’t t s i l s-’ p a r am e t e r s  mu ch K is
ca l  s-U I i i ,  , u m n u ’ s c t t o t i g lu n e s a .  -

, \ c  t u t U  in g  t - - I b u e  s t a t i c  , c n r u ’ s t  L b i t ’ r ’u’v , ~ ‘n K cr c c :c’uo ”, etmv i n —

~~- ‘ I ’ ’ - ’ ’  - ‘ u t  n u ~ l nu- n L  i s - s  of mc ,u t e r i a l  L i m i t  c u u i n c ide w i t h  t l i e ’t v a h o e ° u ’ I  ,s - u u n  K u t  t h ue
p - - t n t  - P  c n m ,  m m -  - c L  . ‘Ib i s  c r i t i c  c ’p t  a p p e a r s  t o  Its ’ vol  id in  ssu u s i i u ’cmscs . Fui r
e x it s- p l c , u n u u s l , -v at usl R i p I i ug  f i n d  t h a t  K 1 vcu i u i es  of n m - e t c g n , t d u -  5 \53 3B
at s -- c ’  I - m r ,  u t u s l e p c ’n d e u m l  of t n t -  c r a c k  j ump d is ta t ’u c u’ in a c o t s - t c u u r u r d  OCR al

_
u s  “c p , ,

( s -cu r , -  ‘I- c n ’, r m n e  1 . 1 . 1 3 , ‘ b l u e ’ s -  a l - c c .  r e p o r t  tha t cr ,mc ’k s  it s - b t i ’ s -t e d  in  b r i t t l e  wu ’ I c h r , ’ t i t u
i s i s ,  p 5  s - s - I  i n  S t l i p l s ’ — i ’ - l g s — l cu u t  hued  ( S E N )  1 , 5 1  p i o c u ’ s  ,- ‘ t h e  cip ue ‘ i d  c ’ m j a l  r n ,  s-t

s i t  tO u , ’ s , c c c s ,  H u t s ’  u I 1, - - - S t u d  l u ’ s  of  v s m n i c u u s  s t i f f e ne r  Lvp t ’ ’uf , m u ’ c ’ - ‘- H i ’ s-
iv 1’ ‘ ‘ s h n i f r c , K i t t  i / u s c , ,  s i cc s t  N, u cbid5m ~~ , “‘ in , l c m p c m n  , , l s d b  l e nd  s - s s l c - c b n t  L i i  t l , e  s - t i - —K

As ucb n c u wi c t im 1- i gurci 3 .3.2 , p red i ct iciucs s_ f n u m n e S t  bas~ ’c l cs- u i K nh s - su s u cr i’n,i ’ l ’ t v
c r  f- - r n - u I  to m c, K i n  l u p m t ) -cnd s t , u l i r  c l i v  s’su l u ’cml c c led K s - a l u m -c ~, i  u - r~~~us-d t i  he
i n  c l - - b  m g n- u’ rlc, ’t i t s-s- i t i m  i’s-c l _ u- n il-len

- ‘ - - - - ‘ — -

~~

--- 
‘ - -  -

* I n  ‘ ‘ t h i u ’ n v- ’ n u h , t l u ,  k i u t ~ - t i - ’ u s i m ’n g ”  t u ’~~~ — ~ js-’ ’ , s, ’ - ’Ic’ s’ t i’ sI ui -b - ‘
~~ 4

i s , _ u , i b u u , 1 5 ’sh u i s - , c i , s  ,‘n t s c t I u  , m t m , m i v s , - s .
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t hue aauuue I tuuue , L b c e - r u -  i s  c m - n -  ‘at  c u p  I - u - c l ’; ‘— 1 e s - - i - h  - m u - u , I u m u w  i t u g  I t ,  u
L i i i ’  S L , i L I s  , i i u , c l v s i s  of unrest is u u o t  p c - u u - ’ u s c l i v  v c l  cl , I t s - r u i n - i c  , - u i l .  u u l n c  —

t h u u m  26 , v , ,s  l s s u w  t h u . m t  bs- ’ t i e p l s ’ s - t i t u g  t h e  k i u i 5 ’ t i , e u i e n p ’. u m - u s ~c l i u t h m  t I u e
du’ c c - i m i g  u , c n , ’ ,’ , c2 . s m t s - d  R s i n s ’ u t c d e n v n i l u e d  by , t c m l i c  , n u u , t i v s t s .  I ’ P ’ s - i c l L c c  p r u ’—
se- c i t e d  in T a b l e  3.3. ~~~~~~~~~~~~~ t b u a t  t i m e  r a t i o  K i ; m  

- (w h , i c ’ lc  a h m s u u l d  I -u- i n —
I t • m u r n

c m i t t - i t ’s-i m’ l u - u s ’ t o  u n i t  ‘,‘ i f  t l ie  s - n t  c u t  1 e l i i i ’ ’ ,  m c I cc v ,u  I H i)  - c m  m i s c  11 s- sI C l ’  c us-d on
t h e -  i s i s m d i n g  ss-’ s I s ’ u c r  , c u t r h  ou u t h i s ’  g e u u t m t e t r y .  I-’o r I l s i S  r eason , t h u  s - rn - u’ - u ’ t i n t s m i u eu l
irs - cc atsit Ic scc c sm by s is iii arrest in us structur i ’ s tay  or  u u c s m v  u u u t  be us i t - -} e u i r c s t t  i’d
f o r  by LIme  d i s c re p a n cy  he tu s ’i ’u m 

~~a and R 1 .

I .4 A l’ Pl,i t ’,\ I’Ic’N S cnF ’lIlF , S’I A I ’ I L ’ ’l’ i I U P I I N E S S  A U i 8 l , S l ’  m\l I ’ K c iACll ,\ Ss- [SF1) I N
,b, \ b A N  

-

S e r i o u s  d i f f i c u l t  i c - - c  u t f  t b ,  L v i i ,  r b e s c r i h u e c i  in  t O - c t  ian  3 . 3  bi n- ,’, ’ , in
f , u s ’ t , been en c o i c n t e n e d  in t lie uim cs - r e  ‘ u - - u ’  t , c u m , m I “ s - - s ’ ’- ‘ - I  u n , S e  s-i c I t  s iu i p — p1 at e
,mrr est5’r tin m ude 1 tu ’ats is - em - u - m i - U  itm ‘ sun  

,, c~ . As s b u o ~~i in F i h ’ n u n t ’ 3 . 4 .  1 , s u m —

r 5 - s t , s -c ia  observed i n  L i i  c- sc -U - I s u ’ ’ ,’ m ’ a t h m o u i g l m  L I - s  s- i  s i t  i . ’ a l l  V c m l i  ‘ c l i i  i - si 1< v c m l u i  cc
acme tu=’i cu - K - ,l .mp cun s ’s-e workers [ui-Iii ’ s - - c t s - t  t I , - d i ’ —- m u  a i i m 5 ’ ’ ,’ c . m n  be- t r u

Is’ d , ’ n s u t s s u s  “s c i s c r e s  u l t ’ i u - I I n g  t I m e  p n o p c c g c u t  i ’ t i  i - f  i r n u r 5  - n i c k s  w h i c h ,  i n v , m l  i , i , u t e
l I c e  a t s u l  u ,  a t s - a l v s e ,’c, l ie h u e - I  c e s - ’ s’ t Ime d i  s~ l’ e) m u ’ r s - c s - ’  m c c v  a ‘ m c  I r e  c - i t s -n e c  l u -s - I w i n _ I ,
t l n e i r  c n g - n ~ - , U s e  t r u s- , r t n s e s c t  ‘ - 5  t h u s ’  l u u s l i n g  sy s t e m  ( l i c e  ~‘~~‘ t i - r u : - ) sc ud w i L I i  t h e m
K n u e c i s u m e u t c e u u t s .  ‘ bce . i c i pd i  s i - cs’ iu t V esti p,,Imc r a  rave di - , n T ~ s ’ j t b m  t : i i s  ‘r , - b l e m  by
p - s l n t l c t i n g  an t - f t s - e t j v e  c r , m ,  K l s ’ t i p t b ~ -m cd e f t u t - t i ’ ,-~ stns-ss jn l e n s i t \ .

5 f f  
= 0.1  a -I- 190 mm ( 3 . 4 — 1 )

end

~ u - f f  
= ° (3 . 4 -2)

air j e i s  e , h c c l , i i n s  ,u n  e m p i n  I s  cl cuunrc ’e h u m  desi gned to lower c~~~cuc la Led K va lues  to
s - h u e  K e s - c  is  i t  i n m o s t  . F i g u r e  3 . 4 .  1 i i  l u s t n ; c t  es t h u  I tIme (‘urn t ’c I f u n  is
r ea , su tg ab l  ‘.‘ sue ,  s’ s s f u l  s- Ic -n a p p i  led i n  t h e  e x p e r  I n r ’ l r t  cc I r u m  s-li b e  h i t  wsus  d e n  ived
li - - s - sev en , t h e -  pp -n i ’ r , u l  a p p l i c a b i l i ty  u -_ f  t h i s  , ‘ c ’ n r , s -  L i on  (C - - c : . , i t s  a~up 1 i c ;m t i o n  to

u, c  a t i f f i ’ r , en  u -x p e r  n s  s - n i b  in F i g u r e  1.3.2 w l u i c l u  c an  he t -x lu l c i i f l e d  w i t h o u t  a
e n  r N s l i o n )  is ‘p et s -  I , u  l s c i ’ s t i u i l s - .

3 .  5 FRACTI’RE ,\kRb -:5 I ,\b’ b ’F - r~’ u - ‘ I I  AS [51:11 I N  - -  I c1CRAF T STRLC’l’t’RES

‘ ce n i ’ ,’ i ’ L u ’ m h sk i n — a i r i n g s - n i l u ’s I p u  m I ’ s - c uts - v a i r , ’ n s c l  I s - t n - n m  t c t n i S  h r -c
bu i i .s~~1l y  ci c r - u -  k — n  r s s , t , s l m , i - , L u m u ,’ , ,‘s n r s ’ n u t t  s i m u  - 5 - - m i t  ly  si e cu u c u t u - u l  t r u  , c r r c ’ -ct

Is ’ ’ ’  — ‘‘ c ’  i s - m u c k ;  L u ’ . , c c c r , , , s-, o n i g i u ’ u t i t n c ~ at  a s t n c ; i , s - - ’ t  i s  i i -  be c m m r m s t s - , I  - i t
t i m - ta ’’ i j~~, i r ,’ e -nL  s ir  i t s - p  r s .  T I s i ’ ,- , i n  Is- u - m u , ’ ,’ i c c - c  n t ’ u - u - I ~- t  I v  tO- -— - i c - u I  N i b
‘ [ l it  - l ine - c c’ , ,

~~~
, ‘ I’ u , l i ’ r , m t t , ’ c ’ 5’ si gul l t e u b ii i r is c- ‘ I lLs ’’ , i n  s l u s h  t l c i n c  , u n n , N t  r e q u , i t ’ u -—

s -- s - I ll Is  i- ,cnss n ,dl i -/osl .
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‘l’AI31,_ E 1 .3. 1  - ~‘r M  I’I ’ ’t ’A ’ t ’ I , ’ t : ’,I R I  ‘ I S ’ I ’ I hI FOR i l  Au ‘‘ ,\ F S S s I ’ s - ’I’ 15 I b s l
DC F m ( I N  C 5 ° ’  5 l ’ ’’c ‘s _ lit - ‘I’ ’ m~~~’ y~ ~~~~:- ,‘ 

~~~- - : - ~ ,‘ I s - :  I I
m \ N t u  I t - C l  1,11 ~~5 , R  b S/ T ; ’ , : t g , t l’’( i ’ \ i , i , ’ I-: ,- ,

I t m u t L u t i c u s -  :‘;‘ s- s’ , I — : ’ i ’ b ’ ,- ,ui - ,~ N -  - — -
~~~

(‘ , - n , s u t : , ’s I t ,  u ,  n~ I u ’ s , , ’  i l - ~ ’ u . ’

lu  s- I - ,- ’- r tO ‘~~/h ,i 
s’
~~ 

/ f  ;-- ‘r  1 1u V/ C , , ~j s -  
~~~l c s ,

1.0 1.00 b , 35 .07 - -  s- / c ’- ’ 1 .00  0 1.00
1.0 1 .2 5  1 . 7 5  .0 91 0. s- ’ - 1 , 40  ,086 0 .82
1.0 1.50 I~~i 5 . 1 ’ - 0 . 11/c 1 , 9 ’ ,’ . 1-- ’s-’ 0. 0/ ,
1.0 1 ,7 5  . 0 5  . I l u ’ 1)~~i i~~ 2 . 5 5  .I~)2 0. 47
1 .0  2 . 0 0  2 . 1 5  . 12 ,  1 .01 3 . 3 5  2 03 0 . 35
1.13 3 .00  2 , ”~ , . 1 5 - i- 1 ,1 1 i 71) 2 , 7  0 . 15
1.0 -‘- .00 2 . 9 0  . I u , 3  1 . 2 1 -  * .308 *

2 .0  1.00 . 9 0  , c ” i s 3  OH / hi ~~ 00 0 1 .00
1,0 1 .50  3, i(r . 0 9 7  0 . 8 3  3 .50  .097 O H - I
2 , 0  2 . 0 0  - - i ) . 115 0 . 8 1  5 . 1 5  .15o  0. 12
2 . 0  , cj 3) 5 .3 5  . 135 0 . 8 4  * .2 14  *
7 , 1’ -. 00 1 , 5 5  . b ~su 0 . 7 8

3 . ( i  i , 0 0 3 HH- .0 67  1 08  3 .00  0 1.00
3.0 1 .50  5 , l u ~~ . P - 9  0. 73 3 . 80 .11 72 0. 1 7
3. 0 2 , 0 0  - .95 ~~~~ 0 , 01, F u .90  .1~~ 0H 7
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S i t ’ , L i , ,  r - — t , i l  c ,  s u m  u l 5’ _- c c ”  ‘ ‘ t , u  n i  i t  — u s  hs ir - ,  pr m r — _ en  s s m t j s f a i ’ u , u m ’’ s - - m r
a i m s  ‘ I t  - s i n , ’  t i u n e a , u i - c ,  u . s - c  I t i - s  c r . u u ’k  , , t , n , t c ,  j u t  ,,u l u c u u i i u s -usu i l l s - u s - a  i s - n  c ; t i l l
r , I m l  i ve l  y s h un -c ( c i t  I l , i  m t  : e n  , i f  ~ I I ( l  I 1 / -c I u s  s i b  ( 2 )  t r i o  c m l  u miuu t u u  p l u s t s -  -c a b c , - u.s

mu i c u e n , ’ ,~~s t c o g  c r , u 5  cc r u - s - c s - a c , ! ,  - , . u  t b , ’ c n . m , ’ k u - t i - u si a .  S e c - e r  t l c e l s s r - 5 , I-h l I,— ,\— 11 1-134

p u  -,e m l’ i -es -  I N - , t  ,i , i l e t \  l : s , m u  ,~ t c s  - i t l u  s - i  e t l t  s l u c u u c i d  ic ’ t , c k e n  t in t ime  S t a t i u ’
inn I yc c i s  tim cm , ’ s’ , - c u u m t  I u n  puss  t h u  I , , ,I ’; u i ,  l i i i , ’ — I t e e S  s.

s\ t t . , l s - .s-~~s , c ’ s- i h iu c l ,s- s i r  a t r u r i , e n ’ , k i c u  - - - t n t  i g u r , u t  Hut s - s  h i , s - ’ e  Is - u- e tc  d s - v e l e p e d
by  f / , - : c ’ , , , u i d !  , i - u  u i ~~ , u ’ , , ‘~~~. s-~ , “ 1  i - s -  ‘ “ ‘ , s m us - d S w i f t  acid Wo u s- g ~~‘ -

c r - t hu i u s - i t u ’— , ’ l u  u - m c i  ‘ti t u si a aid ,‘ I , s u - ’b — 1 ,u m uut  , u ’ I n t  i u O l s  c ’ sl it  K5 uses -I . ‘Flue bc m s i u :
p n i m e i , I c r e -  c cc  u c u t  I i  cc ’s , c u  i-’ t ,~u i n ,  l . , i .  I .  i c e  a t m l  I e - u , c ’ sl ‘ m i t c h  is sp l i t  i n t o  i t s

, u s - n l r c s i le  b , m r t s - .  l , - ’ , m , i I n  , t c c c t c i i s s i m i u  I u s - s - a  p l . i c e  I s s n u u m c g hu t i cs ’  t’ , m a t e u u e r a .  As a
s- s - u n i t , L i r e  ‘m i t t ,  w i l l  , - e~~t I ‘ ‘ i - i ’ s ,  I- , I , . c - I c . ,  i n t b c c  s I r i u s - H r . , mu s-d L i i i  s t n i t u g c - r
cs -i l l  i ’s-s t- n t  r u - i L l - c c  ; , ‘ r e u s  I-~~ , - , 2 , , it s -  t h e  sk i t u . T h i s  is s h e p i c t e c i  its -
l i r e  u s p I’~’n I i t u t  u i (  F -‘ m i  - u I .  u - I

l ’ h i ~ ’ t u r i c ,‘ , s ses r , m v s - to l , e  , m u u s u  i ’ s - / e d  s e I n . m r ; m t e j v  . Compat ibil i Lv r u - u I u i r c ,-a
e q u a l  d i s p l , ,  s ’c ’ c e l u t - m  i t u  . , I c , ’ u - t  , cu s - d s t r I n g e r  u t  th e ’ com e- s p o t s- d i n g  f a s t e i s - e n  l m u e , u t  ic ,m u m s - .
t , ’s, , , u l t ’ , i , i L  l b - i l  i t y  n e c l u c i n  s c , u e i n t s  d c l  i s - e n  a se t  i t  u (n is number  of f c c s l e r m e r s )
m d  e i u eti n lu- ’uu t .tl g€-hnc i ie ,‘g,csc I l o t u s , a I r  l r  n ‘ ‘ .ou be- s,u ived n am e r  i c al  ly  to d e n  i s-’ ’ I hu e
fa s t i ’ r u s ’m u , ’ n c e c c .  ,\cu um rd ir s-g to Swift ‘b , i S  f s c s t u ’ u u u ’ n s  a t  e i t h e r  a i d e  of L i m e
c m , , - k ns-’ i-c l t i  he- i n e l u i , h u ’ sl to  g i s -’u ’ a c c i u s - s m s t c - t s -t r e s u l t .  A p roper  a i s - a l s - - a i s  in c l u d e s

• t i m e  u - f l  cc Is of ( 1)  at i i  - eu s-e r  y i e l d  i u u g  and he tud  I u p ,  ( 2 )  I s u s t e u s - s - r  y i e l d i n g ,  mind
( 3 )  i c i s - m t s ’t s - s -’ r — h o i e  s i s ’ l  u t  c s r , u t  f o r t .

I- c - n l i c e  c u r ,  s - I  c-i u m a l v s i s  , coi s - s i~~em a s k i n — s t r i n g e r  c , u c s c h m j n c i t  i - - n  as
c n F t  ‘ ‘ i r e  I .  1 . 2  ( L u u p )  . ‘I bis- c li sp l s u u — e m e i u l a  of a dj a c e n t  p o i n t s  in s k i n  m ind S t r i n g e r

w i l  1 l i i ’ u ,- q u i . i  1 . Let  .u I m c c u m a v e r s - s ’  c r a c k  d e v e l o p  in thu ’  s k i t s - . ‘ I i i  i c-c w i l l  c~cu i s , ’
l u  n - g em d i  a l l  I mc i - I ns -n t  s in  tin ? s k i t ’ , wis- i ur iu h i s  to  be ‘us - i  iowed liv Liii ’ s t r i n g e r s .  As
a r i - s - c u l t , t i c ,  t , u I c , ’  -us - l c u , m s l  f r c m Ib ue  sk i t s - , t h u u s  d e e r e - m u s i n g  th e -  s k i n  s tn , ’ a a  sit
t bue  e x b u s :c u - cc ’  o f  l uc ’ghu ’n  a t n  i n g s ’ r a t  r i ’s - c .  ( S i u u s - s c - q u c u ’ u m t  I > ’ , the -  d i spl  c u c s - m s - n t a  his -  t h e
c - m a c k o c h  s k i t u  w i l l  hi,- small er t h an in an unstiffened p la te w i L l s -  t h e  acume S I Z e  i f
c n n - - k .  ‘h u g  i t i mp i i s -s t I r . i t  t h u s ’  s t r e ss - s ’s  in t ime s t i f f e n e d  p l c u t e  a re  luis ’er and
tbua t Lice  s-cl r e a r - c  i n t u -us - sc i I v  i s  i s we r  . The c i  u ’s - e r  t lu e  c r s u c k  t i p  is Lus -  L i m e  a t m  i l l s - s e n
thue  l i n g e r  Li i i -  l ’ - . c s l — , d r , c r i t c g  e l I  i - c t .

I f  t h e  s I r s - s - s  i u i t c n s - c i i s - ’  f r - r  .m u e c m t r a l c - rack  in ais- u t n a t i l  I i ’ u u m ’ m l p b . i t u ’
is K = ‘- m l , , t h e im t h e  s t n e ’- f i m t , ’ t i s - c j t~ f u r  t I m e  s t i f f e u e d  p l s m t s ’  is K

‘ I / i , ’ m e d u c - t  i s ’n f m ’  t o n , , b r , -  u r i c , ’ ’ , snm, u l l e n  s - b u s - n  t im e ’ i ’r s i c k  n c p p n u i a s - b t s ’ r - .  t h u e -  a t  r 1 c m / s - u - n
S i t s - c c  t h u  — i t n i n g e r s  t c m k e .  b us - cud f u r - t c c  t h i s ’  s k i n , t h c i ’ir  s - t r u s s  w i l l  inc  r e s t s - i ’ f r o n t
u i  L ‘

, whens -  I. u s - i - n  u s ’ s  wi - us- n I b i s ’  u ’r a c ,’k s i p j i r o c m s ’ h i e u c  t l u e  s t n i n g & - m . I ) b u v i u i u u s l s - ’ ,
0 F I s m n m i  1. 1. T lmei r  va lu , i es  depend  upon s t i f f e n i n g  r a t  io , f m s t e u u e r  a t i f t u m s - s s - ,
and c ra c k  s i z e .  For c m q u c a l i t a t i v t -  d i scuss ion , it may s u f f i c e  to l e t  1 a nd I , v .m r v
us i n  F i g u n c -  3 . 5 .2 .

il -a- t his  i n n ’s- c t - I ’ b , i , ’ns im u - n  u s imp i c ’  p c mus - c ,- l  w i t h u  two s t r i n g e r s  n u t u c i
u ’ s - i l l r . u l  - u ’ , u , ’ k m o m  r i - c u ,  r u s t  n u i u ’t ~ ’d .  I- st  - ‘ s c m -k  ~‘ x t e u i ’ m i~ i im i n  c m n  u j i s t  i i :  ‘ a u - h  It I c i t , ’
w i l l  t k s ’ p ]~c s ms - - i t  a s t r c ’ss  g m ’ s-el i by ‘

~ = K r ’c c m a , n u ’ p r e s u - ’. s t i - d b y t h e -  l ower  l i n e
in  F ’ h p t u n m  3 . 1 . 1 .  F u - n  i i i , -  s t l f i s ’ c i u ’ , l  i - i t s - u - I , t hus ’ — s I n u s - c  i c - n  l u s t  u - r u  i ‘ r u s t ’ s i - _ m u m
he u , s - I -  u n l , c t - , i ma c~~ = K / F  “— c i .  K n e u s ’ i c i c  f r u ’i:c c the  s t a t i c  , i n s c l v , u s . - , can
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is’ c a l , ,  c l , u t s s l , I t  s - i r i s - s  w i t l u  - - n s u s -k  s - i s , - u s shown in b s -i I s - t i t ’ s- ‘ 1 . 5 . 1 .  I l i u m ’ s’

~
- d , s - e r u ’, c u s u s - s- i t  l i i ,  c r a c k  a l i p r c r . u e l c u -s h ut ’ s t r i n ger , t h e  u s u r y , - t i c n im s ul cn - .s-u nd or
crack sizes itt L I u s  o r d e r  of t h e  st r i n g e r  spac i n g .

The hmos aib il i t y  r u t  I s m s t s ’ u l e r  l i i  l u r e  and s tn i t u g e r  f a i l u r e  sh o u l d  hue e o n —
s d e n e s l  a l -c , - , Here , onl y s t r i n g e r  f a i l u r e  w i l l  be d i scussed . The s t n i u t s - s - e n  w i l l

u I  Wl mi-uu its streuc a reaus-ius-s Ihus/ ul, t iuuuate- tensile stress , c - 
, u f  t h u e  s t r  l i p s - i n

utts-m ts’nial. As t h e  s t r i n g e r  s t r e s s  is I. - , where -- is t h e  nom~~~~l stress in time
Iu ,m iuu -l siway i msum LIce crack , stringer fai lure - will occur at given by L- = s- ,~ -;
I ,’ sing L as de~m i c t e - d  in Figure- 3.5.2 , t h e  pane l  s t r e s s  c u t  w h i c h  s t r i n g e r  f , u i h u m r s ’
oc ssum s is g iven  its - Fi g u re  3 . 5 . 3 .

S c u m,’ consider a cs-r,m ck of size a1 . At  a s t r e s s  ,‘-
~~ 

f a s t  c r a c k  g r r n s - t l i  , , e u  ur s- c
( p o i n t  A ) .  IL w i l l  run to po in t  15 where i t  is a r r e s t e d  (be-cause  K w i l l  be i - w ,  r
titan K , again). Furt he r its-crease of time sI r e - a s  will cause the crack to p u ’c u j r c m g . u t s ’
in  ,u s~~~b l u ’ r u i , m n n e - r  t o  i , whe re  a g a i n  f a s t  f r a c t u r e  would s- c c u r  a t  a stress ,’
If thue crack size is ct- , o m a I r s - u-c s - 2 is  r e q u i r e d  for fast crack gmowtlu . \nnu ,us t
w i ll  u i , r t  occur because °2

IL  has been o u t l i n e d  t h at ~~ and L depend  u p o n  s t i f f e n i n g  m d i - . T h i s
ittuplies that thue d iagram of Figure 3.5.3 is not unique. It shows time - ca-cu

-,,‘lcu ’re p lmct e failure is Lime critical e v e n t .  In ot i s - em cases , s t r i u s-g e r  f a i l u r e
may be e m i t  i c s c l  ; t h i s  is so when tb u e  s t r i n g e r s  are  r e l a t i v e ly small in sect  i c - u t
us compared tc, the busy sectional arecm . This is depicted in Figure 3.5.4. ,\

c r a c k  of s i z e  a becomes u n s t a b l e  a t  a s t r e s s  Os- 
~~ u s - ill ns n u t, p a i n t  H m s - I r e n e

the stringer will fail. Hence , it will not be arrested . Thom highe-sL atnea s- u sir
unrest , ‘r , is now d e t e r m i n e d  by p o i n t  E as shown .

Many l a rge  panel exper imenta l  da ta  are ava i l ab le  to show th i s ’ n m d e q l c . u m  -
c _ f  t h u  , u u u a l v s j s  p r o c e d u r e  f o r  a i r c r a f t  s t r u c t u r e s .  Some tes t  da ta by Vli egs’r
i r e  shc iwn in F i g u r e  3 . 5 . 4 .  T h e  tes t  d a t a  c o n f i r m  the  p r e d i c t e d  h e h a v i r i m .  TI m
crass’ u - f a sbm ,s-rt c r a c k  f r a c t u r e , u s - s t a b i l i t y  occurs  a t  a s t r e s s  Lou -  h i g h I - u n  c r a c k
i n r u s h  s i t  the- stringer. Lous-ger initial cracks showed some slow crack growth and
t hue n sudden f u s t  crsick growtbs - . CracK ,m r r e s t  occu r red  at  t ime -  s t r i r s - g e n , a f t e r
wh ich  t ime  ims ine l  cou ld  be loaded to c ( h o r i z o n t al  leve l ) w i t s -ms  f i n a l  f c m i l u m r s ’  o c —
eum n ,-d ,

3. K KY~~,\7l I I  , \N i \L YSI S  ( i F  CRA CK l ’ROP, \GA ’Fh ( I N  AND CRACK ARREST

‘l i c e  pm ohm lem m m t  c r r e s tin g  a r a p i d l y  p r o p a g a t i n g  c r a c k  is i f  g r e a t  con—

- 

‘ cern in ‘m u- s - s - n i l  d i f f e r e n t  k inds of e n g i n e e r i n g  s t r u c t u c r e s ,  Tb s-e se have in  u so mtno n
l i ce  feature Lb s-at unchecked unstable - crack growth wocmld Its-ca’ ccute mst m oph im ,- u ’ c -u—
sequences .  Thu e-y inc l ude s u i n c m m f  t (as discussed in the  p r e ce d i n g  au- i t  1 , - t i ) ,
t i _ c c  i - m r  p r ~- ’ ;s - i ,  ru  v e s se l s , hr  j u gs-s , and gas t mn u n s m i s s i o n  I s - i  p s- I i ums ’s , in adsi i t  i ots-
L u ,  - P u l p  h u u l i s .

‘Flu e-re is u ’ umment I v  no uiniver -sa I i s - -  a c e s - l i t  ed t h u s - i s - r i - I  icci l I v — b i c u s - c s ’ d  - l i -s i gn
approaciu L u ’  e u u s i u r e  crau s k a r r e s t .  A a l i t  icr a p p r s i c m u ’ l c  , or , w h i c h  amucint a t , u t h e
s- iou ,  t bt i t u c ,r . t h uc- ‘‘a r r e s t  t u - i i g Im i u ~’ ’ms ’’ or um I ~1u r 5 u  Ii . is a i t tuos t  u u n i v u - n s , u l l v  emp l r u v s - d .

.2 This c,mppr ,i .i- -Ii is hu ,ms ,-u h run t h u e  idea  t h u a t  - r i ,  9 u n r e s t  i s  j u s t  t I r e -  m o v e - m a e  of
c m , i c k — , ’ m m u w t l u  i nit m i t  ion. However , theme is a hcidy c - f  experim ental r s - a m i  11
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/ I - _ s - s ’ t h u - i ’ ’,,’ i t i c  i I I s - - I c - u  m s - u  s - i ,  u - c ’ ’ ’ ’ , — h ,  s-~-~h c-el I mu — P c - I ’ s i n _ u  l v sj  t l , , , u  l i _ s  u- , I s -  m,’ c r  c h i  -

- ‘ t o ’ s - c u - i -  ‘ m l  h — a  sI , c , c u c , i s ’  1 - n , ’~ i ’ ’ , I l i . u  I c , c u c ’ -,t  hue- n , - , s t  s.d a i t h  i t ,  m ime  e u :  i c  I u t  S

u l v r u , c , c m , , t m m ,  t r u r ’  - ui:, . 5 , , ~ i c s  I l c s ’ , n ’  - I ’ b m i u u ’, s - u ’ n  1, , u r l s -  c i , , , ,  c - r i  cit  it ,s , t e l  H i,’ l t  i i n  b i n
S l u m p  ~~~~ ‘ - . -  s r i ’  i , , c , ’ t l h e ,  .~ :‘ps rL situ P c o u i t i i n ’ s s s h n i l  t s e l m , s i  I ‘1 - - - -

l ’ s  ‘ ‘‘ 
• i t s  i ’ m - I  i ’ , , su ’ s - ’ e n s u l  - ‘ - -- - u - - s - _ m i  i z . u t i i ’ u u u  -~ f l Ice s-c .i t i s  m m - u s-ce 1 ,  I s - - e s - u

in, - I mid , -

• - 5 k i t ,  c c i ’ m - i ,  u ’ ,s- s- - - r u  r i b tu 1 i - -u s-

• l m u - ’ u ’ t  icc c t  Is-

~ • i s - I _ u -ri _ i e l m - - t I n  u h - i n s  L m ’ - n 1 s - l i n u ’ s s  aim ct ’ c i u ’(, s . l , _ , u i ,

l i i i-  pm i s - s - m r  ‘s- ,‘ ‘ d I ’ ;s u t , ,  - - I  S b c c  ‘ m u - - i  i on  - 5 1  l i i i ns- ’ ‘ c - u - u  h a  F c c  , h s - i f l m  ‘ c m ,  h , 1 e S c c  ‘ 1  c - S i  St
1, c l i v  i - m s _ -u sin ci l l a c ’ s c s i l r  d , m n ~ ’ s’ n , c u s - l v i - v u  n u ’ , , t i i t r , , t e  t i , c ’ ’ s c t i s c i t , ’ i; s - u r c t r ’ t s - s - i - , n s
Id a r c - i-st . m t’ ip i d i ’i’ c u l u u l , i ,u , i t , L u i g  c n s u  I- - I t  w i l l  I i , n t b , , ’ r  h i -  -,i~- - i c
a n a l — s e - s  t s m k t u c g  f u l l  s t e e d s - I  c u t  t he eS ,  s i m t  s - I  c - - l e t s  -f  d y t s i s -  . - i c - c ’  L s c i ’e

— m e c h a n i c s  can  s t i l l  c i ’  I i t : m d s - g r n  d c  t i - n  ‘ n - - i - t h u s - u s  s r  u -I ’  n c - n c - s - c t m u - c t  i - u i c , n
f e a t u re - s  ~if  t h i s  i u n ~ ‘I ’m 2 ’ s ’ nu ’ g l u - , ’ t c - d _  i n  p a r t ]  c s ’, s c r _ t i r e  - ‘ I i , - n s ’c,, i , u c h ,, i :’ - u I , i e -

- smm u sc ly s c s  m)f F m c u u s - d  ( , , , , i ,s-  
- , , n u u , i - t  cci l , i ’ s i t u  stress waves  r e f  h e ’  I e , h h , -  I I C  -

p m o p a g s m t i n g  c r ack  t i p i t ’ , ‘s’ s s - h i s ’ s - I n ’ , i o u - t m  , - - c u t u , l , u u ’ i u ’ a ,  H - i s -  f e a t ’ s - r u -  i s  i s -u t ‘ ‘ i i i ’ s -
i m p o r t a n t  f o r  s-xp s-’n in t u s - n t cl s-- n  ‘cc c c m r r  l u ’ s - S  - c c c l  u s - i c - p  “, n s a h l  l , m b o r , , t  c—v s i / u ’  I s ’,t

s pee ln u e n s , but  u , ’ u , u t I s h  i s - s m ’  ha ’ i s : n h m ’ u r t , c c t t  i t u  . , u i , , j ’ ,’’~ j t i 1  i ’ t ’ s m , k  c u r  -a, u h e - s - ’ i e u’ s - _

L u n g e — s e t I c  n u c m e r i c c c l , - - ‘ cu i ; - u c h , , t , i , ’ n i , s -  c r c  (,e -v ous-d t ins -  S ’c-s 1c-’  - s  t i r e  is--ir is n , —
por ted  her,- , Th is p i e s -  lmc de s  m - -nip I i  t i  su i t s ,  s - s - i  s of the  s--c s- n ic-us  5 c u r e  ‘ l e t s  u t  i - i- s t e
sys tems . h u - v u - r t h e l e s _ u s - , I t I S  n t t , i uu u t ’ l , i c m t  t~,c s - s c ’, s’ sm r , r ,e , I i t c c s-, ive  i’ ’,’ m u i r - u ’ c ce  tn t h i s -
dynamic  , r t ” s : ’u if  ic  a t  i u u u r s it  t h c u ’ u n ’ s-c- K u n i v  ing  c u r m c e  . T h i s  cs - lus t  i’ ci - - c c i -  in  o r d er  I ’ .
c o n v i n c i t t , ss-, l - ,- d en t s -n a t  r a t s -  l ie fscet tb.~~t s - ct , , IIe ,c i ’ t s t l , ’au ,u s  i - c ’ - n~ s -  I ’ , c r u s t’ s ’ ,t  cc-n s i - c - i —
f i e , L c s - L l c ’ s - -u’  u - s t  imnu t e t h c s s -  s- u p s - u :  t i l t  V 01 s- ’ , c t , s - c s ’ t u , c d l v  ji nc-~ ’ u ,~ s t
c r , m m ’k .  I c )  , m - s -, l , p s  - I ,  h i ,  i s - , 5u ,015s ’ u - c b s  u L , m t  l i - n a  S e n ,  s - s - S u b s ’  ‘ -‘ c t h ‘ u s e : - . i — a  lag,  con , pc . t  en
rn- d e l  tha t wcm s, u l s ’v c ’ l , u , - , ,-ut  on , m c u , ’ ,r  l i - - i -  S i c i p  SIrs’ h - t i ’ s’ c ’ , , n s c t ’ s I L t c - ~ ’ pr c Is- n suts - to ,, cs - ,m l s - zu -
c r u s h,’ ; s - n u p u m g . u L i o n  c un , 1  C r , , ,  9 u r n - - s t  I c ,  h i  - d , u u b m i m , ’ , ’ ,u r ’u t i l , e -,’ , ’r h m e , u t r , I I I  ‘p I s s  I ~ - i - -

nou n - h i t i l e  h a r d l y  n - - ~ n e s s ’ i t t a t i’,’u - of s c m ’ s - I  i - n p i  c- i s - -el ’ i t s -p s t i ’ , s ,  t u c n i  . t l c u ’  111 15
spec ir s -n  geomet my does  I e -u c d i h s e l l  t u i s- s r~ - - cmi i s-c l P s - u s - in s i s -- 5 n s i ,  l- ~ p r ,-p sc s -’ m t  iu’uts-

arrest ana l~~a , - s - .  Hcchc ,mn , i i’ s - s - s cm m r n s s - u s c i ’ s -  c c u t t t c u , t  F e  c ’ s - s i m l e  f - u i  , c u  -. 1  ,~ I r u n -  h u m s’s--
w i t b u o u t  -u ’ m c  - ‘r :s c i iu ,s- h ,cr g, s - — s ’s- sLem c c r c s - u e n h u i  us - u,u m p u b m t , s - c - n s . H e - u n cu- . t - - u  l i c e  ; s - S ’ s - I ’ ’ e -S

- i - f  t h u i s  r e ; ’ ’ :  I , t h u  - ‘ x i s - t i i . ’, ‘i t C h ]  ,,iu, u l ’ s - a i r - , “nbc1 n - s - s i rs  sc u s - . , h i s n  c - i  -‘ u s - K i ts - i c , H s - , u u t
h u e  only ~ 05? n d i i i u’ ’ i t t c _ ’ . I s ’  - l u c s u - : : ; t n a t u ’  m c ,  d i f f u ’ r ’ , r i c i ’ ,s h u t s ’  , ‘ u n  at a il s s- ,u u um l f uel ’s-
d y i s - , unu u,e f r - m s ,s - t u c m s ’ ’,n s ‘ t i s m n i - s - s  u s - - c - u ,  ~-~~t s  to  c ’, u i , t , , t u  e n s - u s  9 , c n u ’u ’’ ; i u- I ’ s v u , t  e s - - s .

In  t h i s  s e-c t  ion  of t I m e -  n-  c r I  , t I n , - gcmv emcs - i rr ;s - e q u c n u b i - u t n a  ion thu- li i i ,
specimen d s - t m s i c : i L- a n a l y s i s  p r - u ~ s s h m u r u -  - u r i s S s u  , -,t ouct l tcru ’d - h e yt  , a i - r i ,  I 5 , - ’ - , i

t ics -n of thu s ,  al, u, e n u u , m t , i . e  a p p n u ’  m ,  ms- s is p I ‘s-d c cc l u - n e  i t ,  i- c shown h i s - cut , f o r  c r u ’ ’ k
. mn r e s t  p r u ’ s l i c t i ’ m t u s , L b , , ’ ’ - - u u ’ ,’ s m m t, i - - s c , s ’ s j u c s u s , t — ’ S s - u t i  s - n i - I ’  n - - c c - I s -es  can  he r e ; - n e ’~ c i i ’,]
wi t h u i n  h b t u ’  c -on!  i u i u  u -  n i t  s- ‘‘ q u c i s c t — I ’ s - c c s i t c i i s- ” a p p r - - , c , s - b u . F i n n s - i l ’ s - . --u -c s -u- sam ph  u ’ s~ l —

A’ e r i l , ~ t i , u t ’ns  - c r c  p e n [ i n t ’ n u ’ m b  I s u  - c - t i t l i s t  l i c e  u l u t u  s j — , I ’ ,’ i u , m ~’- r i c ’ and I’i u l l v  uh ’s-n om n s m i c ‘- n m - - l i t j uts- a

S’ ,u m c r c ,  9 ‘ r c u p , m g i h  n - - u i  -i ts -u i ,m m r c’ c-c t in PCI] ~c p e c i c r r u ’ t s - s .  I h u i s  s - i l l  s- u - I t h e -  s i c - p c ’  I - - n
t h e  u , n . c l V a e s  n e ; - - r  1 , - I i n  S&- u ’t  Hun  u , ‘~~, h u t ,  c’,mn i ,u i t s tv pc’a u _ I  s h c i i r — I c a l l  s n a c k  - c m ’ —
r eaders .
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t

- - m ’ s - ’ ’ I u s -  c i i ,. C u l m u , c t  m ’ s  r un; t or , - u - u mc ’  I ,  c t ’ u -  9i c - i  
- 

i , iu , t I r e  J i c II I i ’ s - r  Spe ,  i n - ,

t h f t  s i , i  rh  iun-g ~c su 11) 1  1 i r  II  t i e -  I n- ’ .m I i i -  u ‘ ‘ I Icc s ‘~~s , u  i - ‘ I i  S r u - u t ’ ’, uudy uu,jmjc - r~i c k  s- ’I ’ ’ i i d ,s S , c  I i , - uu in  L c , e  ilc : us - s;r , -, i n c - l u  - c m ’ , -  t i u c ’  e p , . m  t i u ,i t c ~s c _ u  I , , ,  
~~~~~~~

of  i - l a s t , ,  m h ~ ’ w i t h  m c i i  N i . m t e r m s  b n c b , n , i , s I , I m e ’ ’ , i u , - ,e i l ie  ‘ - - u i  c m i  h - 5,s - u s - t u e h u e  of  t b m  i s  slice I s - se c - ‘ i i i  l u e  es-- p i c - I  I i - n i  , u u u u  I n - ’ i , r  u -u ;  - u ,  i s -  i c - I t s  l ie , ’ , I t - -
e x p i n ,  i t s -  c on s i d en u s i  ‘H,5- ,, u r ,  t h e  I i , ’ , ’  - q u c , , t  t u n a t n t  m u u l  c , u t t  ~~~~~~~ n i - , - s i t s- u i s
_ i f  t i n e  he s c s - ci  t h i s -  x s h I r s ’ e t i i u u u ) -cud Is- ui h h c u , - ’ cs-~ ‘ a I _ m w ’  s i c , ’ ‘ ‘ u t - , , ‘ l I c e  l w -  u ’ h ’ t  i t  u - l i ’

u r , , - L lots-  , , r u -  ‘ i v u - l u  b y

cu us- d

- -‘ s - -
k ~~~~~~~~ - 

,o 
- u _ c _ _ IK

Ths- Lw , ,  e u i n ’ m L  1 t U h j ~~s or I l ’ ’ m ’ s - , e ’ s l s iu ,, , - n ~, i s - , u  I ‘a s t i s - u t  i ’ I t t e r  1 , d t  i r  I i , , m , ’ c i ’  s - c s
- c r c  P i  ‘u _

i ’ l l  be

— ( - 
-

‘ s-s -

d i m - I

‘ i i  - t mx ~
~ - , n .  

- -

I n  l u t e  , i iu o s - ’e  equ , ’m t j , i n s -  F , C , 
~ c l I P  d e l , -  I , ’  i n - i c c , , ‘ s i ’ , i nl u t l , u -. i s ’  L u ’ , m r  s- ’ , m i , I u l u m a

P o i s so n ’ s m , m h i m ’ , it s -cl t Im e  u h s ’ u m s i ’ s-’ r e s - ;, , - , t - ‘ i I n - ’ ; uc u t i , ~ c m . i n i  I i  i ,  , c ’ , C m ’ SSs —
‘ m u ’ m u u , ’ i t t s - ,’ ’ , , - - - , - a n ,  - I n ,  ‘ ‘ - n’,i n i -s - - s s - ,  [ a ;  c t u , I  ‘ I ‘ I c - f l u - n  i s  t

x v z s--c s-’ ~~ ‘s-cu

Problems jul w b t u ~~I] l ’ a u - — - I c - c - , 1 ‘ ‘ ~~, c I  I c s - u h i m l  v s j t ’ i , c t l  S m ’ s- u - i d  1 , - s - u , ’ ‘s - u n  u s c  s - cs
fi m u t h  c u l t s - n  - i n , -  d i f f i c i t i t  u sc - I  , - i s l e ’s - i l  l v  :-c ; u ’s u k i t i g ,  i f l c d ; ’ h ’ t o ’ - ’ I m I ,  t - ’ t ‘ - i t  u s  u ‘ n , - —

c s - u d I m  - p h u a s - s ,  ‘ ‘ I  in  kn s - Ve- s-, i n , s ’ u t - u r m  • l’he ’ s l op  I c f i n  u t  i s in n l i t  e u u r  bu ,  1 : 1  n - - s i _ c u  - u i  I
f l t , d t  I t s ’ s - c i t  t n - c l  u i i , i ~~\ ’ ’ m j  i s - - r e  r, iu’ 5 i C - - u s - l u - l ’s- ‘ : , , n , l c  I i ’ s- i t i t r u - - u ’ s , - Hi 1’ ‘ ‘ I c - s - s — - u ,  —

i u u n i i  I a s-’ r u e ,  s I ‘b c ’ ; - e t m i l , ’c-t  v ,ur j cuh i  u - i ;  m l , - t i m e  u o , r  i v ’m j  - 1 ’  i ,’. i~~~ 5 I u c , n ,  - ‘
t t : - , ,  l u (  I] api-c “ ‘ is - i’ , ,  - ‘-~ si ’ c t  d o n  i t  i t t ’ , -‘ s- ’ :csu b p s - s i t  i s u u ‘s , t I c, ii l S s ’ ’ s u ’ ’ c c c c  a i s u h i  a

- in  hue c - b ’ l , d f f i e - u i  S - u r s - s - c s u  I I ’ , , ia  t e l  l o w s -  - ‘ I i i , -  - I ,  t i e ,  I i - n  is- I~~i ’ , ’ ) i
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w = 
~~~ 

u d y d z  . ( I  c , -  ‘II

t u i ’ t u  , = - ( -x i  i s

- ‘~ ~
c’
~~

’ s- zu dy dz  . ( l . a - b )

- 
l ii ’ ~b i  m r d n g  t , ’ t ,  it = S i x )  i - c

S = i~~~~
” m

-xs - s - 
s h v , l z . ( ] . 6 — 7

‘I’ s - c u ’ ‘- i - n I  l i t - _ i :‘‘ , ‘ ‘, u i - r i i  I i  = -11 - - : )  I a

= -
i 

cu d- ,idz  . ( l . i  — a )- A -  x -

I]y O p e n u l  has- on h ;
~!n usih i u ’ imt ( 3 . 6 — 1 1  t h r o u g h (3 .  6 — 4 )  by 

‘A
s-’ dy dz and us ing  E q u a t i - u n s -

(3.6—i ) I hc -u ’Iigl (3.6—8), a f t e r  some man i p u l a t i o n , t he  e q u a t i o n s  of m o t i o n  f u r  t s - , e
ill s - B - - h u es-- i re - i s -  i n  t i c - m s  sd t he  c r o s s — s ect i o n a l ly  averaged v a r i a b l e s  c -ne  found  I ‘ s - c

- k w , , ~ 
, ‘:~~ ( ‘3. c~~~m , b )

-x e

+ k b ’  - S = = c - I  ‘~ ( 1 . 6— l i ] )

L - El -
~~

- = ( ‘H u - l i )-x

— -~ = —p----- (3.c,—12)
a ‘x
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- sue - ru’ I is time moment of i n e r t i a , k and k , resp ec t ive-I’,’ , re-;mre acs-uu t the ex—

t e c t s l n - u i , u l  f o r c e  and bend ing t r a nsm i~~te -d a cr o s s  t h e -  c c - u s -  is - i - l a n e , n m nd - i s  mu
c o n s t a n t  w h i c b m  depends  on the  shape of tlue crsus a au-u I ion  and on Pu issc,n ’ s r I  i - u  -

- Of course , k = k = 0 where  the spec imen  is c r a c k e d , h u t  i r e  l’ u n c t  i r m a  ‘ f  t I e
spu , ’cin s-en geo~~e t r y c-and e l m m s t i c  p r o p e r t  is-s  o t l u e n m u ’isu ’ .

,I 
Now c or s - s i d e n i n g  t h a t  A a n d  I s - i r e  f u n c t i o n s  of ’ s-i sund u i  i c - i i i u u S  i s - ,  

-
‘ smiud S f r o m  E q u a t i o n s  (3 .  6— 9 )  t i u r s i u g h ( 3 . 6 - 1 2 ) ,  it is f o u n d  h i t s - I

- ~ r ii
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

iy ’ ( ‘3 , 1 — l u )
‘x ~~ L x  4 it

1. - ’ , 
ansi

—s-— ~E L ~~~~~ — 9 + ,GA ~~ ’~~ — , = c ml ‘-“°“ . ( 3 . i 5 — 1 ’ ~ 1
- x  r s X

- sp e e i ,u l i z l l s -g to u r e c t a n g u l a r  cross  section allows t I m e  fo l l ow i n g  r e l a t i o n s  to be
i u m t r s u d u c e d

- 

,\ = bbu

I 

1 31 =  -

~

‘

~

‘ h is-

- 

~-GA = Ehh

- - e Ii

I- Ik = — E b h
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nu ’ i i e n u  Ii  = iu ~~s-- , l i s  t H e  h i s - s  - ‘ n e  i s - i t i i i  l I r e  5 1u ’u i s - s - , , i m , Im = b t ( x i  is t h i s  s ; r ’ I l ’ s - e t c  L I , ] ,  I’
ii’ s - u i , ,um d , as , n h n , - v , ’  F = ( x l  is L i i i ’  e l m s - i  i s -  u i t u u d u h i i s - . S u l u a t i t u t  ins -p  11cc , u l u , ’ v e
L i t  u , u na i n t o  h , u l u i s u h h u i t , u  ( 1 . 1 , — ’ 1 )  t h u r u i u g hi ( 3 . c n — h 4 )  c u d  i ns - tr’ ’ c ium , I-- s- thue - H e av i a h c i u
a h e l ,i f i n s - s -  s - c - ui H I - ’  d i - l I r m u’ , m i ,  t i m e  p s - u s i t h o n u  of t i c , , - c r a c k  t i p ( i . e . , x = a ) ,  t I m e
‘ ‘ m i m i  i , r i c , s  of s-t Ic s- h i - s - n m  i - u t  cc rc ’ ’s - t  , n u u p t u l  c n  I)CB a s - u s c  i s - is - s  I i ’ ~ l i c u ’ -c ’ s - u ’ n u m e h n y  cs-nd eI~- r s - t ic

r I l e s - c s - u n ’ s -  con C i t i u o u s l v  a l , ’ i i ~~
s- ‘ i t s i c - i a  i r e  f o u t t m d  t , i  is-c

~~ r , ii  s - I - i -
- ,~~~~‘ - ‘ ‘--“ b ( s - - c - ) w  , ;‘ - i u ~~~~ ’ - c- ” -F , ( x - X .)  ( ‘i . 6 15)s- L ‘~~ I i  

- ‘ ) = i  ,~

s-iL

H b - Il s - mi 1 
+ 

b’~~~i ~~~~~ ‘ — ~~~_ -~~~~~‘ il l s - — a )  = c- l u ~~~ ( 3 . 6 — 1 6 )
- a  12 -x - -x 6 1_

in E q u a t i m i u s -  ( L I — t i )  h e r s - s - e s  i s - s - i f  i t c h  by F . - i ( s - s - — N , ) ,  , , i c e n u ’  is a ‘J i r a c  de lt a  f u s s - -
h i s s  us - , c r c  i f l s -cs ,’n t s - , h  10 i s - s - J d t ’  c - e s - n I ’ s - i t t  , - x i e n c m ~ , h  1 , - r u  c’ ( i s-er  u n i t  l u - n p t b m ) u’> s - u - r t i ’u l c -h
thue -  p o in t  a = K . . j ’ l , i s  ctc : u k eu ’ i t  - n r a s i i n l s ’ t s ’ s - s e  ‘ b  t h e  s - f f s - s s - I  t I ’ s t f f f e n e n — t v j - e
- i n r e a t  s- l e ’/ i c u ’ , ‘ n _ i ’  e X s - u c s - c ; u i e .  ‘P e e  L i c e  f u r s ’ s -  s-- - s ure ts-u k , ’um to h , s - s -~ is- ’s -ihi v e in t : s - c ’
d i n ’ , t i c s -n - - I  , h i s - - c

l lms ’ s - f t u i a s -  [on n - _ f  u s - u ’ s - h  u t u l u ’ n - - - - t  l i e n s ’  i s- ,  d h n , c h  i n  w’ h i s s - b s -  C , ic , cs-nd b aru ’
a l l  c’ u s - c - ; r, , r u i t s. I ‘~ ‘ s - n s  ‘ u - o s  ( H I - — I  

~~) and ( 3 , 6 _ h u s - )  ‘ si n thu ems - hi’ written us

‘) ‘  “ - - ( ( s - s - - s - u )  mm’ — 
-u F - s- ( x - K . - 3 . i - - I , )

— 
- . 

‘, 
s - u C° - t - Is - Is - I t  

I ~

p 
“ ,i 

~ 
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— c- I I I  K - u )  - = ~~~~~- , 

( i c - - I  S -

• - - s -  I ,  L “ J h ’  1, ‘1 ”

s I r e - n e  C , = I s - f  c -  ‘ I t -  i - - n  w , , -, ’ ‘p u’ ’ ’ b  ~C 
- 

= s- , I i ~~I u  s- ,’ e I c m  c - L e s s - b .  I t  comm h’ s - u  ‘ i s -
t h u  t i m ”  - - u n , u e l e ’ - , ’c I  - w. -, u - s -” ” I - n  or~ C s - m d C , t I c- ’  I t h e n  h u - i n g  m ni a t u l t

0 m )

-!“ “ n H - —
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- S t he’ i - h u e s - ,  u ’ - ‘ f  h’ s - i  5 ’ , , ’ ’ ;  ‘ s-c ‘ u t  lo  u - f ’  V = i i . 2 7  u s -  m h i s  w u i r k .  I I ,  h a  s -us - I  e n s -  thc-
h I m ,; ‘ ‘ c u l t i , , t ,  V i s u  t I l e  i s - n ’ m s - i s - s - I c r  - . I n  p~~c ’ t i c m u 1 i n , I t  i s  t i ’ u m u u s c  t h u c m t

= i c ’ s - ,  3 ,

‘ K s - r i ’  s-cs t~ c u m s - ,  i~mr  t s - s - u s -  . 1  rsm i n c  , ‘ts - s’r ; ’s- - , n n , I  I lie k f i l e t  H e l m ,  r e  oi ‘ t i e  sn - ’ .-
u s - .  , - - ‘ - I c - i n c - I  I , ,  S u - r s - c  0 ,  , I ’ i  u’ S’ i s - m i ,  l e t s -  i i m l r n ’ , i s n  e, ,  s } ~~’ ’~~ ’ , ‘ s - i t t  l ag  t i d e

s- c s - e l , ,  I I . I u s c -  r ,  s - , u m i h c c s - ’ ’  ‘ ‘ s s ’ t i S S ! u i ts- fo r  t h u  u c t  ‘ ‘ s i t s -  e s - s  r ’,s- ’s- I’ ms-
K-

I .  s-u
is- = r

’
~~is - ’i ( 1  - l A  - - s-) Sm ’ - ,-

0 (3 ,h-Ib ,
-~ i i ( s - s -- s - c l  [s ,s- s-- l

~ n 
‘ }

~ 
dx

us - u I ’ -, t hus ’ k i r t u ’ b i ’ , ’ m s - i s - - n ’ s- C

l’ s- ‘\~~~~~~~~~~~~ + - i l ’~~~~ } d x  , c 3 . 6 - 2 0 c

~‘lue-  n’ - I s- I a - ‘.‘ , -nsu  I I s -s -u p i F  c- I  I he s - i u i s -  i n n s - ’

- 
u i l u i  us - - c -sc -  i s - s - s -n s - s ’ r I , c u u i  u s - ,’, e ’  u s - ’ I r~ m t n i - t i  si rs - si k i n u ’ I i c s - s -  el i  1 ’ s - .  ex p r e s s i o n s

is  i u u  Pu te n s - s u l u i m l g  L i c e  , s ’, n - ’ h-s- uh i ’ i s - ’itig I n ,  - ‘i ’huls I - c l - u n 5  t h r s - u u p s - ,  t i n e  s - i e f i n i t  ion
m ’ s -  t h e - ~I ‘~- , , , j m c c  I u - c u c t  ,s - ’- u s ’ l u - , n s - c’ t ’ , u  Li ’  =‘ t im S u r m ’s- of c- is- e n e rg y  ba la t u - , i’ t s r  I hu-

‘I i  i s  [5 p s - v s - n  Iu ~

(3.6-21)

ms - lu ’: : e I- l ,  I l u ’  s - u - c t  s- I n c  l ’ s-’ es t e r s - n c - I  ‘s- it s -P lap ’; . by a i d s - C l , i t u m h i u s - g IL q u , m s -  ions
( c h _ I n c u  ‘ m l ‘ I . i,’ 2 i i I s- , ’ d  ‘ 1 3 1 ’ - 2 1 ) ,  i t  i s - n  f , , , c 1 c - 5 i t h i n  c - _ m i s -  he  r i _ i _ i l  cc ‘ ‘ c r a c k

- i t s  n - - r n -  i , i  i c  u s - ,  t h i s  i s - ;

- ‘ ts - ’  + ‘~‘. ‘ r ’ , (3 . t- 2 2 )
— x~~n m ( t )

5 c r - r u  - i t  ‘0 c c-u Id b5- s ’ nc u u u i c u  ‘ c i  ‘ es-b , t i l e -  h r s -m c k e t e d  q u s -u u t  f l y  is I ’’ his - evn i i  u c ; , t e d  a t
‘ a ’ m y n - u s- ‘ ‘ c u t  u n - n  n c ’ s - - r e  ‘s -n t  l i m p  the  d i m e-n t  ‘-r ack  t i p .  Tbui  S Is nn ’i b  on I v cm mu ,” h

i s - u i -
‘ ‘ ‘ i s - ’ ’ u ’ , ’ d e ’ n t  u s - - m y  i n  = l u i  ‘ Ii t o i ’ o u u l l m u t u - 

~~
- , I . e .  - in  c u c 1 s - i u~ ‘n i s on  5 , -  Fc u u s i l i c-c- (3 . c _ ]

bu t sc ’ - m I s - - u  r i - - n - - i P u s - s i c , u i l n -  a i b i s f y lu g  as w c J l .
1

~~~ 

-

, 
5 51 , ’ ’ ’  i t s - m i  I - i t  o l i n  , ‘ I u i u  Ii ‘ - u — i r k  u u ’ ’ ’ j , , n c ’ s c l  i - — i s -  , ‘ _ u c t ’ s n ’ u - i c r  i ’  t i n s - u t a ba l s ius - ,  c’. 

- i x l j I , “ ‘ h ’ ,,’e’ i s- H ,e - ‘ u - n ’ s -  “ ru- h , ’ s u a , ’ u l ” f r i u m  I s - i c  s - i  r t u -  t o n , ’ s n u -  t i n , -  c r a c k  cx t e n s - d s  hs--
a n - m i s s  u ’ , s- t ,s - , u  m i i i  ‘ ‘ ri  u ’s-’ m s - s -  , t h u ,s - u i n c u t  i d  r u - H u l l  t’ , ’c s - ’ r m l  n i t  t i - u ’ rt ,m s -cni a l tha t I s  t a —
so ’s- ~-u l i d  w c , t l u  I F  i t  , s - i ’  - m s - I ’m l i c e  r e -m e r i t .  A q u an t  I h i t  ice s t a t  cuts -eat of t h e  us-n ec - m s -v b a l a n c e -
I - u i c r c ’ s - .  :,n ‘ ‘ : - u ’ ’ i t  ion is

R H ; ) , ( 3 . 6 - 2 3 )

_________ ______ - ‘u ~~~~~~‘=~



s ,  ‘ ‘ u ,  c s - u i c i ’ s - i ,  r , -, v —  u ’ c I ,  u -c , ’  r ‘ I c  h r  - ‘ r i , : ’- ’  - I t  r u I u s - p  i u n ,  c i  ~~ - , s m a  , sin be
s - u - u ’ - I ,u u p c m s c t  I ‘ ‘ i t  ( b - i - ‘ 2 )  , m - - u I u s - u s - u I i , ’ , oh ’ 

~- i  u - k — i  i p r -s-. i t  c o t s -  ,m nd  I inm e w i m i  I-
H l b s - c  u t  m u ’ l u - v  uh i u 4 S u l ’ m t  . , s s - c  r u t s ’  ii ’ i S  ist , L .  n c - i  p r g ’~s - u  h ’ s -  m u s s - I e , m n  s i t  utmos t  he a

-
~~~~ d c c c l -  i h n ’ l n  ‘ ‘ I  i ’ m _ i n k a ; ’~ s d  - \, ‘h e- t h m , , t  t h i s ’  m u l l i t s  u i  , u i u i l  , i u n , ’  u - u i e r ’ c - y n e t ’ i m t i i
utlu c l , ’ ’ ’ - - r cc n, , t , l v , i s - c - i  -‘ -

F I ~ s - i c re  I . ” . I h l i c i s t  n c - t i ’s how t h s u  n b ’ - ’ i m c c i i i i c  c r u m e k - p r o p a g a t H u n c r i t e r i n ’ l m
-‘ c e - - m r  — v I’, i i c c , m t i m - u s -  ( 3 . 1, _I h i  h i s imp ls’ns-s-ntecl . In  F i g u r u -  1 . 6 . 1 ( u ) ,  h u e  l m y p c u t i r e t i m ’ . u I

a i~~’ u ’ u ’ ,i is s’ c u h c u l , i i u ’nI on h b u e ’  h ; m s [ s  thcu t , i f  s-mu i t m c n u - ” s e t u h  n u t ’ c n ; m c l <  g n o w t h

~‘e-i us- ,‘ m c u ,’ u mr ’  , u h  s , u i m u c ’ t im u f o l l u i w i r ’mg I bis ’  l a s t  i n c - v i o u s  s - ’ r ’ u u ’,’ l  h ‘ mu nu - n r u ’ i i l , t I s -e
t s - u , , l  ‘-s - , es J would mu ins - icus -’i’rau’ p r o p o n t  ion to l I me  t ime- . For ci a s - n e c  if  I s d  i s -nen pi ’ —

‘ h c s l a f I ’ u h i nt ‘ d i e  n ” t h u s - c l I a  cm I s u m i c t i a n  of s s - r c m c k  ape-ed , t is - e  c n c u c l ,  t i p ’ s e -u ie r g y
l ep mi l nu ’iciu n i l is t l u - u I  k t m , iwru  ci n ’us -e - t h u s ’  b i ypo t  h u e - I  i c a l  speed ía dc i  e r l c m i n c - d . T iu i s  is
s - h i , m s ,i  os- t i , s -  i 5 -  ‘ ‘ c s - I c - s c -  s- iu r ve’ ins - Figure- 3, c u , 1  (}s - ) , \ t y p i c i l  u - u u m p u c t c m t ion s- I m e —
s u m s - i  “ - n ‘ s - c  c r i c k - s h r i v i n g  1, - i n s ’ , cus  o b t s - , i u s - c i  f rs u u n u  Equs -m t ion (3 . 1 — 2 2 ) ,  is  a l a , ’

‘ i re  t i c s ’ s - c  1w,’ s ’ n u r s - , ’ a  i n t e r s e c t  e n s - u - k g r o w t h  “ c e u r m ,  ( i  , is- ,~ w !iu ’r e
= ‘ , H - s  i- I i s i t  t h u  i s  k i u m d  u u f  c a l c u s - l a t  ionc  can  be p e r f o r m e d  u r n  i n - ’  spec i f  h e

s- s m I l l ‘i  = P ( s -~u )  ~c u ,’ I ’ ’ ’ s c I u ’ u i ’ e  inc l ud ing  t h e  s i c c m r - l n ,’a t :  ci = c o n s t n m n s - t .

2 C e s - i ,  r , , h  s- li o n  u s c ,  l i e n s  s - i ’
l’ r ’ l - - u i s - i L  i - ‘ n c ’ is-ui i r i s -  k A n n e a l

l i ,  ,c r r - ’ ’ -, t  of c r , i ; n i d l v  p n r u p s m p c u h  in ,c- e r r s -k in a s t r u c t u r e  c inder  l s - i m d
si i i , - - ‘c- s i s h e t e  I ‘ s - m m   n -  I d i i i  e n ,  5 t h  l e e s - i s  of comp l e x i t  ‘- , S t a r t i n g  m o m

li i ’ a s s - - s - i _ i  u t a t  ( s u n l i t  r ‘ c- n t s m c ’ ’ t c n , m t e )  ;s-nd c s - s - , n t ins -u Ing w i t h  m o r e  comp l i c a t e d  ( h - s - h
s - t m ’ S - ’ - ‘ s - n-L I , ’ ) s -up~ u i s , c c u ’ h s - -s t ime ‘,‘ s c n i u s - u s  typ e s  an he c l c c a u s i f i e - I l  us - ms e i t h e r

• i s - , , n s - s - s -l . s - t 5  I s - ’  s - h u b  h e
• I’ms , uai — st ’nt i i

• ‘ u u , s - s - I —s-s-,’ f l , d i s - d i c

• I c- I c y  , h - ’ s - s s - s u m u u : ,

‘ i m c - m n v  d h ’ s - h i c ’ :Lit u u t O u t  d i ff enu ’us -t i snh ’u - a heh~~es- ’us - Stat Ic- and d ’ s - u s - s - c a i c  s s - t s - r o a c b u s- s
a t i m e i s -~ , n i  - s - , s - r v s - ’- es -nI  s- r e  c n m u s - t r i h u l t o t i  of k i n u s - b i c  e i u e n v  to  the  c r a c k - d n i v i r , p

I “ , - r u  u-s - -s - c , I u c d s - u h  t Is -  t h e  fo r m e r  b u t  001 time I u t t e r .  l ’ i u s - - s i c , c l  Iv , t b ~ i s -  means
S u t  - ‘ i c  t n ,  - s i c ’ s- a r e  [ f r u i t e d  to  s i t u a t i m u - u s - s -  wI s-er s-  ( I )  t ime  c r 5 , ,  in s - n n - s - u, d c ,s - , c t u ’ m-
s - h  - I ’  u s - s - c  I ( 2 )  c l in g s ’ s  i t s  a s -uee d an t s - ’  g r a d u m n c l l y .  A .-c L h u i - u ’s-- :  ‘us ic5 w o n k  done cml
ii 5~ - - I I ’  ~m s - s -~I s it  s - s i ’  i in st  I t oh  ions huts  bos-~~ , t he an ,- Sb  i f  u - s i p  Id n ’ r u c k  p r m r p s - c 1’ c m  t c uts-
I c u d n h s  , , u s - i e , c r  n ‘ i s - u s - n  n u b r u p t i s - ’ . This  ,‘m l one i n d i e s - c u b e s  t h a t  s t t t i cu ’ul ,u ,y bc iae d

- r -  c ’  j r s - s -  s - c s - u s - i  n , u ~s -p l i e - d  ho c n n m c k  i n r u s h  u s - i h b t  dus -’ , - - m u m t i o rs - .  ‘ “ I n s - m t  h t ; m t i s - ’ e  n e —

~~~~
‘, 4’ : m i t s -  n - - i t s - I ’  n c  i ng  L i i i s-u i ,, h s - s - ,  u- - in be p r o du u  ed t i c - , s u s  s - s - I s - ’  “.,‘ut in  l I n e  n e x t  sec t  ion

I s , s -  ‘, r e t  ‘i t .

I - c ,  s - I L - c t  h i s  h s - n - n  b e t  u,’ n ’ e c ’ , t Im u ’ t d , , s  dv um a tm i i  c - us - ni l vs is i r o c e d u m r e i ,  I ie- s  in

N i ‘ c t c u s - u c s - a r  a p s s - i a l i s -, - i t i i u n  t l m , u h  i n -  i n v o l v e d  - ‘ n  s i m p l i f l c s i t i ’ ’n .  ‘l ime ~u u c s i —
t ’ i i , ;  i s - n ,  i n c - - c t - - u- - s  S n’ s - f e - m ed Lu ’ above cure  t h o s e  i u l - t c m  i tied by c r u n a i d e n  i n g  t lu e  s t r u m  —

1 ’ s , ’ ’ S -  i s - , -  c ml i  i c - b  . , c k h , -  u ’ l s - u s - h ,iss- ss iu - diuntt . i b i s - c s’ , its -  h I m , ’ ’ - , ’  s -j i p r m c - c u ’ ics- s , Lb s - c  e f f u - c n
i~ ‘ s -  ‘ s t n - s - s s--s ”-s i is-s’s r c ’ I h i ’ u ’ n u - d tm s - n s  k t u u  b u s - ’  ‘n  u ’ r ’ - u , s e d  in g  u n s u , ’ k L i i i i n n -eec - I I , ,  h u s - u n d , m m i e ’ m -

I s - u -  - b r s n - s - S r u r ,  m r s - u / c r  i ns - cm i n t e n t s - s - I  c u - m i  ‘ , ‘ i u c - I s-c nund  d i ’ s --  - ‘ t s - t i n t c i h i e s - ,  ( se l l . ,
- 

P ‘,-s - -,~~ 5 i , s c — m - r c  s -h  d f b m s - l - r s )  mus t  s-’ e n i ’n , s - l~~’ c i e , I .  Thea ,  t e  i t - c t  S c’s -n h- mu ’  t , , s- en 0 ’ t , ~ n , r ’ c u u c c u s - t
i t c  - ,  ‘ m I P s -  s-l , s - c - , i s , L ~, -c u i , u i ’ ,’ s L - , d i l l - i s - - i S  a h h : u s  i ’ s - - s - i - n i - n ’ s ’ :  ‘i f  s p e c i ’ u l i - i b n g  t I n , -  s - ’ t u u , c t s - n , , I
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I s - u - c s - s -s - t n - , u um ds - n  ‘ ‘ s u u c s i du - n , t  L ,u n ( m- . g - , as it s- t h i n ’  UC8 ,uu uc iln ’si ~ descri h u u ’ sl s u h , u , v , ’  iH Ns ’v s ’ r t u u 5 ’ h s - ’ sm ,  - j im co n s i d u - n i n g  c u - n i c k  u r n s - s t e - n  s v s - t ,’~~s- - a f u l l y d y n a m i c  a i s - s i l y s hu r n  u u n i n m n s - u i s  i h v i ~u u s i y  ‘ - s t i l e - P  f ,,r , c t  l e s m a t  i n t ime  p r e l i m i n a r y  sl u g - u s of t i c s,mc s - su 1 s - u s -  i - c ,

i t  is a f c mu - t  th c c t t bue  , d r r 5 ’a t  p s - i - u t  d e t e rm i n e d f rom e l l i s - e r  - i  s t , c L  is ’ ,
~m q u c - s t — s t , c t s - c, s-m od q u a s i — d y namic L r e - ; m h m e n t s  w i l l  cu i wa y s  be u - I n u s e l y r e b a t e d
c-nd , in su uu u i e d O s e s - , w i l l  be s’xsmet b y t ime  same. Co o sequ eu c t  ly ,  f u i r t ime  p u r p o s e s
o f lb s- i s  r e p o r t , it w i l l sot  f i ce  La d e s c r i b e  the  utmost  a c c u r a te  of t h u - s i -  ( t ime-
qu s - c s I — civn j i s -  i n s - ) w i t h  a v iew t o w a r d s  c o n t r a s t i n g  i t s  e r s - u e k  a r r u - s t  is -med i i  t f i nn s
‘uc i t b u  those  ‘f cc f u l l y  d y n c m t u u j m -  cc , t c u l a t i o n .

,\ ven~ elegauL ana lyses  of the  p r o p a g a t i u u n  of a s e m i — i n f i n i t e -  s-’nsu kin an in f i o f L e  med ium is t h a t  given by Freund . 27 , 68 , 69 U s i n g  cm l,ap lace tn cmr u s -—f o r m  iuu c u m l u j u n c t i o n  w it im t ime W i ene r—bl c pf T e c h n i q u e , Fn eund has sa lved t I me  equsu—L i o ns of m o t i o n  f o r  a h a l f — p l a n e  c u - s u c k  p rop a g a t i n g  in an uus -bou n ded m e d i u m  fcu r,u f a i r l y  u n r e s tr i c t e d  class of crac s k m o t i o n .  A key r u - s u i t  us - f thus ’  ana l y sisr e l a t e s  t h u e  d y namic s t r ess  in t en s i ty f a c t o r  K , a f u n s - c t j o n of c - r ack  l e n g t h  u~and speed 5 , to t he p r o d u c t  of the  s t a t i c  i n t e n s i t y  f a ct o r  Is- and a u c o i v e r s a l
func t ion o f c rack  speed k ( S)  acco rd ing  to

K (n m , 5) = k ( S)  K (a)  ( 3 , cs - — _ , s -

T he g s - - o u s s - c Ln y - i n d s - p en d e n t  f u n c t i o n  k , wh i ch  m u s t  be c o m p u t e d  n u m e r i c a l l y ,  de-creases mo n o t u s -n i c a l ly f rom uni ty  at set ’s- c rack speed to  ze ro  a t  the  R a y l e i g h u
vei u j c s - i t s -,- C~~.

~\ se-cots -P key result obtnm hoed by Freund is one t b t c m t  r e l c i t e s  t h e  dynamic
e n e r g y -  n e i s -- u s e  r at e  to h u e d ynamic st r e s s - i nt e n s i ty  f a c t c i r .  F u n  p l an e - s t r a i n
C o n d i t i o n s , t i s - i s  is

- ‘  (a , S) = 
~~~~~~~~ A ( S )  K 2 (a , S) (3 .6 -2 5 )

s- s -hue - ne A is c i gee - m e - Lu - v  indepeu s- denh , moos -ton ica l l y in c r e a s i n g  f u m n n ’ t i o n  whim- is- is
- u n i t Y  c u t  m - s - - r c  speed and bec omes u ob~ u nd ed a t  the  R a y l e i g h  speed .

I t  is of some im p o r t a n c e  to r ecogn ize  t h a t  E q u m a t i o n  ( 3 . 6 - 2 1) ,  a l t h o u g h
der ived  f o r  an t  i n f i n it e  med ium , is g e n e r a l l y v a l i d , i . e . ,  this-  r e I a t i u s - n is I s -k s - ’ -me -t ry s -u i d e p e n d e n t .  Timis has been proven by Nilsson .5~’ As ‘ -u re s u l t , i t  is po s-
si b le  t s -u  use the  ide -cu of d y n a m i c  f r s u c t u r e  h ou g buness  ~ = KU (S) i n t e r c h a n g e a b l yw i t h  an i n t r i n s i c  c n , m b n - r s n m l u ’ n u u n g s - ’ - d i s s - i p a t i o n  r a l e .  ~ hu at  is , f rom Eq u c m t i u - u m
3 . 6 - 2 5 ) ,  one cans - w r i t e

= us-~~~~~ K g (S )

and ‘ m s - c  e i h h e m  1, - i s - m u h i a n  ( 3 . 1— 2 4 ) - ‘n t he r c - l ; m t i o r m

~~i. —‘— 
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K ( , c , - c )  = K 
~~~~ 

( l . (c- 2 7

is L i c e  u - u - m s - k p u - pag a t  h u m s -  criterion. I i i  u ’ i i l u u ’n ‘ c u s s - ’ , I t  i s  f u i u u s - d  t I  i t  t I n ’
‘ l u m , i s i — d v n s m t u u j ~ i s - h t m l  bu m ‘‘1 c c s n u t  is -us - f r ’ s -  t h u  u-u - suck ti p is  n s - i v c - c u  by

I - 
-l U ( s m )  ‘

I 
s- 

( a )  =

m,’h , cne g = 1K ’ i s c-i s o  a u n m j v e r - c , u I  f u u s - c t j o i t  m u c r c m s  is- sh i e i ’ cl - ‘l i c e  I m i m e  t ion
p = g ( ,~c 1 can  l’s’ io ten lun s-to d ma blue r a t i o  c i i  n i c e  s - h v u i , i c c n h i  t u u  t I c s  ‘-c i s - i t  i n  s - i c - u - n p ’
rs’Is - ,is-e r s t ’ s .

In  n - r5 h , ’n h i ’  app ly  E q u a t i o n  ( 3 .  6—2 8)  tu - i n v e s t  i gn i t e -  c r , ’mus - k u n r e s t , an
s-xpl ic it rs-’l s iL j uiui for i u s ’  f u n c t i o n  g ( S)  is u i e e - sh e d . In  h r e s - u n d ’ s , i u u s m i v s i s - , ci
oun ce -n ea l  i r s - L e g r a t i c i n  was used to d e t e r m i n e-  t h u i s  f u i n i - t io n .  b i n ’ s - a v e r , I t  can b us-
s l u e w u s -  t his - m t t h e  fu n c t  j u n  p = e s - ( s -~i)  is m ’ - n u ’ h h ais- s m s - i e q u m , c t c l ’ ,’ expressed  by t i n e  a i m —
p 1, ’ r e - h u t  I n s - i

= 1 — 
~~

-- . ( 3 . im- s-I)

H e n m c i ’ , s u b s t  I t u h  i t s - p  E q u a l  ion  ( 3 .  ( u — d c))  bus - ho Equcs - t h - - n (‘3 . 6 — 2 h )  sc ums - h rend, ri - u ;  h i s - c ’
r e s u l t i n g  e q u a t i o n  dimensisr euheas by u s - t r i u ne ii s - ,d t i l e  ma t s-n is u l s- , ,i s - s - s - S d c n t  K 11, , t he
u p s - d u b  c i i  of m o t i o n  f o r  t h e -  c r s u c k  L i p he - comes

— — 3 / 2
K (s ) K 1 , 1 ’c - )

I i -  s-~, ( 3 , n- _ I , ’ )
~~~~~ 

c 11

The n e - x L  s tep is  t o  l u s t  n e - s l i m , ’ , ’ t ime  u - e l n m t i o n s -  f n u r  K f o r  h i ’ , ’  i t C B  s - l s i’e is - ’u , ’ss . I’s - u ,;u , i t  i cucs-
( 3 . 6 — 3 0 )  can  t h e n  he Sc’ I ced i t  cu - s - m t i s - u i  ~ fe- n t h m e  ~ n , u c  K a r c -  ‘ci cs  , c func  t ic -us-

r , s - s - ’k  e i m ’ 5 h h .  By o u mer  i c , i  I I v  i u L e - , c - n - c t i n g  t hese  N - a u l  h -s , t h u  s- r u  in u ’is - 1s - L I s -  s - s u n
l’s- ob ta i n ed as a f u n c t i o n  of l ime .

Au s - a f i n u m i p o i n t , E q u c c i t i o n  ( 3 . 6 — 3 1 1)  can  ice u s - c d  L u ’ strew t n t  ii, ’ - - n c -  K
u r n s - s t  ; u n - [ t i h  p r e d i c t u r l  w i t h  t h e  q u n u s i — d v n a u e u i c  t h t ~~, ’n - ; is  , ; u m i s - ’ u 1 ~ ’ t t t  t I  t h s - u’ ,e c
- s - - L , u  sue s -I f m ’ s - s  t ue comp l e t e - i  s- s t a l l s - s u l l y  based , r u ) i ’ n u s c c ’ h i c s .  Cu-i ts  L Ieu -  , u  n s - , m S  en 1 c m  1
i u m ’ u ’ i u s - g  a d y n , m u u u i c  f r a c t u r e  t o u m g b m n e s s  t I , , u t  , - s - - : b u i h i t s  - u dts - h i s- l ’ m i d i ’ s -  s - s - l u t e  is- ,~~, c s- t - - , ’ c s - s - i

S m i L e  u;u - ,mc k ap i s ’ s-h ~~ ; nb c - , t lue c s - m a c  a M = 0 i s - i s - i  i’ .. = K 1,  is  nc -m t pt : ‘p , ,~ , , - -

n -  - s - n m g , i  I ing  - ‘ r u e  k wi~~l i n n s - s b  when (and  - ‘us - ly  w , s - u ’ i e ” Equc m ~ i 5 i n (3 . 6 — 2 7 )  i ’s-mum us- - ’
- . l inu s-s -s r be- s , i t ! - ’ s f i e u l . U s i n g  t h e  s t c m h  is - t h s - s -’ c ’ S ’ v , t l m i u - u  u i c ; l n u - a  , , I  a s- u - u -  in l c u ’ns - s - t

such  t b m c m t

K ( c i  1 = p i~~ ~
‘ , -

5 r Ii  “5

I - - -‘4
_
I -
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‘ i , l nui utm E q u a t i o n  ( L i , —  l i i ) ,  t h c j m n  s s - cuu m cJ i L i um nus , m u u m s  t i u u t  t i s u ’ c u - k s - s - i l  I s - u r n -  i
n,’IIc’ im

1/2
I c- s-1

K ( , n  3 = K ( a )  I l — -s-’--s r lb M 
~ 

C R

n u n  when

K (s - u 1 -c
s r  Dli

‘~ c n s - r e  t h e  c u - u s - s l a n t  suf  p r o p o r t i o n a l  i tv  i s  a m a t e r i a l  proper ty. N u t s -  t i ca  L t i n e
s - - m I m e of t iu ts c o n s t a n t  w i l l  be s imp ly  equa l  to u n i t s -  when K1 = K H e n c e ,
i i i  l i r e - a u’ cases , t ime  a r r e s t  p o i n t  g iven  by e i t h e r  t h e  s t s m b  ic or t~~e q u a s i —

-; u u , m c u l  h e  a p p r u i s - c e  hu e s  w i l l  he u ’s-s -sic 11 s- t ime -  sus-me-

b .  ( u .3 Co~~~~r t s o n  of Cr a c k  Ar r e s t  P r e d i c t i o n s - s
• i-lade by St a t i c  F r a u - t u n e  S’Iu ’ci ian ics w i t h

I ’b u s u s e -  of D ynamic  F r a c t u r e  Mecis-anics

C u - m u c k  p r o p a g a t  ion exper  fm e u , t s  in t l s- c  DCB t e s t  apes’ its-en cs - un  be mcide
• S o n  e i t h e r  n u b ’ t wo s - Ss’uu c ’ n - u l  k i n d s  01 l o a d i n g  c m c n d i t  i o n s :  wed 1ss- l o a d i n g  , m n d

p u c l i — r o d  h u u a d i n g .  For t iu e  f i r s t  a c - I  s - u  c o n d i t i o n s , c r a c k  p m s ’u m ’ b l m  i s  i n i t i a t e d
f r - s - a blunt crack by slowl y for s- ing the luuad pins apart. In lbs - is cs - use , ea—
s i -nt  ic- i l v  is -ui , - s- -, t , ’ u -usu i s - s - i ’ m - k  is d u u n i -  s u m t h c s  spes s- h u e - u s -  s-is liii’ s- - n s u c k  pr u , l s - s - u s - u h u _,.
h’ u ’u -  t ime s i - e n - n d  set of c o n d i t i o n s , c u - s - m s-k  g row l im is i n i t i a t e d  f n u u u ’ c  a a l u c c r p  c r a c k
by pulling Li ce load pins apnmr l with elastic rods. This as-stem d s e s  m c c lv i ’
‘ s - s - i r k  d m u u u s -  s-cu lime - specimen while t ime c r a c k  is r u n n i n g . E i t i s - e n  s e t  s-if c c ’i s-d iti nunu s

m u m  be a n a l y z e d . However , because f o r  a s u b s t a n t i a l  pe r iod  of t ime sm f  t er  l ime
in  i l l s - c t  j c u u u  m u f  growth , h ue-re is no d i f f e r s - t i c s -  b e t s - s - u - u-n t ls - e- twsu  c~ cau ’ s , t b t e -  ms u -e
i i ’ s u i s - u u t l i  icsu I wed ge load c o n d i t i o n s  have  been used in the a n a ly s e s  rs’p cs -r t s s - d  h u n , ’ ,

In sunder to use Equsction (3.6—30) to obta in ni p n u ’-dic t ion us -f e n s - m s - k
unrest , time appropriate static- stress—int ensit y fsmctor expression for time - ~ c’ c n —

s - c u - i r s -, ’ m is-P I s-mid u n d e r  c o n s i d e r a t i o n s -  must be supp lied . For the 1)1111 specimen
w i t h u  wed ge l o a d i n g ,  K a n n i n e n ô b  has shown t h a t

- - ,  Suut! t n ,i s ~i~1 s- , - S u u u b u  ,‘ m ( u ’ s - l u ,, s- u n t / m C ’ ’ ’ , ,‘ n
- ,, ~/ - ‘b t ’ ,‘- ,u ~, 

( , , , - ‘ 
, ( , ‘s- Si ’ s - n ’ / u  s i l t ’ , ‘m ruu iy ~, m s i t u - / u

s - f  Su tibi s- ( i ’ d , , ,  s ‘m i u u iu  5 , n - , ‘ n ( 3 . 6 — 3 1 )
_ u u 

~ S u u s - h i ” -s-It,
s i u t b i s- ,, - s u i t s- ’ I S t u t h i , u  C , i s bu  , u  s c t i  u’m ’ ’ ~~ ,

— ‘ us-
~s u i b i ~ m u  su uu  , S m n u h i  - ,, ‘ u u u ’
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- ‘ n, ‘ t • ‘ i , — - i a u s , ’ n i t  iu  i i - ’ b _ -d I i t s -  ‘‘ s - u - ’, c i  1, -u u 1 , s- t b u  , 2 1 i s  t h u s ’  p i u i c i i  s-s~ u u ’  i ’ s - s - i i i  —

c -uI I - iO u / l i -

‘cs-  ‘i cR’ S - ‘ u s - : lie s - - ; i s m  I ’  s- , c u d  m s - u ’ s-- s - i - - u -  h I s- s- s-e n s ! situ a a us -ui ‘ c u - n Ii,, i t  i - - - I - u ’ - —

- u t  h e . l i i i ’  i s  - t I s - t i c s - s t e - n  w h i R l ,  p - u s - - m u -u s -s c u , u s k  r r n u i r , i p , u i m l i i  ins -  t h u s -  111 ,6  s - s l n i i , m eu i

, cnmu lu ’  u - _ - - , l ,-_~- 1 - - _ m - , h nt 1- , i s  b’ - t I n - ’ u t  I ’ , ’ u ’ s- i s - n i  u c r ’ s- i t y  l u - t o n  ‘ -c- iu ig  ‘ i t  t b t h t u n s  , c I ~
u i ,  ic - n ‘ w t s u  h u u i u  i n . - m i t ,  - \ c , I e  t i - u i  us’ c u r n s - , ’  of t he  m i t t - m i  b l u i u t i r ’ is- s - - S  t b i e n r s u m ’ k

t i c - . s S  n , u — , m , l b u i c ’  I u n u , m s - ’ u ’  K —s- 1
~~ 

. H i g i m  v c m l u c e - s  n i l  K sinu s - - c u  I h u t  I s m n ’ ,;, is - cu-u t I n ’ s-

- - eu mei ’ s- ,y c u  1 - ,c t  ‘ ‘ t u s h  h i, t n , tm m,~ u e c : H i s - I  i s m i L i c c i l ’ - ’ m d , ¶~,e -u uc e , m sc t ’ i d  u ’ , u u ’ l - u ’ - - —

m c i i i  i i i  s ’ ,. - um ’ l c i , ’vs’ u I .  s- ’c s i l n h i n m  -m  l e s u h u r e  of  tbus - ’ ’c i h g c s ” l n m s u r h e n h  Dcii n~ ,sc s l ts - i,

t h i , u  s- r , c~ in s  gu ’ - c - , - n ’ m h  l y  pu - ‘e I s - u t ,, - - ‘ i i  an es se n t i al l ’;  c u u n s t s - m n b  sl i ce - cL  ‘ l ’ h mi r n  is  u - - -
I S  t hui’ , n S i , i l I ’ s - i s - d  n i l  a u - u - s - s t e - I  , h i - ’- ,’ i , cur m e n  suctas’ th n i’ s- c ji s--e d suf  t i n e  ~ m - c c I  s c m -  i t

p u p i u ’ , i ’  i i i ’s-u S Ims - , u n u ’e,-t’ -t ’ c ucu bus -’ l ’ - ’ - m , c i i y  i d e - m s - I  i f i e d .

uj nu e -  u s h , h i t  i - m s - c u I s - u  , u t u r s ,  isi s- ik i’a t h i s ’  ‘,~‘ eshge—l ’u - i m Iesl 11CR smo e ‘‘ e l i - - i t ’ ,

, s m j s , m ’ols ’ d , ’ ’ ; j n ’ e t u m u- t i m e -  i m r u ’ l i s -  s - i n c u r ’ , e - ’ : , m n c i s - r s m t  i o n  cc - f - n ,  c - k  sir u - es -her de s- is’s-s.

‘Ib is is due i n -  t i c s ’ f s c c t  t im sit i t  is  s -c u s - s n - r n -  i ’f f iu s - i s’nt t supp l iu’ r u u f  kinetic cs u u ,-rg ’;

I ni time cra,s-k tip thus - in is an suet s-cm 1 slruc lure - tills makes the- 1s-red i n  t I n u’ - s s - , s i c i , ’

for - c gi ’.- ,’n s - m u - u - ’ - ’- l e l ’ s- vm s - L u ’s - s - i c uunm sens - ’su tlve in t ha t it si l l  under cal i s - s - c u t ’  b i d e

, u h i l  i t’ , ‘ ‘ 5
’ t i r e s - h e - v i c e -  t n j  u - n e - a l  a c m , , - iii an c s - L u a u  s t r c l c t u u - e .  C - c - k u - i s -  s- mt i n

i ’ s - s - I c e s -  s-c,, ’,’ , ‘ v s - u  los s - l ions - s of  anu-s-Ste’r as - st ems s-si us -p a l a b o r n s - b r u r c u  t s-’s t s p e c  D c - u n

‘ - - s - t i  i c - r u n t h u m s -  s - c c ,  mm s-m , s- t I r e  l) Cb I spec iuuu e us -  w i l l  ‘ m u u t s i m s - i t i c n u l l s - ’ ’i nc i u m d s ’ c m f m m e t n ’ n

u - h ’ safe ty.

i , h c s - u u l  m m  , - n - ’ - s - s - s - , - t  n ’s- - l u - a s - u I  hum ps’u u - S u u - m  ibt u ’ cu s-mputa t i -cs - s-,’ n ’’,s - t r su’ -t kis s-

l ice hvus - a m i , it s - ui s--, t , m t li s - erscck ‘us-rest ,n 1ujuroa ches is shown in Fin ru rs - ’ 3.1 .2 . As c lu l l S

u s - i  I u s - f  c s - ’ l s -c~ n n m b , u h  i s -Ins  I ,’, I s  m s - n m I u ’ I or a ‘‘ St  s -ummd sc n-I ’’ s-s h un s- s - i ns - men ‘- , i t . - ‘‘ 5 L cuts - - ‘ i ’ s - I  s-, - , ’ l  C us- -

Time ail s”c i f  is- d 1 s s - c , ’u s - s i m nut s - f -un l ime geotu le t r y  shu u cwn in F i g u r e  3 . 6 . 2  a re-  as [m i l l - - n ,  :

= ili uuu utu
0

Ic “ 51) us - s -u

e = 2s-, ttuuim

is- = ,‘5 s-tutu

1, = 300

‘- s - A - n h  pu  I - r , u r h  u I , ’ n-s -,m s-s- cmssum s-- d wh I u , s - bu i t teauc a h i m  I b i n s ’  p in d i s - s - l b s - i c  eme n u t  s u b  1 u s - c ’ ’ -  O s - u

uu S ucu n ut iu s- n s-mod its m i n i s - r u m  disp i s - u  i - u s - u - u t  t hu u - u - u’s- u fL er (nh , tics’ p i s us m u -  s m , ’ m ’  t u -

E 
rise -t b - m i s ’  t m ! u ’  wedge w hu I l e  t hs- - ‘ n u n  Is- h is -  i l u  cs - u -lion ,ucu u h , in f s-is ’t , liii- ’’ du ’ r i ’

I i s - -s - s-n h by thu s  s p u n ’ i f  h i s - I  vs - chum -f I ’ , u - f , i- , c I uus - u t ion ( 3 . 6 — 3 1 ) .  A s- ’ , ’ u m a L , c l i t  n u -

i—i n is - ie p e - ns - d i n l  vc i lu n- u of ‘s- n wa sm ’ tc u k ’s - ts - ho f a c i l  i t , i t s -  c o m p a r isen  m - ; I i l c  thi-
-- st ,m t he ti ns u r v  i n  t i c s - cu - u - s - s - I n c~~- u S  i s - i n s - s .  As p n s - i n t e d  us -cut  ms -hove , th u s the -tm t n ’ ’ m i s - a

l’ t unit l u -  c s - r u - c a t  m s - i n s - I  g i vu - is - 6’; t i n e  q u c m s i — d y n a u s - i c  b h u ,  n u n ’ , e s - c u  l i v  c n ’ i t u n  u ,h s ’ s p,’ ’ s  I i

I s -’ c- ’s-g’I u,’tu ’iy s- s l i m  s i t s - - b  qu u s - u a i — m ~ t i i  h e  n i p p r o s - m u s - h e s .

Is - - ;- , ,me s - p ie so s - s - s - c  ‘ r i , , u t h ’ ’ um s u l  u - u  m - m m l t s  ins-  sIs-n’w’ im his - F i r s - i r e  3 . 6.31 -- i s-m is - il

( h i ) .  I s - c u ’s , ’ s - cue ‘ -n K “ d i c e - s - i l  2. 1) K s - ins - P 3 . 0 K 1 - iG • = 4 . 1 )  n u m b  ‘ . 0 ) .
r u ’ m , ; u - u s - t~~vc l  - I t  s - n m  I e l e , u n l ’ , - - - i s  ~~ , , m t t h i s - ’  Pre  I c t ~~ r ’ n5 m ,f t I c ’ -  ‘ u - r n ’s , u n  n e ’ s -S

0

* I t m u  - i t  I m u m . 1- ‘c u r l  1 u i - s - ’, b b i b  s- su n ins - h - m u - i I - , . m t m d  25 mm in P I , , n i u  u i - n  s en  ‘- ‘ ‘
m i m i - n i  u l - ‘ m

‘ID i ’ s - I ’ ’ ’ ’ i s - - m u t t  ‘‘ - ,  I - u - i _ n  I w ;is --n b c ’s- -us -  t c ’  I - u ’  is- l u - u I w i t h  1’, = 0.211K ,’ li~i ,’ts - , i c - ’
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F I G U R E  3 . 6 .2 .  O C R SPEIs- l i-his-N n ; f u ) s - I hs - ‘Ri FOR ARRESTER
CALCULATIONS

m m

/
is- m - rs , u 6n

E ~~i s ; U k i  i . ’ .  m, ( i l .  5 ~~~~~ phrii’ A’ :Ah bi lk Flc -LRL 3. ( c , 3.  ( h i .  i h s - ) > ib’ , \ I 3 I S 1 ) N  OF C~~\CK
S-I l l . \ l  ic : s- I- -P, ,-\ lIC k SPEC I - h i  k ’ ,~ I ’I ’ hl  I ’I )KiP , ’\ ic -AT l i c k  l ’REDlC ’h I - ’k I b  FROM FULLY

i ,\t ’I l b’ , h t S I I 1 - ’ b ’V k-  l I y s - , A : - r I r ;  s-\N ,-’tmI , I’S I S  k l T b i  i ) L A P I ’ C i Y N n \ t ’ 1 1 1 ’
- - ER i ’ ls- _ ’s- ’ , i ’ - \ kRl - G 1’ER Fr1 R is- / K

~~~i
u = 2 . 11 ,\ N ” u b , b ’ k I S  F i l l )  m u  ‘ - \ k b i , \ l i I )  lICE Si ’Fi ’ t M b ” N

u-: I ‘i’bh K1 =
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l i - u i  n u t  u s  , u ‘se  n ’, s- - l u  c u b s - na l u l e  u m u d  e s - c ’ , t I us - n , l u ’ — — t  ic  S m c i  i v  c~ ‘ ‘ u n ,  u s - c  i s- t r u - - u  ‘ , - ,  I s - c yu
p s - u i L u  t s -  t c n , c t  t i n e  c r i c k  vm u, m l u i  ~ r i ’~~u i ~~~it  w e l l (mu ’’ ;u,,u,l t h u ,  c u - n e d ’  - u s - r e s t m u  i t i t
ds’t s ’ r t t u i m m c u l  h i s -  , m s - t a t  i s-  p - p s - cc I , .  l u m  t a c t , t u e - u l i t  I e  h i  r u - - n ’ ,’ w i u u i - h  s - I S i s - S  - n e —
S i m s -  t ‘ u - m u  k ,u n n u t s  t s-,c u t b i  nu t i n , ’ I u c , B  - ‘ b ’ - ’ ’ im s -um ‘ m m i i  , n ’ ,, n I , ’ u ’ I - ‘ , i , I i l l . - us - o u ch i t  i ‘ ‘i t s .
‘i b i s  c _ c ut  lie m s - s u i t  I n’ - ’ u c c  h u m u s - i, i umnm ( 1. 1 , — s - l i  s ’ i c i c ’ h i  , d i u u w ,s ’, h u , c t  i’ .‘‘ -~~, .  c r , -,- s - , , u ,
tuu sm uv  u’ x I n n ’r i s s n u ’ s - I i  s- u s -  u,’h i ,  I i  E l i , , ’ i i i ,  m’s- s’ ’ ’ t s - m~ ’ h , ’ i  m i t ’ P e - mi~’1 ‘ i t , - , - t h i n ’ ‘dpe u ’ i c u u ’ I s w i t i s u , , m t

u r i s - h  t i c - , uns -dc— r S’c ’ l ) s- s ’ I u u ,uuCfl u ns- u -us - u i ct i’’ums I s  c ’ ’ ’ -  h u n ’ s - u  p i n t u r c h i n ’, .  , , ,  i s  i ’ , , u ’ t
i u r t i i n ’n d i a l  i n g u i s h u n - s i r u ’ t w s ’ n -us -  i l m u -  ‘- I ~ r i t ~ sm us-d t i u s ’ f u m l i ’ ,’ , l c -~~m n s - c i ,  , i u t , u l v s - i s ; - s -
us - e d u r c - s .  I b i s -  l a t t e r  doe-s u m - i  s - u I  l u - n  f r o m  t h i s  l m i t s , l  t u t u , a . c - m m  !‘~~~~~~~‘ - i  c s-s
t im ,,’ u,s - suu t s -p s - t s - m t i u m u m  siuuuu ,rn i i .  F l g r m r c ’ ‘i. tm i .  1 d m )  W b m n - u - c  t i n ’ s ’ r ’ , - , ’ i - ’ I bd  c s - u - s  . u r r - - - s - -

‘rlm su couump c- u’- u I m s - c ’ m u l e s - s - I i ’ ’  l i l t  u - e - u h  i c - t i — i ns  s- i s- id e s - i n  cc t i n ’ ’  i t 1 i ’ .
stu d Ibis- a b s - c l  I c  . c p l m n u , c e l n u ’us- f o r  t i m e  , t , m n i n b , i u - u l  Di ll h i ’ ’  I ‘ m ) u e - c  i l s - s - u us - m u - c  u - i s -’ ,;
i n  Fi gu r n -  3.6.-L I t  is  s - ugdi h us - s - h u n  I l m , u t  h b u u ’ S l i t I c  1 1 c m - m v  p i s - ’ ,.- s -  - i  u ’ s - s - h I - i s -

da ng n ’r o u i s s s - ’u ’ n s - s - b i m n i t i’ c i f  t I cs ’  , ‘ i ~ ’s u c ’ h  I v  c _ f  , ,  S t  s - - n ,  t s - c~~, i ,  m u - r n - - I  a - n ,  k .  i s - i s
u- s ’ e - n tn pbmas  i c c - u - s  t h e  r ’ u ’ I s - e  I u s  ion  s h , n l e d  s -mi n is - c I h s - u t  t ic , , ’  I t s - s - ’c’n t I ‘, ‘ , , t  lip s- cu f  , , ‘u ‘‘ I c - ” - de-
s h , s - t i u ’d to  a u - r n- s t  - m  t ’, m ~n l d i v  u n , 1 u , i g , i t  i u u g  i r s -m i s - k  u r i s - s - i h a ’ ’ -  , u i d u m , - i - ’ ,I w i t h in  t l c ’  s n - i t s - , , ’ —
‘.s- us -rk of su f m m l  i v  d v na n i i c  crsus ’ k — p r o p c i g s m t is-u s- t h c e u u r ’ - ’ -

Ill s ’ p i n v a i c a l  m u d s - c u-is -  i ’ r  t i l e  I n i , m s h c - - i u , ’, u ’ s - u  I t hu ,  ‘ t , , t i u -  and q u m - n ” c i — d v i u - i s u c i-
, u l u l u r u i , u c l c s ’ s i s - n  p u - n- d i m - t h u s - p  s - r a c k  s - m u - m s’ s - S  s - s i m m  In ’  —‘ i - s-n i c i  F l s ’ ’ s t ’  u ’  3 . is- , “, T h i s - ’ ,
s i u u i w s  t h e  d i u n t n i h u t l u u i s -  - m l  h u e  s - umuu ’ cs - u - c - r n ’  s - b a  i c u n ’ s-S i n  t I c s  t i _ u s -I  s -mpe - i ; , ; s - ’ i’ duu -hi m s’ bbs- ’
r u m s - — s - m u - r e s t  p n u .us ’ u ’ss f u r  thus ’  s’ c - I u’ u l a t c  u -i c- s ic - n,’ in  i n  i I s - m , m r  - ‘b . ’c- . ’ b ( , n b  h ’s’u su t m au ’ I n ’
u’:-, h u ’ n t ’ m _ i I  sn i rk  Ia  ‘s- s - m is-U l, lu ’ ,l i t  l ime -  u-np’’- lu - is -us - S i t s - s  s - u  slus - s- ’ — l m ~s s - d I i s - s - s -  s- ’ u ’ s s - n h i h i u ’ c s - a, c s - u-, I
f u - , c c t u m n e -  s ’ us - n ’r ,c-v i s - ,  ns’nu t ,m ved l , c i  - u  cu t s - s t  m m t  r a t , ’ P u s’ I , ’ L I r u ’ , m s s - r s - s - , ,~ l ion t i c s - m t
“I) 

= K 1~~) .  blue tuut , m l u’ti s’n c s -,v to ic-c d , i t ’ i  i t  i m u i t , - u b h u b s - i  a t r - u  i n  n ’ l l , ’ m , ’ ’ , s-s-nd kineti c

en ergy stead ily diminishes. It u’ , m u u  I s ’  s-s c u m  thus - i t n_ - c _ i  I c  t i tu s - t m  s , i I s -  e s - c e n u ,’’-’

g e - I c c - r d  I ,‘ decreass- s 1. c - n in t ime s t a t  he S i h u c , n t  i - - u s - ) , I I ce  k j n s - e - I  Ic u u ’,,’r ;s- ’,’ loll ialIy
increases , ru ’ s cch uc ’ , a maximum , t I m e - n  decu -u- , m - cs - - a mI s ’ s - sr- - S 5 0  z , ’ u ’ , s - .

u i s u s s - r i u , c r  i soim w h t lm t h i n  r n -sti l t  ‘5 ns - h i , i s ’ iu  i t s -  ) ‘ i - , s - s m r s- ,3. c , , i i  m l  t ’ s v s -’; c i m ’ ; S I - c -  h i s - c
, u t - u t b c - c l l v  c a l c u l a t e d  a r r e s t  p u ’ i n s - h i s  ne c -  Cm ’ s-, . u b  - uI -s - m t  b l u e  ,-s - ;, s - s - ;,- i c - - i s - u t  5 i u , , t

k m  nc-I i i ’ u’ u u i ’ m ,c- ’s ’ u - i ’ , m c h i  ,‘ -. ,  m m s - c s - -’ imu m un j i m  I hue I s - i l  ly  P ‘ ; tus - m ts i  i c s - u ’s - ’, ]  C - s  - - I s- u - r I  - l i t  i s  i oP i c _ s n ’ ’  -
I b m , c t  i t  i s  t ime  ns - ’ h s - u - n s -  s- f  k h ’, , e I i ”  s s - i s - s’rg’; hi ’ t i m’s- ‘ s - i n -k I i s - ’- t his - m t i,’ I n s  ns - s - ‘ s - s - - u i ’’:
S i c - l i ne s -  of d i i i  e - u - i ’ i i , ’ t ’ b e t w e e n  t h u  s h , c t j c  maui  b u l l y  d ’u ’ i~ , m s - s - c I ,  t , ‘,s s- lu es.~~ lIme

u _ c r a g s ’  r .m t s s -  ‘ i  c l t a n g e  s-it’ ti s-e k i n eh i c  e r i u n ; : , hs’ i ng s - p u - c u t ’  u ’ I s - i c ’ s - s - n t  i ’ : u ’ l ’ ,’ d  5 s- i s - u  t I n s ’
u - l u -  mn ‘s-u rn - u - - - m i t - n  b l u c ’ maximum bun t s is-es-n r u ms hte - d , s ~~’ lu s u- r u - i i ’ s - u s - i c - s - S  t h e -  k i s - ’, ’ I L
u ’ns’rgv ,m , ’ t ’ m,,I lv -r mv c sl u-s time u s - n u m b e r  C,’cu t nl bs - s ut iu i n s - l i t  t h u ’  em me ); u h r , v h u t 1 s -  ‘ - ‘n ’  -

s - S  , b :’; rtsct i,~u m ( 3 . 1,_ ,’ 1

h I t , ’  s - n c r ’ h i s s - i l s ’ us-n m c l c i s - s h , u i s -  t h u a t - m i s -  l ’ , ’ , I u ’ , us’ um f n ’ ’su , t s - ,u s - m  c c l -  s - u s - m i s - u s - s
- is t h i s -  h - L I , ’ w m~~~ . s-s- h u t  , m s- r i c k  , m n n u ’’st s’u- 5s-’ s t e - n i  i s  u s ,  hue s - m s - c - h  i n  ,m s c u i ; -  b , i s b I ‘n

i i i ’  ‘ t h u r  eu u p i n s - s ’ e n i n l g  s t u - s - c c h u n n c , b bs - n ’ n h ’ s - n i  i s - s - s - i c  s - i S s - t p i L i ’  ,c -  l u - u s -  s - u I  t i t e r , , ,  in s i u - h s -
I - - u - s --c  i .-s m i s - i m p o r t s - m I n t  c u u n s i d u ’ r c c t i u m n  in  thu s -  d r ’ s - s - I s- t m , l i c k —  b s t c n i ’ s u s e  i s  ‘ u - i s - s - ,, uu’ i I v

- h u n ’  t , u  l i c e  n e - t u r n s -  s-f  k i n e t i c  eiis ’r sp ’,’ t o b l u e  c i , , -  - I m 1 s - s-,uu s - d . i n s- I s - m u - i l . l b s - i s  i s -c
funu’ t t i c  n i t  t ime  g u ’ n l t S s - s ’ t n v  s - i f  t h u  u c t r u u ’ t s - c n u -  - u i t u , -  c

u _ n _ _ i n - h  i -  m l  s u m ’ ;  u u f  c u s s - m u c u s - I  l t ’s u t  S r
t u n i s - u c t  f u- s t  t h i s - i t  u’s -u i ld b5 c c - n i _ si in  i i , - ’ u ’nm g i s  c , , ’ m h  s i c  s - i c ’ s - h  s5 ci ‘ r is - - s-u ’ s i s- c I i ’s’ L I i i ~

‘ - ‘ 115 e -p t  of , m ‘‘ r i - u t u s - s - s - i c  , c t r p l m l  h u ’ u , L i s i n t  f , u u ’ t m ’r ’’ , ,m mo ltip l I , , t d ’ ,’ u p u ’ s - u i  n ’~ s- s b ’  ‘i~ ’ uu s - bs-u ~t

fc -us - t ,i r wim ich could bc in~’~’n s - ’ n u t i ’ u h b a t s - ’  s-mn m ’ h b n c u ’ s,’ i ’ -,c s - , ’’sr p s - m ’ I  i - i y  s-~~~s-~~~ i i ’ S u s - c t  cu - s -
i’ s - s - is - -  t u , m u u i ,  a n a ly s i s .

* The - l v u i , ’m r i i - ’ ‘ i t s - c l — t  c t ] ”  t c ’ i n  .‘ u u s - m s s - i e s  m,’i I I  i i  ‘s-u ’ ~~~~~~ r i - - m t ,  i ,  s-u P i t  fc’ t ’ u ’ii s ’ s’ b - - mt

t h i s  h a ,u ~ ’~ u , u m ’ - t i l I v  h e - a s - ,  i s - s - )~n ’ s - S  ~i t i .
- — 49—
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FICTIRE 3. 6 . 4 .  CI)i -IPARISQ N OF CIIALK F I G U R E  3 . 6 , 5 .  Dk -”I ’R I B U T I O N  OF ELI-s - ks ’s- ’
,\RRES’r I’r i L ,”h ’ ’, N ,\ F~’ lb TEST SPECIMEN OUR I s - s - I ’ l b , ’c I ’I [ )  n ‘ib ’-, C K  i’ Is- lP ,\t’;\’l’ h i u i  I N
W I T h ]  P h / i l ’  h E  , \N D M l i i ;  FULLY IIYN, \ t ’h s- I ’  A OCR l b s - S b ’  SPECIMEN FOR K /K IC — — .  U
. \ N \ I ,Y S [ S  AND K 11 = KIC

‘‘ c r y  I , r r , s - c  u iu o umol  it his-  s h r u s  tune -s wi I I u - e L u u n u c -  is - n ’  k i  u s - c - t i c  c ’s - c - e n  pv mind ,
I n s - c u ’ s’ , c_ i l l  i u a v n - a d y i t u u s - t i h n  , m c c u s - m l i f i s -’ , i t h u i n m  f . u s -’lu ’ u- s u f  u n i i ’ n - ‘h ’ lme OCR t e a l  s-~~ u ’~ ~~

—

s - s - cu -us - is s -u b u i g l c l v  i ’ f f i c ’ i s - - n t  u t i  I h ’ ,’n - n  , c ; s- k i m s - e h i c’ s s - s - ’, ’u- s- s - ’,’ anc -c i , u ’ u m t s - s e - p u un n i t l v , u s - i l l
I n s c’ ,’ s’ ,i i’ S’ I s i t  I s - s I ’ ;  h i g hs - n,I’n’is -,us su i n ’ s - mi s- p s -I i i  i cmm t s - c - n  fs-s-,’ts i u - , i ’  - n ’ . s i p p u - u s - x i m s m b s -I V t S r ’  -

A stu - uct u m nu ’ l i k e  s-c slmi ~’ is- ull mi pl ut be u’s -’s-~
r m ’cti’ub I n ,  I s - s - i s - i’ s-u v a l u e -  n - I c ’ s - cc’ i i ’  tu u s - i t

I c - m u , t h is e , m m r n s - u , t  be ea t ,c ls - I ishmed wi t bs - i-m ut fucu - t b m ,s’r uu - u - k , I t s - s - s - h gis-t lu s s- cu c -t ic ip cbu - s t

h i n t  his - c t h u s - us -en in whu i s ’ ii t hu ,u u -re -al en I s - c cml hs iu ’l s -u ’d tic- l b s - u ’  I r s - m s - u  i s - h u t  u ’ n , t sm v h u t ,’,’
a m r s-p m -  s - I  f u ’u’t  on t h e  sb ’ ; t s - s u u t s - i c ’ , m c s - m j c - l i f i r  s - i t s - i s - n  f i s t - u n , peu -haps  cms u t iu , ’b u s - cu- s bbs - u’
s h n t m c l l m r , s - l con s- f i g u c n a b  i n ’ u i  i t s e l f .

F i n , i t i v , f o r  u nui tu ] c - c l n i. Fudi n w i l l s -  th i s -  c a l u - u u l , i l  I s - s c - - c  r e p u u u - t c ’ u l  in P s - e u  i s - - c c -
t i n e  m u - s u i t s  g iven ins - Fh p ucu - s ’s 3.6 .6 c u r s- i . l, , 7  u s - u  n _ f  i u t u - r u - a l  - in  F i c s - r u r u ’

. Sc- - 6 s - c u - u s - l u , -  s- cu t h i s ’  , , v s ’  r - t s - s - i ’  , n , n  - 1. ‘~~u , ’ , - , I - c  c , ,  I n  uc I s - - i t - c l S - ‘ r u n  i s  b ‘m u ’s- - , - ‘ n 1 1 - us -  h u t
t h e- s I s - c u s - i b s - i n d  11CR a p i s - n ’ imets -  ‘s-- i s -  h c m c c t  s u m t ’ u - , c t  - u  s- cs  a f c c c i -  t i c s - n ‘ ‘ I  t h e  a l t ’s ’ ,s-’ -~~~s - i s - t s u i —

s i t s -  S um S i r  u t  t I l e  i n s - i t  is- i t ion ‘ ‘ I  c r - i n  I g r ow l  i t .  ‘l ime i l l  f s  e n - c u ,  c ‘c i s c , n b bs - u’
.m v e m  i rs - u’ s - _~ ,’ ’ s --~ l d u c r t n 5 S  m l , , - i n n  i t  i s - u i  l ’ l ’ u . c ’ ~u ’ n -I ’ - , ‘ u ’ u ’ls- t iu s - m nsb t h u ,  u ’ ,’ t u e

1 c ’ , ’ u s - t l u - u’ ‘ - v u  c u r  c s - m u  l u s t  h i ,  .u ’ , ’ n ’ , h u m  F C - , ’ t t ’ u ‘3 , 6 , l i i — ) J . I b i s ’ s , ’  u - m m ~i hs’ ‘s- l u - u - c l

s- u s  i nu l u cut h -  b I - , - s - n i  I ,-s - , s- I - - s - n d  lu t bmu ’ I , - — s - i ’ , ’ u s u - t ’ ‘b  a u - n - ’ - I’ n u t ’ , ‘ s - l u - u ’  ‘s-’,’Stc ”u ,

‘l ’bun ’ ru’s - cult s- i-mime -wa its - i - i 5p iu  u- u’ 1. 5- . 7 I s - i n  i I v h i s ’  k i t s - i l  u — f  I u s - I  - ‘ u ’”, s - , c  I i ‘ ‘us - I b i s - i t  is-c

m v - u i  I , c h u l , ’ 5 , ,  1dm in d i m s -  m i s  i - - h ’ , il l — i- i l  - — u- c u-_ ’ i ’ n b m ’ , ’ — — I , ’ , m , l , ’ ’ b  111 13 — ‘

• ‘I Iu , u  t i s  • cc - i ’ -.’ ’  a mu s - m i s - i  I ,  I ps - u  I ‘ - , I  ‘ ‘i’ - i , ’k S p u ’cd - ‘r — ‘ ‘ s - I ’  I I ‘s’ s - i I - s - s - i  I -: • ci Is- s-’ , m  ‘ c , I’ hi s - u t  t ’ -
- ‘~~ b _ n”, 7 p n o v i u b c ’ —’ m i s -  , h u s - - i u - u m a  t,’ , c ’ ,’ us -i , 5 I s - u t  iuc - ’  t i c , ’  l m u i m c ~b u u i u ’ as-s S ’ n - q u u u’ - - h ‘ ‘I  - i n  c ’  I

‘s-s - u _ i l  ‘ ‘ I u i c p i c — t , u m m c ’, I i u s - u ,’s-, —s- ” s t u - b iu u - r u ’s - m i ’ I ’  s t - - n  u c s i u m , s -  u s - i - m t  h n  i~ m p  n - m m - l i ,  ‘s- , ’’- ,

, m t i u p i e u - _ m i ,  c m l  u t  b u u m t s  -s-i r , -s - u I ‘ us - s m c i,’ th i n’ , s ’ I - ,  c ’ — w u - u m l u b  I - u ’ p u - u ’ s u - u s - ;  , ‘ ub . l u - i s - u - I  I r -  m ‘s i t  hi
l i t h i u m i i l r u n - s t t ’ m i i - u u s  i I i - m — t t ’ u d t h u , p  i s - i - u - - u s ’ ’ t h s - ’ s t s u - u  i l  t i c ,  i’s’a u m l l s - ,  mp i s-’i’ ’i i i i

c i i  — ‘  I — ‘u _ 7 . ‘ ‘ u - -  u s - h  vi  m m  i uu ;~ u - - u c s - u n  c l  l i l a  u , ’ j i , ’ I h —

- so—
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(I F l  l b s - I l n ’R ,’CK i’I< r  I I ’  \i ,s\ I 1111-I

- I I ’ s - s - s - Cs - i l l  i i  m u  ‘s -- I

‘I’luis ‘ s ’ I h a n  is e o n s -e u -n e d  c,’i t h l~,u t i I S u u ’ — e r , i ’ i ’ s - s r n u u , ’ l l s- hi u b u i p h u l l s
s-m i s-ui w f t h  tbs -ts - ef I u- ct  m m l  c r a c k  a r r e s t e r s  s-n m r i c k  c s - m n -, t h , , In , , n m h e - r  to f m m c l l i t a t e
t his ’ d i s c u s - s -u - s - i i , n u , t h u  ec~u t ’ c 1 u t S  of s - r a c k — p u - m s - w h i m  ,i u , s - clysis ,u nd a t  r c s - - a — I n i i n b o n y  e f f e c t s
w i l l  I ’i ’ bun i - - u  ly  , h i s --nn ’ n c s - s - s ’ s-h f l u - a t .  ‘FI t s -- r u - m i  I cr , b bs’ I~ 

i s - c  u d u u r u ’  f u n  s - i t u - s - l v a i a  of ser-
vic e r.ccks will u i  c o u s - s l d e u - e - u b, b ” i n s - . i l J v , f a i l — t i a f i  d e s -  I s - - i s -  p r m n  t s- ce s-s-n d a r r, -,sber
us - i I h e i u ’u s - c y  s-s- il I be d tin s- us sed

l ot  i n s - u s -c~~c m  mc k — s - s - n o s ’ t h u  s - c m u , m  Iy s - -i i s -  m u l  d a t u i a g c ’— I o l e n s - m ” m t s t r u c t u r es - ,  bia s bo
de-a l  ‘ s m i t h s -  bo Ils- p u -e a r u -e st  and p o s b a r r e s -t  b e h a v i o r .  In  t ic - c  p i ’e n r m i ’ s - I  p e r i o d ,
t i n s ’ s- r s - m c k  may  I ’ m  u s--I I r u n t  s-u smal l  i ni t i a l  f l a w  to a s l zs’ t h a t  cs -muses  f c m s t  U n —
s - t u b u l e  e r a s -k  p r o p a g a t i o n .  This  pe r iod  is of In t e r e s t  if  a t leu Iup ls  are-  made to
pr event cracks f rom nc ,uc hu ing a criti c-al size bu m e - i n s  s - u I  p c r i o d i s -  i i c - s b r c e t i s -n S .
I f  u n s - s l s - m b s -  e- e u - e - s - s -k g u - o w t h i  ,m nd m r r e - s t  s - u .  c u m n a , this ’  1, s- - a t a r re s t  b s - h s - c m v i  s - u - is of
in t e r e s t .  The- long - u s - r i  s led s- ms - u ‘k s i l l  e x tu - u d  hrv  suh i , ’n e u l u c n t  u ’y c l ic  l o a d s .
I t shs cus -I ,d  not  u s - u  iS to a s i z e  bbs -mt woe-id s-s-gain cause fast fr a c t m m n u  during a re-
l a t i v e ly short p s - s t a r t s--st p er i o d  r e q u i r e d  to e n u n i b l l s -  h i ’  bl me \‘ s - ” s i I S u ’ and d os -k
b i t s  sl u i p f e - u -  r u - l u -  of t h u  , , n s - n  sled p m i r t i s - c l i i i  I m t -  - p s u l l ,  p u - e s - u r n - - b  s-mad p u s - s I —

s - m u - r e - S t  c n , n c k  g n u ’ s - t i m  v i i i  l ’u  eo~~si de-u -ed  in t h i s  ‘ s- n I i u I ’ i ,

m . 2  CONCEPTS OF CRACI’ ( s - RU M s-lb A N A L Y S I S

‘i’he - c s - u n  e~ ’t  ‘I ’ c r 1 5  k - m s - i r s - t b  s- m s- d a i s  is Its- ic’ w e l l  known . l b s - -n a p p l i —
- i t  ic ,un to  s h u i p s - b r i m - t m  i ’c  s is-as I re - en  t h e  i n n u l u  

~
n - n u t  a r e -c e n t  s tudy  cut t he  Shi p

Struc t o r e  Commi  h e -u -  70 ‘lbs -eu-u-fore , line basic - r ’ i s - -  s- I t us-i 11, be d iscussed  aol
b n i u fl y he-re.

I~~c t  I , s - u m u ’ — e r s - c e k  g n n ~ n ;I  I c  ius -  I c - i s - vs -ru led  by blue -  r s - m n g c  of l I c e  s t r e s s— i n l e t s - s i  l v
f , m c t - ’ r  ( 2 -K )  d u m u -  l u i s ’  a c y c lu ’ . C u ’ m s - s - ’ r ’ c h  lv , th i s-’ c-n b c’ of c u - a s -k  p r o p a g a t i o n  can be
c’:’s1uns -’a’s-u’m h as

= 1(’K ,bs - ) , ( 4 . 2- 1)

~~ 

a w i l e s - , ’ a h a  I b i s  em  u ’ -s s i z e , N i s  bbs -’ e ve  h u ’ ns - s i mb s - c u -  , s- mnd P i s  I I u ’  r 11 i u ’  b et w e e n
t i n e  m i n i m u m  m t u d  nua x imum a t  u - u s - s  in cm s - V s - i c  . D u n ’ ;  I s ’ s - s - s - i s- h u ’ u s - m ’  bee -a pu -oposed 71 ,, , 3

I ‘u - E q u a l  is -u n I t ,  . 2 — 1 ) .  V i u u -  the  p u r p o se -  of the -  p r e s s - -n h  d i s s - u s s i c u n , i t  is s u f f i c i e n t
I ’ ’  ‘u s ”  h i s - u ’  situp Ic  u - e l  u t  ions - sb ip

s- I c  
= ( u~~ ts- ( 4 .  2 -2 )  

‘ - - - — .- -.—-‘~~~~~~~~~~~~~~~ - .
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v- n i , ’ I i , , s -  ‘1 I ,  m l  1 - ’ ’ , - ’  i ’ , , c i ’ u ’ ‘ , l ~ ’ i’ I c - - u  s - c H I s - m t  ‘ s - i  
I l  

r u n g s -  n u t ’ , ‘ l-s- , with n on the
‘ s - u s - e r  af  I , m s - n . h  Il - s-I I m , e~~ l I t , ’ c ’ u iu ’, ucu c mu u u - s - s - a s  i i i  m m c l i  e y c 1 e -  is ze r o ) .

s - I s - c  c s - m i s’1 - s-p r u n u ’ u  i i  u ’ I ’s - r b  m u  -; 1 , ,  i s - s - , , h u ’ r i a l  cs - s - mn bus -’ d e t e r m i n e d  by u s in g
-i a i c ~c l u I s  5 ‘ u ’m s- m ’ ,,u, ni i s u t  s- ’,’1 u i  I t m K — a o l - m t  cul t s -  i s  k i u u wn . ( s - c o l e -u -— c r a c k e d  spec imens

I ’ , ‘ ‘ - ‘ t ,  S n  u . n s-c - ‘s-h , I - s- s - -s - Is - s- ‘ ‘ I n

s - c  ‘ -
‘ s-., ( 4 . 2 - 3)

7 2s- is - ’  u’ - -  I m a  u - m i s - s - c l  - u s - n t I s - c s - . s- , - , 1 to  I I mu ’ - - s- s - a , ’ s - s - , ,c i s -  a i s - S c ’ . l i t  t h i s  eq u a t i o n , ,‘

u s  5~~c- s - u s - - e , -  s - i  t i n ’ s - , m s - n u b  st r e S s-  10 , c ‘ ‘ y c h s ,  l ime - s 1u , ’ c  im s- -a i s - s u bj e c t e d  to
s-- s e ve I lu, I n s - c-h m u g  s - u u s - d  c u ,-  I , s n u u w s  h s - Is  rs - s - ’u , u n s - I , ’nJ - ‘I I c u  i n s - r u - m e t s -b ‘f ’ c u - n c -k  g r o w t h

net c - - s  i i  s - - t  - ‘ “ b - b - -s  b l i s s -  c m  c ’k ~~,;u- n u - n b l i  u - s - u t e  s - i a / d N  w i m i c h  can  b i l e - f l  i ie -  p l o t t e d  as
i s - m u d  u - - i s -  u _ u t  1 u , - u ’s c e n u u - d h u c - p  t o  l s - ’ j i m s - n~ i n -n  (4 , 2 — 2 ) , t i r e  r u - s - c u l t  w i l l  be a s t r ai ght

I i s - i s  u s n u  ml - u I  I ,~~ i ig s- - c ’ ,

s- s-s- -I ‘ n  i m r , ” 1 i - ’ t i u u n  c s - f  - ‘ i s - s d  c, ’ n u ’n n ’ t b u  i n s -, - t s - , u e t u m n , -  b i t e - n  mi- ,, , s - i ’ ,-s- , u - s - i l —
e s m l ,m t l ,  , ‘ - - ‘ t u n e  s i n u ’ s - ; u , — i u c I s s u s u - , f u e l - u n  I ‘s- I s- s - c  p h ’ s - i s - u i  a t r , c ’  S u m - u i  ,‘ , ‘s- ,e l r ’, wI l l
- r  “ u- , s - s - s- c i  t h i s - c u - n b  i i ’s - I  l u - n - - u t u n t u m , s- i s - s u , this , , I n - as i u t l c i u s j t v , i h . e n u - , , n  1—
, s - r s - i , t m , u - s - i s- us - c s - d c -  I s -  ‘ i , t e u ’ s- c , c s - s - - - s- u - s u m s -  t b , , J o / b k— I p l - t .  Arm i n s - n ’ ’ u - n , u t i o f l  ov er  o
~ - m n s - s p - ’  s - s  c ’ t u - ’ k s m , - es -  s - s - - s-- i d e s  t h u ,  C r  — , - i ’ s - _ l b  c , s - i ’ : , , I .  i ’ , ,  c m - , - u , a h zc-  a s - i
i ’ i l t m  s- ‘ m m  - ‘ t  is - c n - m s - m s - l u , -  n ,,f s-’;ns- l e a ,

-, - 
- S I  Ri , S P - I h i s ’ I n t b I ’ c ’ i - : i ’ i s - I ’ (-Ts

I l ’ s -  s - iu m s - n l Y s - i  ~ - - I u ‘ s - - - s - s - u’ us - u i s -  u - S  a s - n ’ , b u i I u i-s i s i- u ‘t i n s -  1 - . ,m t u - - b  F- ‘ - - ., ti m,;” —
‘ i s - u -  n - u ’ 

S . ’ in I s ,  ‘ h ’ l s - e  s -s - r u s t  ‘ ; ‘ ‘ s - ; i m i c ’ n’it  u _ i  h u e ’ ’, - - i ’  ~~~~ a ,  n h - u - a t r , - s - -  i , m s - t ’  u - ’  -
P b s- i s - u  L i m i  I S t ,” s ’ ‘ u - m, ’ s - ,’ s - ”  - ‘ r m u ~ s I s ’ s - - u I s - -  s- s-a cm f l I n e  t i - - ui  - u s -  - i , ‘ I - ‘ i i i  s- I s - u  n I ’ ’ , i - r u ,  e c u - b

~‘ s t e - - u - ,  F - c - m  s t s-~~ i’, — 1 u - r , s - ,u L I i  a c s - , , n ’, , ’; i , s- , t i s - , -  s- s- i s ,  i ‘‘ - , - b b l a t  - n ’ t m ’ s- S - i  u hi ’ - rb he d
h’ s- m s - a  r u t  , c  i s - i  S q - c u r e s  ( u - u s - s - m i s-’ c u l u u e , h : a ; - u u, ’ u - n  a s - s - - t n ’ s- ” , ,  - u  l t ~~~ ’ a ,  u ’ d , m n s ,

- i m

s - n ,, -s — - n  s’s hi ,‘ c m c i  - t I u n - n  b ’s - us - -u- t u ‘ I , ,  i t _ u s - s - i  ‘ui I b c c ’  ‘,‘ , , s - u , ,  - n - i s  - s - u  i t’,
c - u , ,- , u _ u - _ I - -s - , s- ‘c -b i t  I i c c s - u , s - s - u  Iii ’ s - u v s - u h I , i l u i  , - 

‘ l b s - h a  i s - ,  s u— ,ms - , i I v  u s - I  I s - n , , , u - , ,.  I t
t -a’ s - c c  s - s -  ‘a ‘ - U  ‘ t u  t l us ’ ‘- s -t s - n ’ s -’ts - ’ s - cu - , , ‘‘ “ s - s - c  u s - t n ,  s - - , b i a s ,  s -v  m c  t ’ ’  be- a s s um e d  , i u u d~~ i bi s  - c u E  p u -c- . -,, . s l t ~ s- , b  h u n  s - u s -  - s -  au - r u i n - - I  i n  I i - ’ ‘u ’ ’ - , u u u m u - s - ’,s ’ t i - u i  is- , I c  h, b , , , u , , ’ ,t

- cc - t u - -  s - - -s - ui  ,e u s - a s - c u - - u I  s- s - i  I - n - , s - n - ’ , ’, ’ c m  n u u u m ’ us - u  S i _ _ n  s m c i ’ i i  - i c -  i t s - u i ’ s - s  i s -
, . ‘ u ’ 5 -  ‘ ‘ s-~~~~~~ - ‘ s - - e s - C ,  ‘ i s -  ‘:,e - r u ’ s - ’  - s i - o s - -  b s - r s - h ’ t ’~ t n ’ ,’ ,

s- - u s - m u  m u ’ s - , ’ , ‘ h a . I n n ’  -s - ’ - ‘ n m s - ’u - ’ m i n  s’ ‘ u s -  h i s - s - i s- - s - t n  - - - u - - s - u  l e s -  I i s - m s~~~ s - t r u s - t i s
I _ u - u ’  ‘ u  in ,, r - ’w ’ l u  c u u n r  h g s-i , ’ — , - le~~c ’ t c - V u  I m m i p  i t  u - v u - u -  , u s s - u i m l i t u m u l u ’ s - c  / 6 , c - s - I

t 
- 

J u t ’ 5 , , -‘, u ’  s - s . , I _ u n i t  i - ,‘ u_ - I ’ ~ I s - u ’ s ,  t s- l ’ s I m n  z , - i u ,  ‘ s - I ’ ’,’ ’ i ts-ps ‘i t  t b s u ’
u - i , ,, ‘ , u ‘ u ’ -, s - u  ni’ic it u - u S  ~n r u n s - I s -, h i s - c  us- - i t e m  I , u i  i t s -  t h u s-u s-’, u n I s - e -  i i u u m ’ s  n u t

is - s i S  ‘ ‘ I s - i I i ,  s u c n r  - m I s - i s I s s- i l ’ s- u c i s - l n ’ s - i - j i a ’p .  As  ci u - e - a m u h t , it w i l l
- s -  m s - - a m ’ - ’ ’’ u - s - i - b - i s In  - s- - F - i s  r u e - m r s - a  t i s , m b  thus -- 1’, u a u , , n , u l  stress
‘ t , - s- 1 S b , - u - s - u - u s i s  l~ u u, te,l . s-n , I t s - s - u t  s - u , s- i u a u ’ u s - u m m u h  c u - u ’  C gu - u wt i c  is

5- Si t  - n ’ ’ s - u c  I i , - ‘ s -u ] h u ’ u i  n ’ - - t ’ , r ’ b , , u  h u n . I t  is i l i u s i n s - u t u - n i  in  Fh ss ucrc ’
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77 14 - -Mn ’ s - lu - i s  b u m s - - -,- ic -es -n developed to nmc c our i t fo r  lice - r e t a r d a t i o n  be—
i m s - m v i s - n - r  irs - b Is - s -  u s - u - a s s - k - g r o w t h  i n t e g r a t i o n  p r o c e d u r e .  Al p r e s e n t , no i n f o r m a t i o n  is
. i v s - u i l c m b l e  s-in w i c e t i m e r  r e t a r d a t i o n  is a si g n i f i c a n t  f a c t o r  in shi p s t ee l s  sub—
, h e -  ted to a a b u i p — s t u - e s s  sp e c t r u m . T i s - e r e f o n e , a c r a s s -k — g r o w t h  a n ci ly s i s  would
- ‘it ss’rv s - ibIvc ’ly is-eglect retardation . However , It  is w o r t h  exp lo r ing  w h e t h e r  the
i - e m s - c f is  i s - m b e f f e c t  of r ch a r d at i o n  c-an be Coun ted  on in sh ip  h u l l  c r a c k i n g .  S ince
r e t , , u ’s - h , m t i o t s -  is u s r m a l l y  more  p ronounced  in h ighs - e r  s t r en g t h  m a t e r i a l s , i t  wou l d
h e c c u r c e -  suf spe c- is-i l i m p o r t s - s -n c - c  f o r  mode - rn  hi gh - s t r e n g t h  shi p steels.

- .4 AN ALYS I S OF SERVICE CRACKS

lIce prediction of crack growth itt service requi res  the  f o l l o w i n g
s t e p s :

~~~ . A m s - a l v a i s - u  of t he  s t ru c t u r e  an d s t r u c t u r a l  d e t a i l s  to  d e f i n e
-
‘ 

- u’r i ti c a i  loca tic in s

• St ress  a n a l y s i s  of the s t r u c t u r a l  d e t a i l s  to  d eb e r m in e  t i m e
s t r e s s —in t e n s i t y  f a c t o r  f o r  a c rack  at  the  c r i t i c a l  l o c a t i on

• E s t , s -m b l i s i m n u c e n t  of service s t ress  h i s t o ry  at the locat ion
i f  the  c r ack

• lie - termina tion of material crack—growths - properties , taking
in to account the different crack—growth rates itt weld

Ri m a t e r i a l  and h e a t — a f f e c t e d  zone if relevant to the crack
problem under consideration

• Iis - t~s - gr a t i o n  of c rack  growth , e i ther  cyc l e—b y — c y c l e , or
bl ocks of cyc les for a small increment of crack grow th.

b ’ s - m c h u  ot these  s teps was discussed in some detail in tlc-c previous para—
,sr mph s . Un Iv tIs-e stress analysis to arrive s -mt the stress—intensit y solution
s-s i l l  bus ’ b r i e - s  Iv m m -u s - s - isl e -ned in the following paragrap hs.

n, l iable s-s-tress—intensity solution is even more important for
i h i , ’’ie  , m us - u lv s i s  tbm ,m n for residual strength analysis , beca use fatigue—crack—

i - - S I  i c  r a t s ’s v s - i r s -  w i t h s -  t h e  third or fourth power of A K -  N o b  onl y nomina l
“ I r e - s - - c s - c ’ s -  s - i r s ’  u - f  i m p o r t a n c e , but  also local S t r e s s e s  due  bc ’ st r e ss concen t ra t i ons
i s - u i  u - , ’, b s b u u , m  I s - s - I  n , ’sses.

l i m e  n u m i nal stress can be obtained from a g lob al—s b ne ss analysis m uu-
I i t t i b , ’-e l , ’ s u i s ’ t s - t  s - m n , i l ’,’ s is .  These can he applied to a finite—element analysis
‘‘1 a s - t  n u m b  t u unal detail containing the crack to include l o c a l  s t r ess  c o n c en t r a—
t i ’ s - u ’ s- , e p . ,  in  we ld  f I I l e t~ and cu touts. Althoug h t e c h n i ques exis t to in
s - I - mule r e - s i s I u m s - m I S t  r u ’ u n s - s’s , the  s -u m p l e x i ty  of the  p rob lem may make a d e t a i l e d

-s- n . m  l a ’ s - I s  l c - r u u l s - i b i t i v e .  ( R e s i d u a l  s t r esses  a t  the  c r a c k  t i p  due  to  hi g h - s t r e s s
eve Eu ’s wm u l d he m s -um tom a ti ca ll y accounted for in the crack—growth integration

in ,” s u d s - c r , ’ - - ; I ’ a u- e b a r h a t i o n  model , is used.)
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P r o p e r  numodu - I h m u g  of s - b n u c d t u i r , c  I she -i n t i s - i  l~, s- u - - - n ,  1 u s , c - i ,- n u , s i s , i f  c h i n  u - n  t I s - ,  1
crack size is small . In  t i c s - b  e s - s - s - c, m e - s-i of t i , ’  s - s - a c f u i  s-i ’  ‘1  — s - s -  i- - t hu I j u’ i s - n  ‘s - s- m& s - s - S.whi le  the crack is s t il l  i n f lu e n c e d  by t I m e -  s lu s ’ s s  - s - , f l ,  - u s - l i ’ s - c  - ‘ u s s - u t  i t s -  s - s - s - i t  i c —
t ion  sit e .  Ca r e f u l  de t u s - i l  deis- i gts- w i l l  b s- s- c l’ s - -u, ’d u t  n i - s - hu m ,  s -up s-,- s - , n e , - - , u ’ s - u ’ s - u c s - l u -  , t s- u - u ; .
This has the advan tage  t h a t  ( I )  l i c e  g n c i w c  ii  n - u  s t u a l l  - m c d  I s- s c, i i i  bce  s - s - I - s-,’e r  c s - s - I( 2 )  the  c ri t i c a l  c r a c k  s-r i s e  w i l l  hue -  t , c u  i’ s ’ s -  - i t  i t s r j -  l i e s -  L I c , , I  a c s - i p m m i  S i i  u n i t  p c r 1
of the useful crack—growth life is ape -cut w h i l e -  b ’nm e d s - ’ , , ,  ‘I  t I s ’ s-c I u s - u n ’, ’ 1r m cm ~the initial stress raiser .

From the  p o i n t  of v i i  s-n n _ I  a ; c I ’ e t  ; , l,i rp e c u - i  l i e d  d c - - s i  S es- a s -
preferable bec a use t imerus - is a bu’b t e n  - s - . , c r  s - n O  t is,’ I s - -  - r s - u , k , b e s  c - c l  i on  - I t t
t h a t  case , the t i m e  speu ’m t in t i s-e s - s - s - s - i l l  e u - s N  i ’em, s - l u , m s - is u s - f  I c ’, ’, u s - L u  u- b .
Since only time growth of r c l . u b i v u  I y l ar g i  ,‘ m , u c k a  I t s - m u ;  t n  his- e n - u s - -, i , h ‘ - ri’s I , l m m is -
modeling of the ir s - i ll s -mi strms-’,-s-s m ,u I su ’u - s- s-nd n - i t i m e - s e -  a i d s u a l  s - l u ’ s - - n - -,
less cri tical.

s-~ 
‘ 4 . 5  FAIL-SAFE CONCEPTS 

S a f e t y  r e - q u i n u ’ s  this - b a s b r o s - s - t n c i  - - cans- still as-Il i n ’s- i s- ,,n —

appreciab le load u s - nd eu - time - b s - r s . s - , ’ i u e s -  n - f  c s - , , c k s  or  f a i l s - U  b- , m s - ’ t - - - I t  s - u l s - , u  r s  - -
-a quire s that

• E i t h e r  t h e  damage  can in , .’ de -b s - - c t,ss- d i i e - f c i c ’ i ’ i t  r ’  eric’s-
dangerous - s s i z e -

• Or t h at  dams-s-ge pnon~’bb t is so slow t hus -s - I it Sic ’s - ct’ n - c ,,’- -,
cm dangerous s i z e -  t i u r s - u u s - : u, bs -  t i m u’ s - p u - e l I  I m  I i i f ’

• Or t he  s t r u c t u c r e  is - c p rov id ed  situ me, cu s- s L s ,  c i r r u s - b  s-c
- , s - s- r a ck  when the ‘ i s - i t s - s - s - c s - s - u’ b i , u s- r s ’ , s - d i r v,b t b - ni’ - u ’ I t i s  m l  s - i s - s - c  i _ i _ _ u i
- cause-s  u n s t a b l e  g n u u w t h .  S u f f i c s - h u-n i  m ’ s’r u , u i u u l u  p s- u - u s -m d 

grow th liF e should blue -n “ r m s - v i i i m ’ su u u n e  t i n t s ’  f m - u -  c s - r u - c - b c c
,- - ac t ion.

In  each case- , fs - i t i g s u e — s - u ’ , u - k u s - ,’ ’s-s- ’. s h a  s - u  I i m p s - u r i s - s - u i , , - u - c u s s - - i , ,
the crack—growt h curve in F i g u i r u ’  I . c , l .  S i t l c h ” ’ec t I me , s - t r m c ,  b - s - r u  t c - i ’ c h t u i s -  ‘c -n
ini tia l def ect of the s i z e-  s - c . .  I t  l i m e  ‘ u - s - k m s - - n c  n u u t  I - ’  I s- ’’w e n i b i , , c b  ‘ l i m i t
a lif etime , tbs-e- maximum li f e

t
uu s - ’ tiu c’ s t r m m c t u m r e  a c i d  bc h - l it s - u s - , I  ‘ ‘ s - b - - i l —

cula te this lif e - , l ice g u - o w t l i  ‘ ‘ I ’ s-s- s - c u l l  c u - m u  ;, .—n s-s-c ’ m I d  bus - us - c i n ’  Is-c n i n e s -  I s - i c u -  - ,
involving the diffic u l t i e s -  discussed ius - I - - -n - v i s - t a -c u-e l i - n c - ,

*If  t he  i n t t a l  d c l  en I s - u s e  Im c u ~’ 1u , mu - s - u - nb  t ic - he .m u m m a t , ’  u n  -f s- i , I I -  c s - s - c u t ’ ,
4 . 5 . 1 ) ,  the l i f e  to u s - r i t i c i j i s - u s - us -m i ld  h i ’ mi mi - lu s - I c - - s - I c r .  In v i , ’, u ’ f  t h i s -

u-
c i s - c l -  -

I ~ l arge  sat ’ e - ty fa ctor would it _ s - v u’ b u ,  he t , u k i m u  ‘ tm t
1 

, - r , mu ’ru’ r u  , I  - s- t i e  m C I -s . n ’i l c
can provide for c u rs - s - s -- k aru -u-i-ct c r s tbu ,ml w e - t i m 1  l i m i t ’ tim , ’ m i s - I - s  i f  ,‘ , c m  i t l c, uI e u - u ,  N,

S t r e t c h i n g  t h i s  isles -u f u r t h e r , s - t u e  uci glmi. i t s - t h u - i - I s - ’  c- s l y  s - i i ’ - ‘ i i  m ’ n , , c
a u - r u s t s - - u - s  and no t  he c o n s s - e r u s - , ’u b  s - i l - u s - u t  t i m e  pu ’u i u s - t  i i i  t l a m ,’ i bi s - ’ ’ rs - u i , ’ l m i  l ii i s - i ’ s - u -  c ’ f ’
f e c ti v e . Howe -vu - i , s - m u m  u n s t a h l c ’  n n i ck  m i g l s - t  s - i  i l l  e u  u - u s - t m a h u h n  n u b u b s -  U us - - . e.
It  wou ld  he , u d - ,- , u i ~~ _ s - u ’ - n t i ’ s  i f  , u m r i - - ic n ’ u u u u h d  his- I t ,  b u ’ , h c i i i ru - p u l l ’ s - sb b i ’I ’ , u ’ u i s -

t - 

~~~~~ t o s - = i t c  s - l n  l h n ’ s- l d r q in
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• l’ - , ’ r ’ j u u d l s -  i , u — m , u s - c ’t  I s u i i  wh i c h  u mu ,m y m m m i i  s - u l , , - , , ’,’S Is-u ’ c u r s - c  - I c

• s- u ’ s - u  I’ ;  s - h e - l u  - t , c I c - i , ’ e n s - c s - k s ;  i . s , ,  l a s - s - c  c u - i n c u s - i l d i m e s -  s-s i ,s-c

a u u d  -i  l u t u p ,  p s - - r i m s - I  i - s t  d e s - s - - s - l i o n

• “ic r e , I s - u i  m u ’  m i t  b c i s f u i ,’u ’ t i , n u u s -  u u r u  t h u  b a s i s - ;  u — i  s - u u _ s l c ’ u j l s - u t u - s h
u t  - u e k ’ , ’ u ’ ‘s-L It  d l u n v u -  m u  t h u  r u g  h u h  , c I , -  , u  , I I ’  i - i n c  “m , l . l )

I i  i l c ~ s ’ m ’ I t i u ’si l c c c i i, s i ’s- s -u ’ i s i _ c u - s - s - c ’  s - m u d u ’ s - n d  ,,‘, u , s - ’ ,’ t I s -  1 , -n s - I ’ u~~~, t i n ,

‘ I - - l i t  u n i t  i s - i l  a s - s - _ c u  b u s -  r a l l i e r  l s - r u ’gs ’ . ‘l i d ’s- w u u u u b , b  i t s - m i n i s - ’  u l m s - m b  i i i  ‘ ‘ - ‘ i - u i u - u s  n ’ —

u 1 u m I r s - ,,i’ s - s - t s -  s - ’ u - u I , b  ~~s-’ I i s - u -  - s - n i n u - c u c - t .  A ’l s u u , c r , ’ i s - — s - - s - n m s - s - ’hu e , u l c ’ n m l , u l  b , n u m s - m  s - ’ s ’ u u i , l
h i c  n i ’s-s  l i l t  h u s - i  hc-u ’u ’ , , u s - ’ s -u s - t i c k ’s- i i i  t I n ’ r c i n ge -  s - u 1 ’— , i  c~’ n ’ ’ n i - s- i n , - I m m u - m .’ , ’ , ’ c ’ , nc _ s - l u
,u os -  - - - is - u s - i f S ’ , d b , - -,l t o o  m ’ s - , ,  h , m m i ’ ,’ iim i n n c - c  l) l ,’ i l 5 e  st i  c ’s- ,  c u t s ,  - - s - n i  n u t  s- s i n  - m  5 t I s - s  l i m i t  l u —
I i u iii s i t u ’ ~

l i t  - ‘ c s- u s - u ’ f , i s - s - t ‘ n i c k  s - - r n ’ s ’ Ii s - m f l u l  ‘ u n  I - - I d i ,  c c c  u m ’ t h e  s - u  , u f  i ’ s - c

b u m  u s - l u ’ s - s - I  is i s - I  i c i t e - n e s t  I n - u -  lbs -c ’ s - m i s - s - b y  dot ’ t u g  tIc, ‘ n a ’ - - I b ’ - ”  n n o v —

m s - u -  n u t  i i  U s - e k i n g  5 ’ ,’r ne p s - m i r .  S i t s - c a mn ’ s - I s - c r c I s - r s - u e k  a ’ I  b ’ -  I r s - s - c . “ s- m t i- u ’
c c  c e k - - s u -  - ‘. I i ,  m r s - s -- s ; s - s - , m’,’ s- h t i g i i .  ‘I ’I u ia ,  s - m a ’s-, , f o r  u - s - m u - i s - u- n - i - - n c u ’ s - m l e  I r s - - u - s -s - s - u t  i c - I n c- s -c -

c i S c  m u - s - s - -, I  1 s - s -  , u s - m v i s - u r .

b , mt n n r ’ n l s - - n  Is-) c u b t s - r  i l l  s - mis -  u p i s - t s - ’ ’  i i i  j u n  u ’ S  i s - c ,  b i t s - ,  , i n V u ’ i i ’ u s-b m u  ,‘ r s - m , ’ l s-
1 m m , s-u s i c u c l u l u ’  s-. mn ub  u - s -. u um g ic s - s - I  i n u m c t s ’  s’s - u s  u s - s -l u  c -c , c u r s - u c F — c ’ u  - ‘ ‘ . s - c  - i c r — c c n n

c,m , b u  1u c u l l  _ s I t s - s - u - c u t s’, s - u - s - u s E inc -c s-t s-’ n ’I< I s- m s - s - _ n c - c u rl  u i  , c  I n s -  , c t  l s t m  m s - u t I I  i n ’ - s- I - - -
- s - I  c - t i- u I  Is- v s - ctinu ’r s - c  u- s - s - c u - i c r - n i  t n c u u i b u ’ u - s - .  ‘ I ’ s - c -  a t  s - e s - u s -s-’ u u , ’u ’ I r a  s-~i t  c c- ’ n s - i , b c m s - - d , l h

‘ s - c  s - n  t I s - c  W n ’ i v c ’ u - I i c - e  “ i n , ’ [ e -  s - in s-U c l u e  u c - t l u s ’ n  f s - uu - t i c , ’  ‘ i t s - t u e - s - n ’  i c  - I’ s- s - u s - s - s
i , , ’ n - i i i’ s- t I c s  s - ; u n ’ - ’ b r s - ;  t m ’ s - s -i S h i e s -  w i t h  t h u  5 l c~ ’ i s - b c u b c - b ’ u - s-u:’, i  u ’ - ‘ i i  i t ’ s - i - n h  s - - u t  t h s-~,

- s - , u  n ’ — s - s - s - u’s-~’ tb  cs- n ;m l ysis .

s- ,  I i, , n b l c ’  c r i c k — g r o w t h  u - i s - s - t , u  l u - u  sI s- i p a t  s e  I Ss-c c ,  I n ,  t s - u ’,’ , u I h i s - s - h e ,

u - l i ’  - c  I ’ s - i s -  u - s - l i t  i n - n  s - u -c ,cs sun mu ’ d cs  i, u s- b ” i s - ’ c m ns - - - ‘, , 5 . 3 .  I i , - , s - - p u ’ s  I l ’ s - u s - s -  ‘ s - s - m n - ,  d i s - n I u i u ’nl

s - n ’  P P - - k s  ‘ ‘ I  n c , I  ‘ ‘ s - n . m n i ,I c m - m e k  s - m , ’ t u m  s - u ’ s -  e s -s - l c u i , b c h  f u r  u i . ’ ” i n e l m  c s - u i  i S s - u n , —

u s - nc ’ s - I s- s - s c m  t I m ’ - - s - s - - s -s - u i c u - c ,  N m e , - i u n i u  and I — i n s - s - h  i n d u - c ’ u u s - u ’u ’ s- I a I - u n  I i ,  I m ,  - d r  , , -  s-c

r ’  s - n - - s - I , I s - u - u - u - t , s - s -’ , b , m t i ’ c - u i  S m a  c u n m s - s - l d e - u - e d  . F i n s - ’  u -u ’s - us - i I s - s - i r e  s - lu ’ s - - u s -  i ’ s -  l” m ; , c m u  I -

‘ t turned u um t t hsm t crs -mek s - s - mu ’ s - t h u  was  c u - g e l s -  ‘b ’ ‘ c u - s -r u s s - u  . 1 s- v t h u  I - u n - s - -
s - I  i ’ m as -  r ’’u’s s - Ic s - . ‘l’ i s - i s  is t i n - ’ 5 , - c s - s - n  s - u w c r ’ ,’ m ’ r s - u u u k  is -n’ s - t i c  f u u u -  S Ii ’ ’ ‘ l h s - ’ i ’n u ’ s - c c ’ l  , u

n - a ’ s- I - un i s  s l o w e r I , , s - m ’,u l u m  t i me Nc s- .lv ~~r u m c - ss- ~ t , , b c  s -p s’ c b r u m r n , s it i ec s-  L i c e -  l i t  s - u  n s - s - i c —
t s - i i s - c s -  ‘ s - , n m u v  s - s - i s - u s - c  l - u n ~ - amp i i t um ulu ,’ eye l ’ s- ,

‘u t y’~ ’c es -m 1 v , c l n u s -  f u u r  t I m e -  t , ’ r u s- s-, I m u u s ’sS 1 I s uS s- I ,  s - - s - I i ’ s - u t  u s - i , - - ’  m i d  s - u i ’ ’

‘ u ’ s -  E n s - u u h u m .  s k i m s -  U P ‘ u s - i iS b i le  b u h g i s - s s - s -t ‘ s - I r e - a s -  ius - r i , ,  s- l - - S i n - m u - ’ . l i i i  n i s i s -’s - i b
s - u - u- s- h ?  ‘c l i i  l i c  .1cc = : l , 6 O 2/ ~~~~U O - ’ 

— “ 7  i n s - . I t  h O  s - m i t ,.’ ’ f , n i ’ u l ,  - t~, u Is- s - _ i ’ ,

I i ris s- - s s- c , l i t , . -  s-u’ r i - h  s- ’ n n u ’ n - u - u i ‘k di i u - - - t n - s - i  woo I d  h u  - I ‘ ‘ u -  t ’ us- n u  I s - r u  - - 5 s - i—
- .  i i ’ ’ , - t - u - us - cub 1 ). 5 ‘, u . u r s -  t - u s -  t i s - c  Wui I s - u  r i s - c u  S l i t  e- . ‘l ’ lu s ’ s - c t i u s-ru ‘. - m u -  I ‘ ‘a s s - u n - n c ’ I n

I n u  , , nc b u m , l , . ’  5 i s - , c I  s - u  f - c  I l — t n - s m  f c ’  c l u b s -u - us - cd t l ’ , u - ’ u ’ s-i u s - I s -  crick , r uc - u ,’l b n  ‘s - , ‘: I- - ‘ - ‘ c s - s  i l - h , . - -

‘*Ju  u b- I S i: s- s - - sk i ’ s - u s - p - s -p \ I I h s -  I
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d r _ m d  N U s - s  h e n s - .  - l i r e - s - - i  - ‘ u - c , t ic i s  s - li s-- m m ’ s - n - ,  i u c m u  W I  I I I,c lc ,,’ ,cs-h nul l  s m u m s - m i v s j s  and
d a t , m  f - n m m i c e  c ’ , u f  r s - s - c .u  n e - u - h , ,  I s - s  s - mus - d i t s - c l  m l  b strum -lure s- - U n i v  s - , , t n n e  

~~e- us- e-r ,m 1 ,uh—
s c r v , m t  i u u c m s  s-’~ I I hue s - ; s , m s l , , - s-i l b  r e - - s - n i  to  s h c j p s - I  u - m m,  t u n e s  -

.1 m i s - s - u s - u -  c c s - c t t  l , ; m m m ’ , , I  lou is  u’ou s-i ’ s - - m s - j i - sl so f s -r  s’s - m is- be cs-~ t s ’ gs i r i z e d  ,mun

( 1 )  - m r s - s  s - c t - - u - s  t i n t ds ’c r e , u a e -  t i m e S t r e s s -  i n t e r m s i t v

( U I  mr  I s - s - I - s - S  t l m , u t  i t s - c s - u - u’ s - u . s - i -  11mm,’ L n n i i ,’ l n u t c s - u - s - ,

In  h - l i t  e s - s - s c ,  ,‘ s - , a I , u ’ ,~ g n u i w m t t s - s -  s s - u - , m c k  i s  f m s - l I v  a r r e s t e d  b c e - n  , u u i s - s - u ’  l i c e -  e n s - i c E  d n i v i i u g
i s - ’ u - d e  u - i l l s  m ’ e i u w  Us-e c u - s i _ i d  s - m l  ‘;. u l u u c  ( w h t h s -  or w i l l s - o u t  dyn a c iu i s s -  e - f f s ’n t c c u u u s - i s l c r u ’u l ) -
,\ f a t  i g u c i ’ us- m I s -  N u i - I n s - m r s - m r  I ,  u u m g  m s - u  , m ’ r e s - I  e r  - f  t h u -s e b y l s - i - s  w i l l  no t  hi ’ s -m r n e s t e d
I t  s - i l l  l I m e - r u - i s -  s i n u s - ,’ d s w n .  I f  t i m e -  s-c u - u - e s t e r  is ci p c l b d h s -  or a s t r i n ge r , b l u s ’ K—
n e u h u e  I lots - ss - r , u y be gu i  Li ’ _ m r  c-s-- - i a  t I gu c i ’— s -  u - n i c k — p  u - s - s - t h u  r a t e s  w i l l  bs-- it tuu’hc I n n s - - s- -n ,
hm i ,’, ’ , uim n - ,u ’ t i s - , -e v.mr ’’ W il bu t i m e -  t h i r d  c n n  f u u u r t h  power of “ 1 < .  i i ’ l Ice u r n ’ s - h r is  a
h I g i s - — t n ’ u m c , s -b c t u i ’ -s-s i t s - s - r b  mush b u s - m s  f a t  i g u ms - - —s s - r m s - k — g u - o w t h u  I c - u - n - p e n t  ies b c u ’ t b s - r  t h u s - i n  I s - n m
p n i m a r 5 -  n-- I u - u - m e t - m u - i ’, t i c - - s - c  ‘ s - i l l  h i- s - u d i i  c’ i e r m s - b i u u r s - . Si i s - ee  l i m e  v a r i s ,u s  k i n d s  of
, ,t, ,’u’ls do not  s-~ i -’ s -,’ I s-m s- I s - s u b s - V P u - I f s - r u ’ s - i d  f . u b i g u s - e — c r a c k  b ebs - av ior , t h e  s l o w — d o w n
W i l l  l i k e l y  i i ,  lu -as - e f f e c t i v e  t h a n s -  f o r  t i m e  , m m r e - s b e - r s  u u f  ‘I ’ s -pus -’  I

lim e- n- ’b u - u ’ s - s — t n t  c ’ns i ty  f s - u c  t o r  r e n h u c  t j , u m s -  f , u u ’ a cu - s - ms N un m ste -n cats- m s-c
es - m l us - umjs--ute d - I l i e -  d a / d s - t — ’ i’s- d i c - s - u - s - c ’s- n tine - ui shows t l s -e n e - d u c t  i c i u s -  ins -  e r s - u c k — g r m u m . u t b u
r u t ,  . R a t e  u r i s - d i e t  j u m u s -  s-In t h i s -  b a s i s-  b ias  I r e - c u  f o un s - d  w e l l  s-in a g r e e m e n t  w i t h
u- s- -g ne - r i n u e - r t t , m i  d , , t , m  i n s - n  - m s - e n s - s - f l  s t i f l e - m s - e u - I  pcmn c i . s - mI n u s - s t u n ’s - .  As an e- s - - s - s - c ns - s - i cl i’ ,
e n - u s - s i d e - u -  t im, . -  u - s- s-u i t s  i f  I’ u u , ’  SI gs- ivetu bus -  F i gm c r e - s  4 .  Ic - . I s - mic - d  4~~c, , -

Is- u s - s - s - i r e  . 6 .  I s - hr _ s - n’s- t im s’ s - r u - cs - l i s t  j u n - i  and  h u e -  I c - s b  s -h a t , i  f u n  s- u i ’ s- us - u- I m s - i l l s -
n i v e - t e - u l  s t r i t l g  - n a .  I’he e c , u c s - s - — s - s -n mu , - t hi u - s - a b e  i s  p l o t t e d  cms a f u m n c t  i u i n  ic - f  e r s - u c k
s - u s e - . I l , s - -  sl,cs imed 1 irs - u- -s. s- I  i n n s - s  u shs - at  t l s -e g r n s - w b i  u - n - l u ’ s -  w o u s - I d  be in t he  absence  of
s - s - b r  i t u g e - u - -s- . l i r e -  s - s - - l i d  l i n e s  sluow his -c p r e d i c ti o n  f o r  t he  s t i f f e n e d  p a n e l .  i f
t h e -  eu -acE 111) c s -  c - l a s - c  i c c  t lce  s t r i n g e r , the  u - e d u s - c t i o n  in t h e  s t n e s s — i nt e n s i l v
f , m , ’ t n n u -  is  t h e -  I s - c u - g u s - s i  (wb u iu slu would cause- a l us t  r u n n i n g  c r a m -k to a r r e s t  I b i s - r e - i  -

As ~m cols-si’qc ~s-- n c s - s- , t i r e -  I s - u r g e s - b  u - e d u m u  I i  ous - cc-f f a t i g u e — c u - a s - k  g r o w t h s -  r a t e s  a l s o
occ u rs in t h i s  u - e s - i - ti , \l so sbc - s- u wm s - in F i g m m r s - s -  4 . 6 . 1  i s  t he  i n t e g n a t cs - l  c r s - m e k —
s.s- r c n t ~’ b b m  c u r v e  I s - u -s-s -i c c , s -n  c l i - ) w h i . ch d is c s -n y n e - f  I u ’ e l s  t h i s - ’ u - e s - m i l l s  of tb ce d e c e - l m s - r , c s -  i s - - t m
of u s - u - - s - s - t i m ,

F u , s - s - s - s - e  ‘u - ~ , - 2 ‘s - c - s - s - s - nt s nc imi  i n - u -  r e s u l t s  ‘ u s - u -  nun  i n t e g r s - m  I ly  s - ti f fe -us - i ’d
- m m m c l . The u-i-d u e t  i - ‘ i s -  i t t  st r s ’ ,s-s i l s - t e u s - s i  b y  i s  m u c h  l e s s -  its- b I d  a case , s- s-u b lue -

s t i f i e n e r s - ,  i n c  lu ’s- s s - i  i s - c  l I v e ,  i n  a u h d i t  ion , t I m e -  f , c b i gus - ’ e r a c k  c s - u i  d j u - s ’ c t l v
p e - n s - - L r , m t s - ’  t I s - s  s - h I  l e t s - m i s -u i ,  it s - u m s - ’ I b u s - r  u - u ’ nj um n s’s its c i  f s - c t .

I t  c m p ~ u ’ . m n s -  t i i , u t  n n , m c k  - u u ’ u - s-- - s - t e - r s  cs - i n m is - - c , c s - i s - s - s - i l l’ I u u u t  l t s - f i u u ’n u  u -  uu u s -
f i t  n c - i c e - — -  n , , e k  g u - o w b l m .  Ii ’ s - e v e - u -, i t  is u~ u m u ’ a t  i m u i m cm hi l i- W I i u  I i t n  b h i s  i s  u I s- s - i s ’s -  e f —
f e - s - l i v e  I n u -  si m h p u c . I s - s - s - i s - k  , c n u - c ’ n- .t  s - u - c .  h us- s - hi l l) hid I s- w i l l  b c  n c- l i t  l y e - i s -  w i d e -  s - i n c ’ s- -ui ,
I’huis s - s - c o’ , u c i s- h i s - c t  I a i r , ’ i s - -, m i t r e  c h u , m n c o ’  t hs - cm b f i t  h n s - u u e  e u - i d E s  u~- i l l  d , u s - u s u m i u p  s - i t  I , u c s - u —
l i o n s  m u ’ s - s - r u t  e S m - - I s - i  t u e  a s - u - u ’ s- I c r  I s - u s - s - u  u- l o s -c  t o  t i m e -  m u - m e n - - c u r .  o n l y  i f  I s - r u - v  i i , ’ - ’ , l i u p
in  a m u - g d - t i  , ‘ I m u s s - -  t o  , m m u  - m r ’ s - - s - b e - n  e s - m n  l I s - s ’ ’ ;  co-ne-f i t  f r r u s s -  t h e -  I s - — u - b u t  j im .  In  l ice-
is - s - ms -u’ n u t  ‘ “ u ’  I d -d s -m u’ s - u  . - I s - - n  s - c , thus - ’ i~~ i t  i s - S i t s - ’  cs - u - s - iu’k wi 1 1 p 1-ne l u - s - i t s - -  u lie- mm n m , - n - - S , -  n I h u u c u s -  u - u -—

- 
ul u i  i ng  i t s  ci  i’ m .  i , - u i c ’ ’ , l b  t h u s - ’  , c s - m e ’, l e t  i s  f a n  . s s - ’ , , v , t b s - e  c s - s - m n  I s - i l l  r u  , u e b u  s-i
e u - i t  u ,  m b  s - u i s- i u c - s -  - n r c  i n  e n u i s - r , ’ a i n s - l i t  t i n , . ’ v i e  u s - i  b ”  u - f  th i s - . s - m u - u - c - s t e - n  s - mu d  ,~~~ 
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- r n - c u t  t i m e  i 1 — l , ’ n i n t d h l o i s - .  l i i  l I r e -  ‘ m s - u  , n t  w e l d e d  m u - n c - i u - u  a , I I n c  m u -  i 1 s - m , ’ c u - c ’  I c,’ u  I s -
‘ s - s - i c - I d  u s - u -  t i c s  i n s - u ’ s - L u - u’ limos ns - - du s -’i t t g  i t s - ,  ‘ u ’ s - s - u , ’ h , ’ u u c ’’,’ _ II ’ the - u n i t ’ ’ i — c  I s - m r

- I c e - e u - .me  k s - i l  I n i - m m e b c  - u s - n i t  i s - s - c l s - I c e -  u b u n ’  I 1 - “rus s s - s - u t , u  t i m e  c i , ’ I n s - m t  y u I

t i c , -  ,u u - f ’ s - s - _ I  u - I  s-i u-m d c m i i  icc — m c i — f I t  ‘ u’ , -u - i  I t  . I n s -  i n — ’ s ’ s - s - _ u s - s - n h  I s’ t O  u I s - -  s - r u  _ ‘ i n ’ s - i s- s-’ s - , ’s I . m i - u i
t i , ’  s - i  i l l ,  m l  s- - u - s - mu -k  S i z e  was m i n d  l b s -  su r d s - ’ r i i i ’ In I s - i c  I n s ’s.

l b s - u- si gn il’ ic ’ s - ml uc ’ u’ of .mu - u - m,’s- Iu ’ u’ n-, H r  lab i g u l u ’ — m ’ s - . m n  N s - s - s - n u ts - b i n  I .’ m s - i s - I
I i k c l ’ , i u u  l i i i ’ I c o s t a m s - u ’ s - t  h s - u - l u . c s - ’ i o n  , A f  t u - u  i n s t a b i l i t y  cucc u l  c m n u , - s - , m  , t i n , -  , , t m n - s - , I , - u

c s - m i s - ’  bc u’ f  I s - s t  i r .’ u ’ I s u  s-u i’f h - :  l u - n u t  l v  ds- ’u ’ ns - ’ s - msu -  g n u s - r i m  m ’ s - c h e s- 0 ,1  m l  i n - c s - ’ ‘cut s - p ub , t i n - m m  ‘‘I
s - i  m , ’ ’ : u u y , m g u ’ u c s - t i l  n - ps- u n .  In t h i s - m t  e s - u s , - , t i m e  t s u u g hi lu c i t e - u -  I s - m i i r u s - e - n I  w i l l  ns-c t

s - m s - s - e s -u’ m e n i s - c e c  f i b  i g i c i ’ — e u - s - u c k — I u r n u i u,c i ’ s - a s - i o n  r c m l e - s - s -, I lc u s e v e r , i n  t i n e -  s - s - u - c - i f  u - j v s - i  c c i

l u ’s- I n s -  s t r i p s -  t i m e  ‘ i n n - b u r n s - s t  f a t  i s - S i m s ’ c r n u u k w o u l d  f u l l s - ’  I , s ’uu u ’ s -  I t  I mom t l s - s ’ s- .’ n ’ u s - ’ I I c
r , m l s - -  n i _ s- I s - u s _ b  c c u u m s  s l m s u m-cn s - i t s -  I - h c ’ m m u - s ’ 4 . 6 . 1  -

\s - p u u i m t b e d  u m u t  in  Se - e h i o t s -  3 . 5 , t h u  n u ’d u s - t l s n s- of t i m e  s I r s - n - m s - i ’ s -  u s -  t l , s - ’

m u l l  s-,’ ’ s - s - I d  ‘ s i m m  a t  t h e -  s’s-~p u ’ u l a s ’ i - I  lu i g lu s b u - , ’s au ’s i i i  t he , u r r e s - n t s- - i  s - t r i l c . I l l s - n - - , ’
t i ’ s - s - u s-S ins-t n’ hs-’ sui Is - i i’s- hi t h u s - i l t h u s - ’  s - m n n e s t u ’ r  s t m i p s - r u m s -’ n i m s - l y n- v ’ s - ’, s - .h is - uu - t I d  I g i I s ’

i i  s - c ’ . I f  i t  w o u l d  f i l l  by f a t  igue , it w iumm l d c s - u c l a -  t n u m c s - s - e d i c m b e  f c c s b  s- n s- - I nuns - - - ‘ I

t i d e  bum 1 1 , be s - s - m i t  a s - ’ I t  Ws~u Id  no m u  l ip , ’  n cs -s t - i s -  s - ins - s - c u - r i ’ s - t s r  , ‘ b l u e s - i ’ s -  u - u - u - - mm - s - u s -s - s - ’, - I i  t c

m s - n  i s - - s - i s  il l b c - o s l a r r e - s - t  h e I s - a v i c i n  s - i n n s - m i l d  i c i u ’ I c usl u f , c t  i s - s - m c i ’ s - c n n - i ’ s-c i a  u t  i s - i c  m n - s - I s

s - t i ’ i , ’ , l b  is u-ei’ s - n u m u s - c u s - m m c l e d  b i t s - m t  c- n ’s - s m’ c u l u ’ l u - i n s - s - u - n e - a l  s - m u d  p c u s l s s - n s ’s - i  a u u , m b  ‘‘ s-s- u’s s - u s - ’  t i n _ i s i s-,

u - f  s - u ’ s - s - I s - ’  n ecs - l i s -t i e  s - b r o s - t o r i’s w i t h  a n n e - s l u r s -, t o c uh t ,, u o del u n u l t i  ,c  l i i i  ‘ u - c s - u - u i  c - s - s - u
u _ f  t i c , ’au ’ us -u s - I t s - - u - s  s -ms - md H’ u ’s-’ , m l u c m t s - ’  t h i s - ’  l u ’ s - u s - h i l l  i L y  u s - i  , u n u - e - S t c s -  s- ’,’ st u u s - s  f r - nt t I n s -

p o i n t  n - f  u , h i ’s- n - f  f , m L i g s-uc s - m d  f , m t i gu e — s ’ n m us- p n m u b m . i s - s - , m l  c - n u t .
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‘ 5, 11 s- ’ l h . ’, R A ( ” l ’ h s - i l P c \ ’ I ’ h s - ’s -i c u b  A I s - l b I , s i ’ I -: x ‘-LVI I b i i A I ,S

‘l i m e -  ( b e - ” s - s - t i  n - I  c u d — p  I s - s - i , ‘ s - c u s - s - s - -, s - u b s - ’ u s - I u m , s - s -~ s- s m c r e - s - , t. e- r s , spec  i i c u c m i l y — —
t h u  s,’Is -’et L s u u s -  c i  is-pt i s - S i s - u m l u  n - n ’ s s - s - c r  ‘, -,‘ h d l h m , b h m i i k t u s - ’ s - a , s - b c - n i  c s -p  s-mu t d s - i t s  u s - s - c l
u’ , - s - c u i  ‘ b ’ - , m t s , n s -  s- — d ’ s- u c , s h u ’ u ’S  h i t s - s - s - ’, u u s - r u - s ’ s- s - i ’ ’  n - I  t l u i ’  t n - u b ’ s - u i - u ’ i n u - s - ’,’ ’ s - Or  t s - , ’ c s - ,’ i u s - i s - - s-’ - s-
n _ m i n e - u - s-u 1 ‘ m s - s - s - hi s - l u t e  ‘ m s - c s - is - m I s ,  Us- th is - ‘ u - h  j n l l u . c St l s - s - u s - i t C S  i s - u ’  , s - s - ,m d c  0 1

’ h i m , -

- s - i n  i s - c s - s - m s - s n  t a m s - h i  s - n C  - - ‘ I n  ‘s-cl a s- is- gu t  u n - - s i  s - m I ’ t s - s -  cc  h i-n I or  t h u s-n I - i n -- us - s - us - s-unrest en.
i s - ,  ‘ s - , ’ s - , m l l v . t h ~ u ’ t r u i s - V b I n s - s- S b c ’’ :e-h m u - s  I c - m i l d  1 m m  be- I s - I s- P t , s - c c s -d a t  s--n  i s - e s - c r  t i c s -
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p r c u h c - I - , -u~~. h h u s ’ , m s - l e - u s L ,  s- t s - u c c g h u m i e - s s  n e - m j m n i  i ’ s- s - u - n u t s -  u - c s - s - u m c u s - ’s- e - s -u d e d  i s - v  R o l f e ,
i t  s - m i  . , i u s - l m s -  n . s-’ I d s - ’ t u s - s - s - s - s - i e  L 5 - s - m u -  l h i ’l ’ L - : c cn n s - eu - .S y s - u s - ,  u’ uu n l m p a n ’e - sb i s - l i l t  s-’ , 5 b i ’~

, s - , , ,t ~~s-l s - m n i ts - iuu s -otu m s- c - s --~~- i s -u’ ’ ’ s - , s -  - b ” i u i a l l ’ , ’ , u - c u - r u ’ c u l ~ ’ , u - : s - r h l , u l s - 1 e  t s u u s - ,s - b c c s - s - n - ,s-n

- ‘ d I t s - c I - u n  sh ip n--~~u ’ e l s -  a s - c c n u s - c u p , s - s - c P  -, s - i t b s -  ‘ - s - i  i s - t i n - L e d  s - c - j c s - c n s s - s - s - s - c u c - t s  t o r  a r r e - s t u .’r a .

5 , i I - s - S I b - I s - l b  OF K
0 

HI l t  K ’  u n m i t  A R R E S T E R  ‘l ,\ I l’s - is - l c\ l S

I t  i s  i t s - n - , t n s m u t i s - ’i’ i n ,  ‘ r u N , ’  mu m n ’ s - - l u  u’s t i i n a t u ’  n i l  t i c s -  t m ’ c n g l m t s - s - - s - s ---
l , ’s- ’ s- ’ l i t  t i ca t  m s - c  rc.’ qoi  s - u - n b ,’ u  i u c — p l ‘ n e  s - i s - s - c  - t i ’ s - - s  - T h i s  is i u u c u s b  - u s - i l ’,’ du c - us - e

‘u- s - s - i ,  s - s -i ’ s - i’ i d  a p l u c t e  L I n , u l  i s  1 _ u ’ s- c  ru- I s-i ’ i v , - t n  s-u u n - p s - i n s - n t c u r e  s - e n t r a i l s -
i - u s - - c u t s - m b  c u - s - i c k b o l d u s - d e - m I  b y  t m-nil s i c  u - s - n - t m  - s-H s - s - c c  s - s - is - s - u ’  b h u h u ’ k t m u ’ s - s - -  as l ice cc-as- c

p l ’ i t s - , a - s - l t u ’Wfl h t i  V i e s - u s - i’ 5. 1 . 1 .  ‘ m l i i ’ u s - m i s  i n - L i o u s -  c , i t s -  p u s ’ . u ’ u u t l y s - I C  s - s - s - .u d u ’

s - u u c l v I s - - u -  a-s -a s s - s - s - , ,I s-’ s- s - i c n u - s - s - - . ’ I ’ , ,  s - b s - u ’  u - s - n t i s - i n c  of  s - b u s ’  i t i u n e - t i s -  i s - s - u - s - P s -  i s p  c u - b e - m i
I c ’  t h e  s-

~~ u - s - s - s - b - i r e -  t h i s - u t  i s  r u - t u r , - s - e -, b t n u  t i n ,  i n s - u s - k  t u p  p r s - u u r  t o c u - m e - n t . h l - ” - ~’ s’ ’,”, n ,
t ’ d i u - ’ J I s - s - m u s - u ’,s- L , l L I , , l  , I inc H c s - I f s -  i e r c u u c - e -  d c - s - u s - u s - r i ,  s - i s - s - , c l y n - n u - s  l i , , ,  u - c,’, u ’ s - i s -  bes- ’n s-
s- b ’. ’ ’,’ s - ’i , 5ui ’ d  

- 
s - u s - s - n i  e ’ ’ u .u l d  bc o s - s - n i  h s - s -  L i m e -  s - ’ m b c m s - n’ L a  c v s - m l u m s - m b e -  aus -d so l ’: i’ ”, s - s - ’ u - m ’

- s - b r i e  p r u b u f t s s - t s - n .

b us - s - s -h u t s - u t  f , s- u i s - c  o m  b i t e  m i m t k i s - c u u m  c ’ s - l i m e - _ c  u - s  1 s-’ ,uc ’ t . s - s r ’ s- s - u s - m s - u’

s - u -s - m u - I  c s - i ’  b u ~ s - n s - ’ h u ’ s - c S s - - u  ‘-i
i s- 

u - mud t b u e  w i d h h m  ‘ 5 0 1 L b i - e  a s - u - u ’ s - t i ’s- p i t s -  ‘ s-f~s s - i~ s - s - l i
S t  i m p  t i m e -  I i n c - i  s - I  u , s -  E ’s - i e u , c r s - r s - s - s - m ,n d s - u L s - ’d by  t i t u s -  s - n t  r u ’ s - s - i s  r spas - Hu g 5 a r e  g i v e - u i
1s-v t i c s - -  t n u l l s ’ ’, ’ -s - i i t c  s s-.p u m e s s - s - i s - m c n s -~ ‘,s’ h u i e l i  it’s -’ d e r i v e d  in A p p e m u d i x  1 ,

• s-i s~/3 i’S . l )
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) (3 .
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,‘s-. i’ I’ s - ’ S t e - u -’S w i t h ,  I c ’ s - c u . b u n s ’  u. ’ u u u ’! ,cSy  - u ’ s - - u i ’ s - i t s - u s - i ns ‘n - i s - m i s ’ ., ‘ - . 1  b u m  t l c s - c u c  s - s - n ,
s - ms - i l l  jus - us - mc ui va I s - ms --a  w i l l  ts-o ts- n - c s - n i -  a s ’ c , s - s -  N ( r u - u ’  n - s - 1 s - s s- I u s - u’ at this’ s- I ‘ ‘ i d  u s  -

E q u s - d t i o u s -  (5. In Ind ies -le n tlcat s-- s’s -v m m , uc’ u ’ n ’ ,,’ m u m  n , ’ s - s - ,  u s - ,  m u - c  , n r h u ’ u 1 m m , n t u ’  w h u e m u
Ihere  is l i t t l e  as-  ms -u - k i t s - c u - t i c  c i l s ’ u - s -,s - ’ , l, u ’ L , c t ’ s - s - . I i  ,, u s - c s - , u _ s i c  t bme - u time
s - i s - u - u ’ s - L u -I’ uu i t c st  be- w i d e  u’us -u us cg h i i s ’  s- , s - i n t , c m m m  b i t s  cs -~u n n ’ , t l u , - , ’, s - l v  s-I s - ’ c s , c s - ’s - s d  p a r t
of  b l u e  e r m u u ’ k li p p l a s t i u’ e s - u l l i s -  (- -- 1 —5 us -ni iuu u a d m n - m u n c . k,, ’ n - s - i u ,h s - i s - u l. s- t h i s - s - s - s - -S
ans-d low — t o u g hne ss vns - i u e s  in  L i c e -  n u ’ n - s - i o u m  of  t i m e -  bb , \ /  s - m s - s - s - s - - l i  as t i m e -  i t u b s ’ s -- n i  ly
of  the  w e i d s  w i l l  a l so  p l cueu ’  l s - u ’,,’ u s - u  b , , m u m t drc out  t i n ,  , n r c e ’ - h s ’ n  - s u h d t h u .

l u s t  i n n s - l I es of  tb s-e n d uinimo nu u s - u s - n i ’ s - I s’ r I s - I s - i t s - ’  t n u i m s - ’, h t m n i ’ u - s ’,’ c u l u n s - ’ ,’n f o r
d i c , c , e re t s - t s p a c i n g s  acid t i s -ree  ass u - cuuued Us- s-u s - - i s  m s - I  k h m n e l l u ’  c -us - c l’s-s- v n ’  i u u - u s -
derived from the cubo vis - equation s - m u - i- n- g iv e -u i  u s -  “ i s - s - - m s - c  5,  1 ,~ ’ . l i n e  b m ,’ i s - s - s -h m m i u - n-- ,-
r-’ lo i u-etudes -Is inc  u - u - s - u s e  - s - h  t ic l ice I m i s -  t i o i s -

6
u u  t i s - j u n e - s - i s -  C u ’ ,  s- s- v  u- in b u n s - e d  . ‘l I m e

u - e - m g n u - s - s -’ : s - tu ’ s - ui . s d er i v e d  b y K i h a r u c , e-t  ms - i .  h u n - s - s -  t i m e - j r  I s - c r s - g c — s c a i e  s - u r n s - S t e - u -
s - s - u s - i -d e l  t e s t  (see F i g u r e  5. 3 . 1 )  are  a l s o  ic c s s - l o d s - - d. l i c e ’ s - i n  s - , s - ( ?  b a -  sd  on
s b ab i c  ana ly se s  c o r r e c t e d  f o r  d yts - ai t ui u -  e f l s - - s- l i d  b y way  s- s -f  t i n s - -  o m s - u p i  n ea l
e f f e c t i v e — c r a c k - l e n gt h - c o r r e c t i o n  d i s c t m s s e d  i n s -  Sec’ ’_ h m u u u  3.3. Since h u e
i s - f t s -~ct i ve  s-rack iengbh is s m a l l e r  t h a n  t h e -  I r i s -  s - r u - m s - I c  I e s - i , ’ ’Js- u -ct s - s - r u - c s - b,
the Ki*.a na requirements are even less cou c-uuervat ivms - b l m a m c  t h e  ones d e r i v e d
here for 03, kineti c energy nets -inn. AlL Is-u-ugh b o t h u  us- u- h s of  E s t i m a t e -s mak e
pr ovisions -s for dynauiuic effects , the estimates are ouc- i y as-curate b r  ti -me
specific geos - s- s -ebn v aus-d loading cou’cditions for whic l u  t f c c y  s-crc d e r i vedt

‘ For otlcer cot ’u f i g u r a b ic -n s  and l oad ing  condi t ions  I s - r o y  r o p m ’ e - n - e i c t  rou g is-
gu id el i cs -e,n t s c- t h e  t o u g h n e s s  l e v u s- i r s -  r oqu~~red of  i n - p l . ’ s - s - e  anu -s- s t e r s.

I t  is e v i d e n t  i rs -m s-s-i F i g u r e  5 . 1 .2 t h a t  b l u e  t s u i s - s - ,’ l n u s - u ’ s - s -’, r c i 1 , s - i r e s - s - s - u ’ n t, s
Is-c u -i ts -— p lans- ’  arre sters cu-m n be qs -u ibe hi s - s- s- Is -. hs- or c ’ s - . s - , n s - s - s -~ I s - n - , i f  s-n- = 

3
],~ s - i u  ‘1s- i/m~

and 2S = 6 m e t e r s , auud s-,s- 0 . 5 , t heu c -  K - - 
is s - m h s -n - c t  600 liP s -s -c - “ i,owc- r

s - c s - p l i ed  s-tresses and cl oser s p a c i n g  u c - t ’s - 4 s-~~L~~ t c r n - s -  u o u u l d  reds-ms- - in t h i s  r e q u i r e -
s - l e n t .  P r o b a b l y ,  t h e  l m ’ u s- ,’e- st  r e a s o u s - s - m b l u s -  v s - s - l u u,’ -a m  t o o s - ’ i m c m c s - s-s- t o  a r r e s t  a
running c-rack in a ship h u ll , mcsss-uming m u m p s - s - r e - c ’ s - ,  - s - s - I  ,c ’s s - r t i n - r s - s - . u ’ sl j  s - u t e -  h~et ’ns -c ecc-
t I s - a s - e  of Ki !,ara  and t h u s - ’  s - s i t e - n - n  g i v e n  h S s - m, t n ’r  ‘~ 0.5 , ‘ = i s - s - U  -s-N ’ s - . and
25 = 3m , a p p e a r s  to  be b: ,~ 2011 ‘s-Ns-s- s- - -

- Tbs- i us- c ’ s - t i c s - s - n - b e -  i s  fo r  n-us - a r r e s t s - u -
of  t he  slits-IC b h u i s -  N t i s - a s -  s- ia

n b i n e  ba s i s-  p U m l u s-’ . Tic - s- - cs - u s - ,  m s - .’ ’ c s - s -’ u.’ s - ; t i u s - g  s- m 1c -u-i~~~l i t v
e s - u s m l d be a c h ic ’,-ed w i t h  a toug hness  l e v e l  as low c nu - s - b-’ , = i s -cO ‘s-’, s - s - s - s - ‘ “ Is- v

S , u s - c l s - i s s - n in g  a d o u b l e - - b l m i  k s a n d s - a i d s -  s - o s - i  -‘ i s t i s - I p  o f  .1 n -k~n s - s - s -s - - u -  p l o d  u- -s ‘‘ s- s i c

as tis-ick as t i c s - ’  bas is- p late - . Thesis- ls’ ’s-els of s - ’ , s - s -ucs -l u s - n - s- ’ s - ’ s-s-’ s- re n ,u i u lv  s b t n - i c s - s - s - d
- e l i  above  H u e -  b r a s - s - s i t  i n n s -  t e s - s - s p c r s - u t s - m s - e  w Is - ene  t h i s - ’  I r a n  t , s - m c  i s  - s i — n s - u s - s - m p c u t i i s s - m I
by m cppr ecis -ib lu- p l u s h ’  h i ’ - ” - .

hh ms~ Kihiara , eb a i , n c - s - 1 s - m i u - e m e nt s  n u l l s - n t  t h e  I s - s - b  p h cs - n s-’ d i t s - s - s - - i u s -  i on s  and
s - i s - s - n -  u nu s - s- s-p l i s - c n c e , s - s - ms - un - cs and  ‘ ‘b l u e r  i c ’ s - d t s-i s- t’ i- c c - I  t h e  1 - ’ ” d i s - s -~n- s-n ,’ s b c s - s - c  u s ed  i n
s - b ’ s - ’  l u - u r g e — s c a l e  I s - n - I, - . ‘l b s -  p s - c s - s - c s - b  u. a lu _ u1s - s -b i c , us-,s a re - m s - n - - s s - ’. i s - t s - s - s - t ul ’.’
‘,‘ s - u l j d  f o r  p la te d i s - s - s - ’ s - i s i o s - c -s L b u , c t  s - u - u  i s - u s - u -  c n c s - s - p s - m r e d  t o  t i n s - ’  s - _ m s - k .
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I t
s- s- s - u I ’ ’’ s- . l .  I - , ‘s-, u h u - s -  t i m e -  s - , u u s - s s - ’, s - u u s - ’ c n c ’ s - ’ ,c  s-u t i,- - s ,~,u i , . \  c ’ s- ,c, i s - s - - u t

s - b u s - m u s s - t m  t m ’ c is s - m m  n _ i c  i l  c s -  t i ’ u , s L u n ’ s - . I i  b l u e -  ‘ h e - I d s- l u - c ’ s - c’ I b m  n - i  l i e -  s - S e - s - i
m i t  uh~ ’u s h i b~~ si - m t s - n - ,  i f s - c l  :s- s - i s - _ n t  b o t l u  b l u e -  n~~c - e s - s - i b 1 s - ig n ct , s - , ’  s - - s - u ’ s  a n d  I , s- i s - m b , c n n u c u ’
:

s- 
n e u ~ c u i i e - , s - s - ,  s - s - I  s - ,  i i i  m e -  d , u u u i u i s - ’ d ‘ u s -  s-u p s - u s - I  i s - m m l a r  a r t s - - ,, i s - - u  ni ps -u s- s - , u ~~ .

S i s -  , ‘ c - s-l j n t ~i u - s - ’  s - I t  e s - i ’ s - I  i i  ‘ t  I e n - u i e s- s t - s - I n - .  I = 2 7 5  “ I N / ms - c 1 I - n- c h u m  s - t m  c - c
( / ‘  \‘

, u l n s - ’ u u t  ,‘ i l i i —  ‘, i i l h ‘s -’ - - - , u s - n u n  r s - - U u i  i- ’ , - “ ‘ ‘ . I  I s-’n  hi I bl u e  u- s -b  I ’  ,
~~~

, - . :- s- s - s - i ’m s - n - ,  ~- 
- 
v - - N i u-

-~~ t , r 70 i i s - . s- ’ c - ’ ’ s- s b u s i u I ~ l b u s -  - ‘  ~ h) n u i m i  c i , , ’ s - I  - ‘11 11 i n -  1001/ !-iPs-s- ‘ — - _ h i s s  s- I s - i s - - l i -
t - ’ u s - ’, I s - n - i , - ’ s -s- v , u l u , - a  s - s - _c u I ’ H i s -’ u f t  t - ’ s - m u , m ~ s - s - s - s -  i u n p u - a n - I i c e -  ‘- u s -u s e - - ’ ’ s - n e  s- s’s - s- c’

j  
t i e - s - s - n i  i , ’m , ’ s - m m - I  iii i’ u ’~~ 

s- s-~e- up pe r  a h u u ’ l f  t ’ r m c ~h u u n s - ’ n - s - a  s - i s - l i  i n i ’ m u ’ - u s ’c u s - 1 ’ , s-h - I s -’ -
- 4 b s ’ ’, u’ s - s .  ‘ma n o t , ’ m , u l m , s- cn- ,- . s-u t s - uum I I I p 1 s- l I t  l i N u s - c ’s-s s c m t s - c l w i  c s - hi  0 s - m u - u - ’ p 1 s - d I e - u - ,

u i ,  u - i  m’ s-: s - - i t , - i u 1 u h i t m ’ n ’ s - m 1 u ’ m i u i l  i b i s ’ s -  ‘ ‘‘ I c u r t ’  c’ s - h  h i s - I s -  s h , - v i , - , - n - -’s ‘ I i , ’ ,’

3, 1 ‘b b s- .\ b l ’ h - i I Nc ’ I II ‘s ’ ,’n l ,U !’:S nU s -’ ’ f s - c p G b l - A I ( R l s - S T E I I  ST EI : i , S

b ’ s - - ’ s - s- c es ” s - r s - b ’ ’ r m t t i o n s -  d c ’ s - s - n i h e d  in S e s - i i o c s -  5 .1 i t  a p u ’ s - ’~’ u m ’ s- - mu - n t
b l u e -  s - c u ss - m c s - s - s- s - s - m i - u s - s - n i  u -ed K,

0 
v a l u u o s  f o r  a r r e s L e r  s t e e l s  s - u s -  a r s -, I , s - m  r y  s--s i., ,,u,~~~ Ii

( 2 7 5  “lI,’ ’ s- ’ s - y b s - - l u l  sb  r eus -g l l c )  a re  in lic e range f roun  200 t , u ~~l i ’ u  - ‘N

s - l u  ‘c s - m i l l s - S  n -fl  s - u s - u - e n - i s - u -  ‘-s p rs -cits -g mind service stresses . U a s - u l u l i s - -, n - I  b ’ s - c  s - c  m e

~~~ 

, St  r e n t s - s -I b m l a u c d  b l u e  s - s -  s - ’ ,’ i s ’ e  stresses) u s - i l l  d ,s - nmhlis - n - Ibis - -s - c s - s - s - i s -
~

tc
~

i ’ s - s - u 
~~ 

l e - s -, s s - i s - , , —

, s - c s - - s - s - h  n-n .

i i ,’ ’ ~~, b - n -  p - - i s - h m u - - es- ex i s t  in  th1e s - c m e s - r s - u n u - e u s - i e u it 01  S u m s - l u  l i i ’ s - ,  i s  ,‘ e - l i n
n u t  ‘ s - i s - t i m  s- i l ’s - es --na , I l s-o m u u s b  i c i s - h i l y  d e v e l o p e d  s - -mi l ls-od in l , ’r s - s - u  , m s - s- , u - i ” , .
i ” , ,  ts -u t’e b u t  u s - s - l i n u s - - n - n i  s - m r  s - n 1 ’ p l i e s--u h i e  Is -)  t r a s - l u s - r e s  ins -  ,,‘ I m s - c~ , ‘1’ h s - - ’s - j s - j u - ’,’ 1 m
i i s - , ’ m te -d- fuur ‘ ‘ s--s - s - u s - c , I u- as- t un e s  t Ic s- s-b, os-cur ucts -der p lane - s - trains - s - n ”, n d c m  i s - c -n i ,
s - n  u ’ m s - h e r 

~u i s - i m t i ’ ~ t i e - ’ - - co s- c-d it ious -s in whichs - the p tas tus s - s - s-, u. it e - H - s- u s -  s - s - s - s - i l

u- c l , r  t is - - i ’  I s - u  ‘ s - pu ’u ,’ i s - ’, s - u ’ u s -  d i s - s - m c n - n s i o u c s  and c u - s - c s - k  l e u s -g t hs -  ( s e e -  s - s - c’ s - s - - i — — 39 1 —  TN c -
- - - l ie - s - m s - n u n s- - o f  r i l e -  i s -  c b s - r d  p l a s t i c s - i t ’ ’ , t hu-s in -  f n s - m e t u r s - s -s can 1-ms ,c s - n s - u l v s - ’us-’ d m s

t h u ’ s - s - i ’  h i n s - s - u d s -  s - i f  l j s - s - s ’ s - n r e l u - m s - s - t i e  l u - s - i s -  t c s - r e  r , ie -ch cmu c - i c s  I s - , b - h ’ l l s- s - u ’  c c - l u i , m h : c -  I c - h - c u r e -
s - I c - - s - j u l  s- u - s - u s - h  c t - u’ t o s - s - g I s - n t u - s s  i’ s - s - a ’ s - s l u m’ s - , such as- K 1 , is- K and 

- - a s - u s i
I n ’ s - i s -  p h i l l s - c  s - ; b s -- s - ’ n -s- s - s - s - s -u n~ c’ s-- 1s- , s - m t s- wi l l s-  t he  1 rs ’ s - s - s - u s - v s - d  ~ s - n n s - s - :  ~{ie s- c s - l u - / c ’ 

~p t .
h u e- I ( “ s - I t s - - u - I  s- n i m b u s-c p I s - ’ c t i u i t y  t h i n - b  is n e c e s s a r y  n o r  s - s - n e c  - ‘ - s - s - s - I  a p p l I e s - c —
I l u ~~t l n u s ’ i , I I s - h ’s-’i m t u e t l c o d s - n  b in t h u s ’ vs-s - n y  ams - t i l l s - e s  i n - ’  of b i t e  ds’ n- - i u - i ’ d  h s - ’ l u , u v  j a r  of
, i n n e s - t u s -r s - I s  u I s , us -ic e -re  l . n r g s ’  p 1 c c - b  i s -  s - - s - O n - u ’s- and si gni t i s  u s - u t  s - b c e - a r  i ips-
- i r s - ’  e s s e u s - L i , , 1  c c c  p s - -~~i t  i u e - s - l os - ’ u s - s - , r s - i e -  . , \ i s - s - u r d i u c giy , p r o b l c s - s - m s -- - ,m r  i s - c its-

n u b h u ’ ’ip t i u u s - ’ b r u  ‘ i s - c ’ ’  b , n : i  s--I nuiet h m ’ ’ch ,s- t c ,s - I  cs- ieas-~’’ n it s -g  I l’ s - i s - t ’ n s - i ’ ’ t n u s - n s - s - l s - s - s - i ’ n- p c i ’ s - u  n- _ s _ n -

o f  L o u i s - h i  s - nis - m t c’ mH, mu ‘d s - s - .

s - m u  s - l u ’, i u i l h ,mm s - i i c’s - u ’ .’s- ru -s - s- s-rapbms , ‘s - c e - c u-al me-h I t s - m I s  s - c u r  m s - m s -’ , c . s - : s - r h  s-u p s ’u -
u p i n r s i s - ’ s - i s .- s t s - i s - u s -  b s- vs -c l an s-s 1 m s - u s - s - - s - u  s- - t i ’ s - is h y time i s - s - i b i s - n - d c ,  u - S  I n s - s - s - l u c r e -

s - s - u s - i  h i s - i t t  i i ’ s - s  s - c s - ,  dun - c ’’ u I c u es -b .

5 . 1. 1  c \ p p r o : < i m a b i n g  s- s - i n n s -s - s  w i t l m  K , K 1 , ~ u-

I’ u”ss - s - n - , - u t. ’, ’ni i i i  s - s - n ’  u - m i ‘ .2 , s-
s - n  -

~~~~-~ 
s - in s - u - , _., , ‘ j ’ u s ’ j c / s - ’  a l i b i  K 1 1 1 c c -  K ,-

vs-u 1 - i m - - - s - u -  n - - u _s i ’ s - u - i t s - ’ ) s - u i ’  I s - u g h - ‘ V  ‘ - ‘ s - s - c s - m u ’ , ’  I s - s - s - c  f t , c s L u u r c  u - i t O  i l l s - ’
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t ib n ’ s-, u n n -  ctuode _ In  I I n m s  s - s - c s - c, s - s - t s - c h  h i  s - s - s - u ’, n s - i n m c s - ’, e - I r I s sd K c c i i  s - e r ’s- c- as a
s-’ O s - s - s - i s - u - v , m b j s - ’e u s - I s - s - s - m s - I c  s - i t  K . ‘l i e  -K — s - ’ , c l n t s ’ s -  s - an , in t~~r ui , be r e l , n t c - d  to
the  p I s - in s- c_n- s b u s - s - i  s - s -  K

1 
:

k
s-s- 

= C
1

K
1 ( 5 . 4)

us -here 1 s-s c ‘ -~s- 
3~~, 35 , J6 

. This s- s -c~s - s - s - n -  b l u a t  K , - v a l u e s  c o u l d  s - m I s - n -  s e rve
as a lower ~ su s - m m s-I s -rents-s -re  of I- ’ ,nr as a way o V s -  s- ~~t l as t i n g  K pro ’;ided the
f a c t or C 1, is kus - own.  In p n i e ~~ies-’ , t h e  p l a t e  s i ze  am s - d  I l u i i ~~ u m ~~cs  ~ e q u i re 7 2
mecs -I s  f o r  un leasur ing  K ams -d K v a l u e s  ior m a t e r i a l s  s i tu  -— ~~ O .2m~
are  pr oh~ bit ive . h-or d exs-muuu~~~~~~~or a s teel  wi t i u a y i e l d  st re~~~th c v =
275 s - -s - s - i s - s - u - and K , = 300 s--IN s-i 

- - , t1s-e wldtlc of a ce -muter - cracked panel ade-

~ s - is - i~~s- s- to me asu r ~i K , is about  3m , and lls-e t l t ± c k n e ss  ms - m s - s - s - h  red to measure
is a b o u l  1 ,“ s - . Nor~ u -es - -cul t - t e c h n i ques  s- i l  S c - n  b b s - n ’  c s - n n s - u s - i I s - i l i t y  of r e d uci n g
t he t h is -  ks-es- s s - e - s - s - s - n i r e n u e c s - t  b y s-tn o rde r  of m s - i g n i t e s - - - , 7~ c o n s e q u e n t l y ,

I s -  s- s- s-ed suremulef i l s  may olle - u - omc -e practical route t i m  lice evaluation of K
D‘u - Is- v a l u e s  01 hig hs -— touug ls- ness shi p p late for erreslers .

5.2.2 Approxi mating K
0 

Pros-u Crack-Upeni ns-g Disp is-iceus -cent

Robinson aus-d ‘I ’ cs - ’t s -’i uus-an is-ave sis-oc-un his -at K can be calculated
from measures-tent of tIs-e crack-ti p openi ng disp1ocenien~~~(COD) at the onset
of unstable fracture in r ehs - s - tivel y small speciunens , using the following
rela tionsh ip S

1/2
a ‘HCUD -

K = ( s - . 5 )
Ic —

M e t h o d s  f o r  s - s - u e s - u s u u - i t s - g  ( ‘ s - s - I ) a re  d e s c r i b e d  in Ib r i b i s h  S L a n d a r d s  DD 19:  1972 .
- 

~
,‘ h/ se of such COD t e c l c n i q u s - ’’s w o u l d  t i m e s -  p m r - s - i t  K.

0 
to  be approx i ma ted b y

way of E q i t a t i o n  ( 5 . 4) .

The p o s - - m s i b i i i t y  exists nul so of app lying COD metis-ods to dynamic
bests. Here , actual COD us -s-ea su s - , s - ’ u  s - s - t a  s - s - c  d i f f i c m m l t  b u t  Robi n son and
T e t e lm a n  h,s-’n e shr ’ws-s- I l s -a t  ( mli i  value ’s- cant be approximated reasonably well
f r o m  m e a s u n s - n -s - s - s - en t  of  n o t c h s - - u - s -u s - u t - i  r n - t u b  rau ’tiocs - ( N R C )  ocs- the  f r a c t u r e d  t e s t
p i e c e .

— -~~~~~ ~~~~~~~

‘ 
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‘ - - ‘ . I b i n - - c c  ‘ i s - s - , c s e - r u ’ s -  c - t n t  - ‘ ‘ s- , -
- Luu. n l i h I i ’ - S . s - i b ! L i  I t m -  s-~ - h c , n - s - i  s - n

V s- u- I s - - s - b  hi s - c s  ( un cut  u s - c  m : l n u p e d  s - u s -  ‘ ‘ ‘ ‘ ‘ ‘ u-
t I c s- s - i h , I L i s -  v u s -  ‘ s - i s - I n n - r u -  s - m u - e l _i s- n- s - - u - n i  n- - i

as- lbs - s - c a s--i.uug i l
_
u i - u  p m  i s - c L s-,’ s- s - s - s -’ , -m s - , n l ’  c’s - s - s - s ’ s - c l ’,, t i m ,  - s- ~ - ‘ c , ,

~~ s - ls - ’u i s - u u s - n m s -  s - c u i , u b v s - k s - c  to  c i t e ’  u - e s - s - nu n - - , s - l u , - ‘

un i O n - I s - n - i ’ d  s - li i’ s - - c l i p f r u ,m u b i t e  -i. - t . - - ‘

re - lo t l u - i n - I s -  rs - ms - ic mll b u S s -  ‘s - s - c c ,  s - n ’  s - s - s - u - - s - s - s -  ,
tu ” n s -g h m ” i ’ss . ‘ l inu s ’  t e s - s us- p l c - s-c s-- i s- s-~ s-_~~ , s - h ,~~ m
“ b n - L s - 0~s - ’~i s- i t h in - b  b u s - r n -’ l i , , s - i s -  u u m o d i l ’ I ’ - ’ i  s- - ‘- 

- u s - s - u s -
S S s- ’c r t 5 -r  n ,ci ti n ’ s-u s- s-u t ic ’  ‘ b e -  s- s - e s  c l  b ’ s - ’  -, ‘

s - b  I t  is  s - u r t h c r  n i o d i h I e - u l s- ,n b u n s - i c - s - I c , , ’ ’  s - u s - -  ‘ - ‘ I
b u s - s - L i d . This  a t r s - u m i g s c c s - ’ m s - i, p i s - s - u s -u e u s -  i s -  - m u -  , -
s - l’ s - plex Os - s - B u - s - p s - s - s - s - m I s - c ’  mu , m l c s - s - s  s - i  I’s- i i s - ’  I ‘

is- r .u s -  N s- i  - ‘ ‘j r  I s i s - n )  I s- s-i s-u s-’ 1 & s - s - i n i u c ’  u ’ s - u t  s - Ic  , - - - - -
01 L i r e  -b us- ms- b p l i c t e , ‘ , , ‘ l s - i ’ u i  i i i ,  b ’ ~

’ s- - u
s- s - c s I con , cs - i  c u - p u  s - s  s-l~’ u s - s - u  n ’ , ‘ s- ‘ ‘ s - I c ’

s - i s-is su s - s- ’ 1’ l s - s - c- - - s- ‘ . - s - s - s - hm s - ’ u , c s - , , I , - ,  - s -

t t h e ’  dat - c I -  s - l i, e b b s-i l, ,  ‘s - c s- ’ , s - s - s - u - K

, , l l u s - r C  s - s - - c  se- e n s - i  1 r e - n - a , ,,
m r  ‘s -u- u , s - s - c s -  i V L ’ i ’ ;  s - s - s - h  ‘ u.i s - i p h s -’ ,’s- s- m i s - i s -  s-’~~s- , - ‘

- F i r s t , t i m e  l l l g h t - u - t n c - u s - t h t / i c ” , , - s -  - c n n - u ’ - ’ - -

- - s - u r u - m i s -  lb i s -  k i t e  i s - ’  1 u - n - s - I s - c  I s- ’ c - s -~s-’ ic- b - - I n  s - n c -  s- ‘ n-

- 
I S h e ’  ‘ s - o r ’ ’ ’ , ’ p s - ’ b i u  s - i e v s - 1 - ’~t , - 3 s - i s - ’ - ‘ i l  - -

n- ! 

‘
‘ 

h,i’,s- i s _ s n - s - s - s - i  p l a t e -  tle-cu is -tui  u , , ‘ 
-

‘ s- , I I  u s- ‘s-u
-

‘ ‘ 

‘‘ cry Is - i s - I n  s - s - l u - a i l s -  “ m be s - c t  S h e -  - ‘ s- e s -  s- - - , , ‘ n s- -s ‘
c - i s -’ Is-I s - b u - e u m n n l h  La  bc i-s-n i - s - c s -  (s- u 5 .c-~~- - ‘ -n- ’ -

s - s - i s - I  clue ’ n - i s - n t i s -’ s - - s - u n ’  s - i ’ s - c  ‘_ , ‘ s- m s - s - m i ,

-
~~~ - ‘ i s - u s - i s -  s- .5 ,1 s - i, - ~~e a ’ m  - s- ‘ -

s-l s-g lr - b-S s - d p i u , h ’ ,c s ’ ” s - -  s - s - c  ‘ is- s- -s-i l s-s-
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u i ’ s - n  - u  , ‘ , ‘ s - , s-~ I ’ ’  ‘ h o p u ’ s - u d s -  ‘ ‘ n - _ n - ’
c s - s - l I  s - i i s ’ s s - h t j s - ’’., , ‘, s - u m i s - s - s - n H s -  - n’  

, c s -- - s - n ’ -
s - I , ,  e-s-s- u p ’ , i s i s - c f  i t e m s -  ‘ ‘ s-a “

s-s-” . ’ s- i s - i - ’ s - s -_ h i s -  b b s - s - u t  t b s r s -  - s - i s - c  ‘ ‘ s- , ‘ s- ‘ 

‘
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n- s - - s s - , c  u. s - b ’s -  ‘(‘— Is-sn - I ‘ -‘ “:  , s - -~~- - ,

I s - c e  - I ’  u n m , s - i u  I c u - m t s - s -u’s- I i o n  i on  m u n y  a p p r e c i a b l e  d is-tans -c, I l u m s - s - -  u u iak i  m i s -
a n a ly s i s -  ol  t h e  results d i f f i c u l t .  W i t h  e x i s t i n g  specincen d i m e n s i o n s

c r u s h  p nu ucs - u ” dures , il ~9, m_s st im ate d upper limit of toug h cm c -ess measucre n uents
is abs-’ut ISO i-lNuuc ‘ . Also , the p las t ic zone r a d i u s  may approach  or

s e-cl l i i i’ d rIll he ig hc l of t he  spec imen . F i n a l l y ,  c r a c k s  p r o p a g a t i n g  i n t o
the t u u s m , ,s- hs - c e - s t  s e c t i o n  f r e q u e n t l y  b ranch  in the absence  of s ide g r o o v e s ;
t h i s  m I s-c ’ s - m a k e s  a nal y s i s  of the results difficult .

The Ba tt ell e duplex DCB test is well-suited to the stud y of
arre-ster behavior , both because the test section is struck with a fast-
s-s - noviu cg crack acs-d because the test has been the subject of extensive
dynamic auc-alysis (see Sec t ion 3.0). It will require two major nuccudifica-
lions , ls-owever, if it is to be used for measuring of very tough
ar res ter steels . Firs t , its fracture-toug hness capaci ty mus t b~~7~

uc-
creased substantiall y above the present limit of about 250 iPlm 

-
.

This  ‘ s-is-dy require increasing the specinuien size to permit storage of
g r e a t e r  quantities of energy in the arms . Second , the t endency of
blue c r a c k  to branch must  be overcome. It is believed that this cs-s-
he acco mp lished by machine loading (in place uf wedge loading ) in
cs’uis-ibination with a modified grip design.

5. 3 CORRE LAT ION OF LEFII PARA METERS WITH D YNA MIC TEAR ENERG Y (DTE)

s- 1, i c - s - u the r  aveutue for evaluating large fra cture-toug hness val ues
is Li ’  m e a s u r e  the total energy absorbed in the fractucre of a us-etched

s - n - s - m d  speci s-ul e us- is-i l ice d ynamic t e a r  (DT) t e s t .  The e n e r g y  to  l u - s - m s - b o r e  t he
n - p c i  i s - s - r e n t  is provided b y a p e n d u l u m  whose v e l o c i t y  js-ust prior to impact
i s -  a p p r o x i m a t e l y  5 to 10 tn/ s . The total e n e r g y  absorbed  in the p rocess
of breaking the specimen , termed the d ynamic  tear ene rgy  (DTE) , is ob-
s-s-e- -s -’s - s -’d d~~u’ s - c t ly b y t o b i n g  t he  h e i g h t  of the  p e n d u l u m  swing a f t e r  f r a c t u r e .
The IJTE di vided b y ,‘c , the cross-sectional area of ths-e test pie-c e , is a
s - s - cea s ucr c  of bhe i r a c t u r e  e n e r g y ,  R

~~~~~~~~~~~~ (5.6)

‘ , - s - i n m c u - c  1 when tIs-e e n e r g y  losses in the  impacb  t e s t  u - en s - o le  f r o m  t he
s -r a c k  t i p are ze ro  and s-- --- 1 when s i g n i f i c a nt e n e r gy  losses occ ur. The

- - s - c - r r e s p o n d i n g  s- r s - u c t u r e  toug hs -n ess , can be expressed  as

K D = s-1~~~ 
( 5 . 7 )

or 
31<

2
\

DTE = 
Fl 

- 
( 5 .8 )
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, m , , i  I — s- ‘- , 
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‘ ‘ - i -  , _ i , U  L u -  s - s n n u i  m r s - m m  t h i s ,

m u - ’ , , ,  - , s- ‘ s s - ,  s- _ i ,  u s - s - i  u s -  g u s - s - l u  t l s - s - d s - ,  i . s - i  u_ a nu s- m s - s - , , ,  i_ s - m i ’
u - ‘ - - si s , , ‘ , , , , , , ,  1 - , - - c s - s - , , , s  l y ,  h u l l  t i c ,  u s c  s- I s - u-s- s - s - i ’ s - ,
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- s- u s-u e -s-c ’ ccc ’,’ u, c s - e r g y’ c s - n - s - us- i s - i b i d  s - s - i b i d  s - Is - un - I n s -  di ’ lus - c’—
‘ - n  c u s s - ” , - s-c u s - , , , , ,  s - i s - s - s - e - s -, l s - , i m m c s - s - I , u s - i u_’t , cs - s  t i c s’ C u r s  I s-i~ s - i n u s - c i u I s -  S
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s-\ m s - u i i o  , u s -  P~ I ~~~~~~~~ u e - p r s - ’n u c n s - t s  a t m u ’ n p h n s - i e ’ s s  Ic ’s-i above  s - I s - u n -  l i s - , s - t s  of d , ’ s - ’ s - m s - s - s -c s

t ’ I s - m s - m c — — s - c s - , , I u u  b e h s - u ’.’ i - s c - u -  au-md c a m s -n o t  he ’ u t s - e a s i t i-ed dj r e c t l ’ n ’ b y  c l i n i c - s - u  I m s- c s u - i s - i c — s - s - s - c m  I s - s - n s - c - i c s
t o s s- . hi s - - s - u’s-e-r , LI s - r u - s -  s-s- lu n - i ’ s - - cs -r n - i  a p p r u - x i s - s - u c s -b in -u s -s n -m u d s - u s - - s u n u p  l i s i m s - s - - c  , I s - c r 1  s- s- s - m u i R  i s - s - s - i c ,
L I i a s -  r i d s ii ’ s-- h s - I  b u um s- u s - I l ’ ns - n - c s s- s - t i  be a c h i s v e ’ d  b y i sp ec i i y i s - c _ n-, t I e - n -  the l u  - 1  c s - s - m l . c s - L y
s-us’s - u c i  c b s - u  m n - u ’ s - c u b  n - n :

Tue u u i l —d s - s-- s - s - i li t y—te muu per a ture s - s - m c n n , t  s - ce -  11i 1, s- c r  l a s - - s .

- “ i ts - ’ s - i — s - s - s - n - s - c-is - - t e a r  1 0 1 1  ene rgy  s -uueass - ur e d  s- nt R I ’  n i h  s-u 5 s - h -  i n ch
s- s-e-s - n - mus t  equa l  or exceed s i c - in - u i i  iiu d vs - c b s -css - ’ s- , rs-m s- m plu ’u (n-

s- ’ ns --’  c iSO 10 5(10 f t — l b s  i n s - u- s t u s - m ’ l s - ;  r u t s - g i l l s -  i ,  n - I e ’ I s - i

- i _ s - e-m’ s - thu l u - s - u s - s - s -  ,s-75 to 550 >iII ,7 s - , s-

- I s -  s- ‘ s-u s - c  I c ‘ s - b e - S  s- s - m u -  t -  u s - c s - h i t s - c  as u - s - - s - b ’ s -  I m e - m e - u s - I ,  u-c s - s - u t  n - i s -  s - c_- s - - b  s- u Is-c- n - s - u s -i’ s- s-l i ,,

- n r c  s - s - n , P s- s-n- s - n ’ s - s -u ’s - I s - s - ut s - - s - a r e ’  a r b i t r a r i ly t han  b lc- ,m c - ss ,  f o r  s - s - s - u i , s -” ’ , I s - s - s - s s  reg i a t u n ,  . I i ’
,m s s -u s - : , c  - t h c s - m t , t o  n ss- s-- s-P u n s - h i s - c, c r a c k  a r r e s t e r s  nucc S l  e x h i bit  a p l s - u s t i s - ’  l e ’  ‘s -c l 0 1

F p s - - s - - u -  an c s-’  s - s - m s - s - h i s -u- u I ’ s - u s - u s - s - m i s -  Is - m d i m i s - s -  at  O C .  Thus , I h m c y  sh o u m l d  e x h i b i t  s - u i ’  i ’ s - c s -  i -c ’s-
v s - m l s - m e s  c , s - s - i,, l d e - r , , [ m h ’ ’  C n ’ , , i t s s - r tI s - us - s - tho~ c for -s t ’ s - s - is - s - - s-cd in  c ’ n n d i s - s - - , ’,t r cs-- ,, u- s e- - h i s.
is- - u s -  7 5 PP,” u s - s - - s - s - s  l d — s t s -’ et r g t l n m s t c _ s - s - l s, i s - i s -  r e a s i n g  the ’  b m s - ’ s - g i n c l C S s  s - s - m i s - n h  s- e - m s - n e - u s - s - s  l i v
s - a c t , u s -  u s -  -+ s- -s - n - s m s - - - s - u s - md b y s - s - m s - l i e -  to  he t ’ e s - l s - h s -s - m t i c . ‘ [ ‘Is - i s  r n - s - s - s - i l L s  s - s - n -  s-c r e - n 1 s - n i s - e - n h
I s - N _ i  n -s - e -lm DT s - s - m i s - ce m l  0 (. 0 1 600 f t — l b .  A d j u s t  i s - s - s - ’  t h i s  s - c e - s - i  u - c s - s - s - r u m s - i  1 ‘u - s-- bu n -- si s-u
u - i  i c i p h u e u -  , t , u - s , s - ’ - ’ , t s - ,  ‘ s’s-s - m s - I d  i n d i c a t e’  t h a t  f o r  a s - i l K  s t u - c ’ r c - s - t h i  ‘I ’ 6s-~I b ’ - ’s- ,’ f - s - , t i n e -
n c ’ s - s - i rs-m d DT n - l ie ’ , s - t  0 C ‘ -s -u ’ s - m i s - I  be 1200 I c - l b .  A c c o r d i n g  I n -  a n - l I e , th is v o l u m e
is ‘ m i t r e  - a i l s - t h u  s - n i l , ’ h i gh , base-d on exper ienc ’s- s -  wi th ’  h i g h —  I t ’ s - s - s - s - t i c  St m~s - s - i s  t h u s - u t  s - I n s -u s - s - i d
be - i s -  i s - s - s - n c  I ’ m  s-c s-, c r a c k  n - r u - u ’ s - sb u s - u - s .  A c c or d i n gb - : , the  props -u se d  DL’ ‘ : , c l u c e ’  l o u -  ‘s- ’)O
s - s I / a u — st e e l  is a r b i t r a r i l y  r educed  I r o s - s - s - i b O O  bu s-  800 f t — l b . I s- s - l u  ud DT ‘,n- s - c l s - m i - s - ,

s - u -  s - l e - m s -  15 ‘ m s - w i n ’ s -  y ie ld  at  r e m s - s - ’ t l i s  b e tw e e n  275 n u u u d  691) s - I ,’: I n ’ ”  s- c u ’ s- s - - s - u p - n t  i - u n s - e - d
be-t s- c s -- s.c s - n I l’) au -m d 5n (l s - b - l b .

- 
s - l i e  Is - s -I ’ i s - s - i s - ’r gv r c ’— s - i s - i r e m e n t s  f o r  a r r e s t e r  s l e ’ m s - - 1 ,-, pu- ns -p s - ed by I s- n u l f e  s - s - is - c

l ie ’  c _ m s - c s - p s - m u - e d  ‘,‘;i th  thos - se  e s t i m a t e d  in  P e u ’t ion 5 . 3 :
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A t  o r d i c n a s - v  s t r s - - m u g t h c s , I s - n - i t s - - s i d s - u l i n s- n u  e-d ce - m 1 c n cc e ’ s - s - s - e ’ mitn-, s-s -u- c ’ se’s-n- to  be
wi t l c i u c  t h e  rn - tugs -- o f t h o s e  e ’st  is - cia ted j u n  E s - s - s - c  i s - c u u  5. 3. ‘t i c s - n  r s - m i u g e ’  o f  va lues shiowus-
in  Lice s - ’s t i u u t a t e s  f r — u t  S ec t i on  5 .3  l ot  m ,ur d i n s - s - i r y ’ s - , u , t e ’ s - i s - p b h  s l u c e ’ l s -- - is  based on stress
l e-V is -I S c umi n -c u t s - b rut al 100 ts-- 150 is-s- mis-2 atc d m s - r e - ’  I c c  s l u m c i u p n ~ 01

’ f r o m  3 to  6 u u u e t e r s .
Ro l  u e - s p u - n - p i t s - e d  v s - c l u e s , on L i n e  u - h u t _- n ’ l m , m s - n u ’ - Out mi s - u t t , u k c  t h e se -  t a i L o r s  i n t o

m i s - s - n - c s - s - I  - ‘ fh cs ms - , t h e  cc -pnc n e une u -m t t m u ’ i i i , ’ t w o  u 1 u 1 u:u , _ u s - l m s - ’ s i s  m i s - s u i t  as goad s-ms c_ os Id
bc c s--s -pci t ed .

,\c  h i s- Ic - n - i  reng thc levels , mi - r n - I s - m r d i—e - u cs - m ’s- ’c m c u e n l b  exists between itolfe ’ s
p s- - pu ’s- e-d r e q u ir e m m i en t s and t h u - se emitincated in S e ’ s - L i nus -c 5 .3 .  I s - s - i l l s -  p roposes  o n l y

s- s - s - c ’s-I s - s - s t  i t s - r e ’ s - m s - i s -s in DTE (n - c - m d t he  c o rr e sp c m cc d i n g  v a l u e  a ts-D~ 
as tice yield strength

du - s-ub l e ’s -, w h i l e ’  tile ’ estiuts-ate of Section 5 .3  s u g g e s t s  t h i n - I  ~D s h o u l d  be d o u b l e d
and lYl E q u -u d r u p l e c > .

5.5 DATA I - i lls - S I I I P  STEELS

• bhawthorcie and Lstss 
83 

have charac terized the DT properties of ordinary
- ss - i r s - s - rs -pbIm shipbuilding s t e e l s , employicug  l - i u s - c h c  DT specinmecs -s*. They found  t h a t
s-u m a j o r i t y  of  t h e  o r d i u s - a r y  s t r e n~~th lcu l l  g rades  cannot  meet the  R o l f e  5 / 8 - i n c h
DT req uirement of 600 f t - l b  a t  0 C (4200 ft-lb 1-inch DT en’cergy) for arresters .
Thei r  d a t a  sb cow t h a t  o n l y  soune of t i le  ABS Grade E and CS plates tested in this
st u d y were  a b l e  to meet these  r e q u i r e m e n t s . Of s ix  p la tes of nornua lized Grades
C au-m d D steel , onl y one satisfied the Rolfe arrester requirement. None of the
s t e e l s  t e s t e d  ‘-s- s-u s a b l e  to  meet  t he  most  demt i aus -d ing  of  the DEE requirem ents estimated
in Se c t i o n  5. 3.

The prob lemu u in umleetimu g the sugges ted  DTE requirements for arresters
s - t s - s - s - s - s - s primaril y from the fact tlmat tIc-c transition tencperatures of t h e ABS steels
a rcs too h i g h . Each of thc grades tested by Haw tbuorne and LoSs exh ibited upper
shelf 5/8-inch OTE values of 700 to  s-Sh il l I t - l b s  ( 1 - i n c h  DTE of 5000 to 10,000
f t - l b - c s -  h owever , a t  o ’ ts - , usost of t he  steels were within or below thue tracu siti on

re-s-ion arId ths-- OTE v a l u e s  were c o r r e s p o u s - d i n g ly  less , b lea t - t r e a t ed  g rades  of
steel pc _ -s - s - s - -rally ex i s- i b i t  lowe r transition Lempe-ratucre ns- and Icinncs-e are more likely
to meet time suiggest ed DTE requirements than are annealed or hot-rolled st ee l s .
Rol ls . t b  aL  ~ have shown thus -it heat treated ASTII 537A steel at a yield strength
oc ‘180 s-N/ic-s--1 has a 5/8-inch DIE value of 800 f t-lbs at 0’ C . Accordingly, for
m ird in ary-slrengthi ship steels , it appears possible to  achiev e the estimated
r e q t m i r e d  to s -cg i s - u c - e s - s  l eve l s  f o r  c r a c k  a r r e s t e r s  if special att su ntiou is given to

b u s - - m t  t r e a t m e n t  to  a c h i e v e  is-sw t r a u d s i t i o n  t e mp e r a t u r e s .

- I o n  h i g h e u -  s b r s ’ u m c s - t h u  shcip s teels , DTE da ta are spar se . “,‘s- oc- k in progress
s it  S , u i s - s - s - m’e-’s - t  Research ins tit s -ut e on SSC Pro~~ins - t  S R - 2 2 4  w i l l  p r o v i d e  DTE d a t a  on
s - - s - i s - s - s -I s whose ‘,‘ i e - I d s - c u - e n s - t h u  r anges  lu - n - nun Is-m S t o  690 MN /tiu 2. Ey e d t h o t u g h c  onl y
Ii” , s- i ted inform atiuin is auiai ls-cble in t h i s  strengt h range , i t appears certain that
the h I s - s - b u - s t m u s - m i g t l t  grades will exp us -ni eucce greater d i i f h u o l t y  in reaching the
u ’ s -b ima ted t m ’ s - s -, s - s - h i s - i e ’ n - lS r e q u i r e m e n t s  t h a n  do thu c ord i n a r v - s t r ec c - g t h  grads’s . AS

Correlations “ u s - I -s- s- eels- the 5/8-inch DT b i s - s t  and the 1 -i ns - s -h hIT c e ’ s - b  r evea led
mu u - - ut j cu ol cs-bou t, 1:7 hu , r t he  r e s p e ’s - t i v e  hIT s - l i e - u - p i e s - s.

— 2 5 —
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strength ic -mere ’ s -ms - os, s - s - s - ct i s - s - n , , L c d  u i ’s-u ste -ms - r e d l s - m i r c c s - n e ’ n u b s  go up amid DIE s h e l f  l ev i - i s
go down . Thus , L b s - s - u - c  in - s  p r s u b a h L - s -  a s - s t r c - n g t h c  ls-”,’s- n - l above which  i t beco mn es n e c e s s a r y
t o emp loy ummul t i p le ths -ick nes s sas - nd -,- ,’is - Ite - n , of a s-u -c -c s -b us -n p la tes in p lace c u t  a si ng le-
thickness i n — p l a u e s- - r a c k  a r r e- s t s - - i ’ .

5 . 6  I i -TLICATION S 1’ s-lit ~s- s- s - s - s - i- 5 s - s - ’~ s - c s-,, ICE

From the e s t i s - s - u , , s - e s  s - c c , u d e ’  in the t o r c _ - g s - s - f u s - g  s e c t i o n s , i t  appea r s  t h a t  o n l y
one or two of the ordi uua ry -ns -l, rs -nis - s- .’, bl r s-rn-des of sh ip steels currentl y available
will be useful as arresters to stop s-mr s- c ’ propagating cracks and these perhaps
onl y marginall y, lbs-is is u l u , u cdcd b y u u i m i ’ c r t  ‘ u n I t y . i m o we v e r , b o t h  b e c a u s e  of
p ro b l enu s i n h e r e u t ju t  s - s - u u, e - m s , c r i s - u s -  b i t e -  [ m i s - s - s- n t oscg bu s - s - e ’s ns  ‘,‘s- m l c s - e ’ ’s- r e qu i r e d  n - I  a r r e s t e r
s tee l s  and b cs- s- s - m u , , , e  01 i n  i’ m s - i s -  s - s - t s - - a c u a l y m n c s  of s i m i p s t r u c t u r e ’ s . A c c o r d i m s - g l u - ,
to design arresters e ’fl ,ect ivel- , , i t  w i l l  be iu ctp or ta c s- L t h a t  good ana l yses a re
available bo t hu f o r  t i m e -  t s s - s - l  c s - s - s - n t i u s - m ds-c e umup lc ’cyed to e v a in c a t e  thc ’ arrester steels
and for the v a r i o sm s  t y p e s  a t  s h ip  s t r u c l s - s - u - u _ -  t h a t  mi g h t  c - m p l c u v  a r r e s t e r s.

The es t ins - s - ,u t e ’ n - - n - s - s - s - ide ’ he ss- suggests - also that the toug h ness req u i remen ts
for arres ters increase drn - s- s- s-s -ut’ f e - s - u l l ’,s- wi th strengthc level , assuming a s-’orresponding
i n c r e a s e  in o p e r a t i n g  s t r e s s e s .  Sins - ce  s h e l f - l e v e l  Loumg hcn ess of s t ee l s  dec reases
wi th i n c r e a s i n g  s t r e n g t h , i t  is l i k e l y  that tluere is some cut-off strength level
above which single- thickuc -ess i n - p l a n e  a r r e s t e r s  w i l l  be in e f f e c t i v e  and m u l t ip le
thickness sandwiches of arrester p la tes will be required .

II,

7~~ .
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6.0 CRITICAL CO [’IPARI SiIN OF ‘b’hs - i thNi ’  AND
PRO Pc ) SED CRACK ARRESTER CONCEPTS

The preceding sec tiomcs of th u s report contain detailed descri p tions of
actual and proposed crack arres ter systems for controlling f r a c tu re in shi p h u l ls
and o ther  e n g i n e e r i n g  str u ctu res . As a result of this intensive survey, i t is
possible to categorize the arrester systems having potential for app lica tion to
ship hulls . A ss-mggested categorizations - is given in Table 6.1 .1.

It sari readily be seen that the proposed categorization given in
Table 6.1.1 is in accord withs - the energy-balance approach to crack propaga tion
where crack arrest occurs when (and only when ) the crack-driving force-s for the
sys tem ,’-’ , is no longer equal to the material ’s frac ture resistance. In terms
of energy-based quan tities , this idea can be expressed as

G < P - , (6—I)
ms -n

where I
~ min deno tes the minicucuus -i value of a crack-speed-dependent fracture-energy

r equ i r emen t .  E q u i v a l e n t l y ,  the crack arres t idea can be expressed in terms -ms of
the  dynamic stress-intensity factor K as-m d the m i m u i m u m  dynamic fracture — toug hness
K D , miLs - as

K < 
~D ,mjuu - (6-2)

Thus , a Class  I a r r e s t e r  sys t em is os-m e fri w h i c h  thce p r i m a r y  a i m  i s -  to increase
c-s- (or K0 min,m , a Class i i arrester is- one that primaril y decreases (or K),
while a âlass III arres ter is one in which both an increase in ib n-mud a decrease
in .1 occurs si cus -ultaneously. From art analysis point of view , Class I is the simp les t
to t r e a t ;  Class  111 is the most d i f f i c u l t .

One c o n s t r a i n t  tha t  has been imposed on the  c r i t i c a l  c o m p a r i s o n  ot  c r a c k
a r r e s t e r  sys tems  in t h i s  r epo r t  is t h a t  the scope of t h i s  p r o g r a m  p r e c l u u d e s  ams- y
exp e r i m e n t a l  work or any  l a r g e - s y s t e m  c o m p u t a t i o n s .  Yet , on t he  bas i s  of the
resul ts exhibited in Section 3 , dynamic analyses a p p e a r  to  be r e q u i r e d  to  p r o p e r l y
evaluate the candidate sy stems . This points to the d e s i r a b i l i t y  of mak ing  t h e
evalua tions withcin the framework of a relatively simp le physical si tuation where
the various effects can be properly taken into account. On thuis basis , the DCB
test specimen has been selected for the purpose of this report .

F l -gu s- re 6 .1.1 sh ows a set  of hypothetical experiments in whcich various
kinds of crack arrester systetus are to be tested . Tb-m e analysis of each event can
be s-- made b y a r e l a t i v e ly s t r a i g h t  Lou -ward  m o d i f i c a t i o n  of the  DCB d ys--mamic aus-a iys i s
pu -c -sets - ted in Section 1 .6.2 . n-s-s-nitting the mathematical details , the extensiom s-s
r u s - ’ n m nired to treat s - as - h of the cas- ;s- ’s - , shown in Figure 6.1.1 are as follows :

(m\ b H i g h - t o ugh n e s s  i n s c r t - — c o n s i d e r  t h a t  t lue  ma te r i a l  in
c l u e ’  a u - r i - s - c t  section obeys a different K0 =

r e l at i ’n  than  t h a t  of the ’  base uu c a t e r i a l .
— 7 7 —
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( B )  l u c t i u g r .m l  s- - i  ii m e s - i c r — —  m t  roducs-- a cimange  in sL if I m e s - s
duu- to a lo cally us - s -teased tiuic ku s -u_- ss - ; of aim arrest
sc-e l l i s-u i  auud  f l i e s - i n - - i s - u ’  c lue  t’ u - a u ’t u r e  ars- ’, n  a c co r d i n g l y .

C u  I c ’ it er m i t t e n tl y a t t a ch ed s ti c f en e r - — i i s - c l u d e  t h e  r e s t r a i n —
iudg e f fe c t  of sci l f e ’ u u e ’ r  b y i uu c r ea s i u u g  t he  sp r ing
stiffs-messes ke s-nd kr in t i me ’  arrest Section .

(0) Cous-stant tensiori cables- - i c s - t rod um es ’  compres s ive  fo r c e s
into the equations of motion at positions corresponding
to the cable locations.

N o t e ’  t~ s - s - i t  in Cases (C) acid (0) , one iumcportsnt parameter of the a r r e s t e r  sy s tems- -
the st i ffems - c- -r spacing or time cn-ble length-- cams- be introduced , but not varied.
Tha t is , these lemugths must be related to the specimen height dimension h .
However , this should riot be important huere because only qualitative ’ couumpmurh ,ss-’ns
o the various S v s - t u - u s - m s  are sought .

Coums-pictational results typifying ths-e analysis of crack arrester systems
using Lice DCB specimecs- are given and discussed in the following. These computm utios -us
were made b r  three diffeu -eus -t types of arrester systems positious -ed such th,ub a
rapidly moving crac k must pass through it soon after being initiated . The basic
dis - s - s - e ’u’isions of the DCB specimen are as given in Section 3.6.3. The arres ter se ’s-s-Lion
d icaucu s-sions are given by d = 75 mm and f = 25 muumuu for the  inserted strip amid inter-
mittentl y bonded devices , cf. Figure 3.6.2 . For the constant tension system ,
the force is taken at the position x = 75 mcci .

The integral stiffener , Type (B), will be similar to Type (A) or ‘t ype (C),
d ep e c s - din s-~ on whe ther the stiffener does or does not fracture. Consequuec mtlv .
there s-ire three distinct arrester types that need to be considered . Note that ,
for cmn n’~’euuience , a speeds- is-cdependecs -t dynamic frac ture touughness was used in all
0 1  the following calculations , i.e., ED = K31’ .

Calc ulations on time high- toumgbmnes s inserted stri p crack arrester , Type
(A) in Fur ’s -re 6.1.1 , are s-uhowms- in Figure 6.1.2. Time ratio of the fracture

• toughness of thus arrester s-trip relative to time b -u se ummu iterial was systematicu ilc
‘ -‘tried to determine the effect on the crack arrest point. Figure 6.l ’2 ( a )  sluows

t the crack length p r e d i c t i o m s - s  as a Em s-nat ion  o f  t j;,,e for tiue case where Eq = 2 ~0
Fig u re 6. 1.2(b) show s the predictions of thue arrest point s-us a f u n c t i o u s -  oh  t s - m s -
relative Eu -s -m u ture-toug hness len - c - Is - of the arrester and the base material, It cauc
be- :su s-u b y cmu am p s-m s-i son of Figure 6.1.2(b) with F i g u r e  3.6.7 that the s t a t i c  t h i e o r y
ba d l y - ‘ n - n -c-re’s-I inmates the e f i eut is -’e- s - , c - - ss of the arrester device. u L i s - e r  d i c ’ i e r e - m u u , -s-
wi th tHu . Static t h e n u s - y  caus- also be seen. Far exauuup le , in the s tat i c  a p p r o x i s -u l a t i o n ,

-,  ii the crack does not stop in the arrester sectioms - , the arrester 1-mas no effect
os -a it. T ime ’  uk’s - u s - a s - s - i c  c a l c u m l a t i o n s  shown in F l u - i r e  a - 1.2 reveal that this - is- cot
t :~~ cs-use , however . The m s - ’ s - m e r g v  d i s s ipa ted  in the a r r e s t e r  a lways  d i mi c s - i s h e s  t h e
cra ik_ dr ivin g force to souse extent , c~m c u s i n g  a r res t  b e f o r e  it would normnal ls- ’ h ave
occurred even when it L uke’s p lcuue beyond time s- urre um ter section .

Cml cul ,m l cons on the iuuter mnitt euitly attaclued stiffener s-rack arrester
du ,‘i u’e , t ype ( C l  in F ig u re 6 . 1. 1, are s l u , .,wmu its- Fig mure 6.1.3 . Figure 6.1. ‘( ( a d
shows t i c s - -  cr a c k  l eu u g t h  - r e - r n - c ’  m .s t i - s - s - c  c ’a l e ’u i l a t i o u m s  f c n - r  time case where Kg 2.0
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‘is- wh ui l s - - Figuis - e ’ lu , 1 .3(b) s- - i s - n - c s - , time ’ s- rack cur t ’ s-act poicmt as a fu inct iou s- of time relative
wid th s - u i  t i l e  s - t U l u - m i e u  s - mms - d  L i c e  b ass -n- p ls - it m,’.. No te’ that the elastic modulus of
thu~’ s - mt  i l l  s-icier us-s-is t s - u k u ’ s - s -  t o  i s - u ’ time sammme as thiat of time has-c p late (i.e. , E =
20 ,b~n-50 N/nun

2 for stc-c -13 acid Lime ’ width 01 thu stiffener was fixed at 25 mm ,
lie- ms - c u - , time only arrester d iuucens ioum varied was the s t i f f e n e r  t h s - i c k n e s s .

n-s- it can be see-mm l u - os - mu F i g u r e  6.1.3(b) that , just as (or the high-
ts- nc s- Nh m n e s s  inser t , the arrester his -ca an d ie-ut oud the eventual arrest point
eve-mu when the irs - s - s - k pas s-en - ; throug h it. The mechanin- .’n differs , hiowever , as the
s - us - s - u u u s - um i t  o f  t r a c t s - i r e  ems- orgy is not cius-mnged by this kind of arrester. Instead ,
ths -e  mec hs - s -n i cs -ml  r e st r a i m ’mt on the  c r a c k-t i p region , p a r t i c u l a r l y  as the  crack
passes abreas t of it , reduces the crack-driving force , in terms of the classif-
ication c l,ujCfl in ‘table tm-I , the h ig hu- toughness strip is a member of Class I.
The im m t c r mmu ittent l v attach -med stiffs -ms -er is a mis-ember of Class 11.

I 

C a l c u m l a t i o u u s  s-’n t he  c o n s t a n t - f o r c e  (e . g . ,  pretensioned cable)  crack
o s -r e s t e r  sys t enu , Type (D) in Figs-cre 6.1.1 , are given in Figure 6.1.4. Crack~
pu -n -ups -ugation-time calculations for Kq 2.0 K1g are given in Figure 6.1.4(a).
‘thus- rel ati ’e cu - ,u s-s-k - amrrcs t points as a function of the compressive force exerted
b y tin ’ device on cis - e specimen are shown in Figure 6.1.4(b).

It can be seen thus -u t the same general effects are exhibited for the
constant -force device as were evident in Is-he results shown for the intermittently
attachs-ed stiffener. This should riot be entirel y unexpected as this case is also
a uses-umber of Class - 11. In fact , it can be -riewed as the special limiting case
of arm elastic-perfectl y p las tic stiffener that has couuup le tel y yielded . Another

‘ 

H physical interpretation of this kind of arrester representation is in terms of
s - u compress ive  s-esidu,m a l s t r e s s  field in thue path of the moving crack ,

The re s u l t s  shown for time variou s crack arresters in Figures 6.1.2,
H 6 .1.3 , and 6.1.-) can be used to ems-uphasize a very essential poin t. This is that

- a- there can be no absolu te’ rs-mes -m suire of the effectiveness of a crack arrester system .
The reason is tha t whether or not a crack is arrested by a given device depends
on a grea t many key fac tors in s-mctua l app l i c a t ions . The most important of these
a a u - f a b l e s  are

Time geonuetra- u -u t he  structure in wh ich the arrester

- 
, is i n s t a l l e d  aus-d its specific location in thie structure

- ‘ The loads s-muting ous- the structure , both at tiue t ime of
cu-s-s-ak grow thu imuitiation and while the crack is running

~
‘ ~-t~ i’hs-e s-peed , d i r e c t ion , and leng ths- of ti-me crack as it
. reachs-es ICe’ v i c i n i t y  of tim e arrester.

tu e s- ’n -s-’iironcs-ient , particu larly the temperature , as it a f f e c t s  ‘s-bc e rela tive
s t r e n g t h m  and toughness  le- ,- c - 1s -  of t he  a r r e s t e r  mind the base material will also
p lay a k ey  role.

s-a ~
‘n- I t is a d e s i g n  p r o b l e m  to determine the most severe conditions to be

- 
s- expec ted in any app lica tion and proceed according ly. Bu t , any such condi tions
— -. s - s - ill be specific to a given app li cation and will riot be general enough to serve

—81—
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FIGURE 6 . 1 .3 ( a ) .  COMPARISON OF CRACK FIGURF 6 . 1 .3 (6 ) .  CALCULATED CRACK

ARREST POINTS PREDICTED BY A FULLY ARREST POINT IN A DCB SPECIMEN

DYNAMIC ANALYSIS WITH THAT OF A WITH AN INTE RN ITTANTL Y—ATTACHE D
QUASI—DYNAMIC ANALYSIS FOR A STAND — STIFFENER CRACK ARRESTER AS A

- -
- ARD DCB SPECIMEN WI TH K0 = KIC FUNCTION OF THE STIFF ENER

THICKNESS

ccc

00 ~o 
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non ~~~ 
‘
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FIGURE 6.1.4(a). CRACK PROPAGATION FIGURE 6 . 1 . 4 ( b ) .  CAi ,CCI A T EI )  CRACK

COMPUTATIONS FOR A DCB SPECIMEN ARREST POINT IN A DCB SPEChI-IEN

WITH A CONSTANT—tENSION CRACK WITH A CONSTANT-TENSION cR-\ ’I:

ARRESTER DEVICE FOR Kq /K IC = 2.0 ARRESTER DEVICE AS A F U N ( ’ T I O N  OF

-r THE FORC E A P P L I E D  TO THE ~ b ’h -3 ’ I N C N
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TAELE 6 . 1 2 ,  EXAMPLE CAI CUI , ATi i tNC FOR ‘J ’hiE DES i G N
OF THREE D IFFERENT CRs--\CK ARRES TER
SYSTEM TYPES

I Crack  Arr es ter ne-s ~~~ 

Design Vari ab 1e~~~

syste m~~~ 
Va r iable K q = 200 ksi in. E

q 
= 300 ksi in. 

- - 1/2 - 1/2
High toughness Fracture- 160 ksi in. 270 ksi in .

-s-is- - integral inserted toughness

1—inch wide strip of arres ter

I n t e rmi tt e n t lY  S t i f f en e r  0 .35  inch 1.20 inch

at tached 1—inch thickness

wide stiffener

Ptetensloned cable Stress in 60 ksi 160 ksi

1—inch 2 cross cable
- - sec t ion

s- -

i

(a) Arres ter system dimensions are relativ e to a 1—inch thick stee~ 2
base pla te having

a speed—independen t dynamic fractur e toughness of 100 ksi in.

t (b) The parameter Kq represents  the app l ied l o a d— f l a w  s ize-  coummbim m at ion tha t  existed

at the time of unstable crack growth initiation . Fixed displaceme nt bounda ry

condi t ions are assumed d u r i n g  crack p ropaga t ion .

-a-’
-

n--c

‘ 
attached 1-inch-wide stif fener device is to be used , it would have to be 0,35 inch

in t h i c k n e s s ;  ci , Figure  6 . 1. 3 (b ) .  F i n a l l y ,  if a pre tensioned c a b l e  w i th  a cross-

-
- - sec tional area of 1’ in.2 is to be u sed , it must be stressed to at least 60 ,000 ps i ;

s-~~ ci , Figure 6.1.4(b).

-‘ 
¶ s-

To fur ther emphasize the key variables that influence the requirements

for an arres ter device , calcula tions have also been made for the higher initial

load level of 300 ksi in .
112 . The arres ter parameter s abtained for the three

cases given in Figures 6.1.2, 6.1.3 , and 6.1.4 are summarized 
along with the

- above resul ts in Table 6.1.2. The significan t effect of the load level (or,

- 
equivalent l y, the fracture speed) is obvious from these results. Note finall y

that these results are ba sed on a geometr ic configuration ths -at is a much more

efficien t utilizer of kinet ic energy than are actual ship Hull structures . But ,

while over-es timating the minimum arrester parameters , these results have the

vir tue of automatically incorpora ting a factor of safety which more than likely

~~

1

~

±ou ld

~~~

waYs be inser ted event
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Th er e  are L . a  ma j~~r p o i n t s  t h a t  have been i d e n t i f i e d  in the work reported
ierc t h a t  bear on the p r ope r  des ign  and u t i l i z a t i o n  of crack a r r e s t e r  systems for
ship hulls . I h e  first is that there is no general typ e of system that can be
identified as b eing  completely superior to all others in all circumstances. The
r ea son is t h a t , in princ ip le , there is no upper limit to the crack arresting
capability of most arrester systems .a By choosing materials and sizes properly,
most sv ste ~as can be side to have sufficient “stopping power’ in any conceivable
si t iia tj o!l . Conse quentl y , the choice of an arrester system probably rests mainl y
on economic considerations (e.g., cost of materials , installation and fabrication
cos ts~~, material availability, and other design considerations (e.g., potential
crack initiatio n sit es introduced , the e f f e c t of the a r r e s t e r  on the performance
of the vessel i , no t on any l imits on the effectiveness of the arrester system.

The second major point is connected with the design of the arresters
to be used in a given application. Once the particular arrester system has been
selected , an exact quantitative evaluation must be performed . In performing thi~
ev , lu a t i on , numerical calculations based on a fully dynamic theory of elasticity

~o lu t i o n  procedure with boundary conditions properly taken into consideration are
ru~j~~i re d .  In  short , statically based calculations can be highly misleading with
re~aurd t o  t he  crack arrest capability of a given arrester system and structural

~ont i~~~i atio;t . The extent t~ which  this is true cannot be determined at this time
a ’t d , in : ae t , is a 1ii~~l u l v  appropriate area for further research , as described below .

In  p c r l o r . l i n g  an a n a l y s i s  of a crack arrester device for a specific
ship hull , i t  is obviously necescary to have a detailed , albeit preliminary,
ka~a:1cdge ol the s ip hull configuration (e.g., mechanical properties , plate
tJickii e sscs . st r Lc ~~er stiffuesses and spacings). A basis for estimating the
s e ; e r i t  u t  he  loads that will be acting on the ship hull in the vicinity of
t h e  c r ; u r k  tre a t de~’ice must also he known . It is then necessary to anticipate
w h e r e  an u n s t a b l e  r i c k  mig ht  i n i t i a t e  and the  d i r e c t i o n  in which it might be
ex p e c t e d  to  p r u p i i ~~a t e .  ih e s e  a r e  p ieces  of i n f o r m a t i o n  t hbt  a sh ip  des igner
.~o l d  n o i ;~a l  l y have  a t  h a n d .  But , the re are  t h r e e  a d d i t i o n a l  general aspects
o f  t h e p r ; . ISV in w h i c h  a s p e c i f i c  c a p a b i l i t y  is a l so  needed to p rope r ly  design
the  r r e s t u r .  These ar e

• A way ol  e s t i m a t i n g  t he  g r o w t h  of a f l aw  b y f a t i g u e
du r i n g  a n t i c i p a t e d  s e r v i c e  c o n d i t i o n s  for  the shi p

A u s .  of  e ; a l u i a t  it i g  t h e  m e c h a n i c a l  and f r a c t u r e
p r o p e r t i e s  o t  the  shi p h u l l  and  a r r e s t e r  d e v i c e
w( C: ;  p r e s e n t e d  w i t h  a f a s t - r u n n i ng  c r a c k

• A p r a e  t lea 1 coup L a  i o nal  m e t h o d  for  per f o r m i n g  dynamic
s a l  c .  l i t  i on s  f o r  r a p i d  c r a c k  p r o p a g a t i on  and c rack  a r res t
i n  a g i ;e ; ,  st r  a ~~i r i u I ~o ; u i i g i r a t i o n .

A l l  s v s r . e s s  i l~~a r l v  h a ; e  a p r a c  i ’a l  l i m i t a t i o n  b e c a u s e  of  t he  m e c h a n i c a l
5 at t h e  u i c r i - i l s  t . ;at are available. Material considerations

t . i le . w i t h  t ;  - , r t h e r  e x c e pt i t t a l  cases  of  d e v i c e s  such  as the d i t c h_ t y p e
r r e s t , . r c i r i ;  exc l u ded , an  -~ r r e ’ t e r  sy s t e m  can a l w ay s  be a d e q u a t e l y  d e s i g n ed

t . ’r a , i  ; s i L  i t  i n n .
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In con t ras t , these capabiliti es are not o r d i n a r i l y  available to ship desi~~ner~~.

In fact, it can be said that in none of these three areas has enough fundamenta’

work been done to provide ship designers with the techni ques required to do his
job properly. These areas therefore represent potential topics in which research

can be recommended to provide a design basis for the proper design of shi p h u l l
crack arrester systems.

In accordance with the conclusions that have been drawn from the work
given in this report , a number of recommended ~~~~~~~~~~~~~~~~ can be proposed.

In no particular order , these are as follows .

1. A program of experiment and analysis to obtain a
tec hnique for estimatin.g_the rate of fatigue crack
grow th in, ship hull materia ls for the load spectrum
that a vessel  would be expected to experience under
severe, bu~~ p,~~~ able, service condi tions. The results
of this work will likely show that fatigue crack- growth
rates are prim arily dependent on the type of ship and
the geograp h i c a l  loca t ions in w h i c h  it is eicpec ted to
serve . This work could take advan tage of the large
body of work alread y performed for aircraf t structures.

2.  ~~p~~ g~~m o f  expe r nent and~~~~~~y~ is aime d a t
de te r m i n i n g  the d yn a m i c  f rac tu re  ,propert ies of
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ship hull and arrester
ma ter ia ls . This program will likely he based upon
developing (or modifying) a standardized laboratory
test specimen. Since there is no way to directl y
measure  dynamic frac ture-toughness values , these
mus t be inferred from test quantities t hat  are directl y

measurable . Hence , the need for an analysis capabili ty
in such a program. It should in any event be r e om p h a—
sized that the dynamic fracture-toughness v i l u e s  are
not gene rally the same as their  s ta t i c  counterp arts and ,
in some instances , can he quite d i f f e r e n t .  Work in

F • t his area should draw upon the extens ive  progress t hat
has been made on beha lf  ci the NSC and o thers .

3. A ~~rog~~~rn to devel,qp a t w - dimen~~ional dynamic~~~na ly -  is
e~~~~~~~ it fpr t reat n~~~fast-movin,g, ~ rac ks in rea1
engineering s t r u c t u r e s .  Because of the generality
tha t is needed to t r e a t arre sters , the tool that must
be evolved di ll be bused on a numerical an~~lv s is
techn ique ( t . , .  , t lo iN’ d i f t o r e n t  method) and will

ike t he rr , ci a -or’o~~ r t ’ ~zr ,in. Suc h p rograms
i r e  .11 r e , t d v  a , . i  j ,  ih l~~. ~ i e i t  i~~~ n -eded is  t h u  t t hey
he extended to ex l. i~~it l v t r e a t  a rr c ’ti r -~.

!4~ \
,, ~~j~~gram to de v e l oj ~~,iu e l a s t i c — p  1 i s t i e dyn imi~ f r a c t u r e  -

aec lian i s ij~abL i 1 ty or thi’ ° ~ h~ 
i_ n ~~t imst  it

fr m arr&’~~ted ‘r i . , . ~ i l ie  i i  ~z } l ’  ~ugltness

lev els i — e t  in ship steel s , ;‘I ri icu la r lv in l r r e ’ t e r



sec tions , ordinary linear elastic fracture mechanics
treatments are quite inappropriate. In particular ,
stable crack growth cannot be treated within the t inear

el astic regime , and th i s  may be a key fac tor in deter-

mining the point at which a fast fracture r.rres ted at
or near an arrester can become critical once again.
Some work is under way in this area but has only ~c ra tched
the surface of this formidable problem.

5. A research program to evaluate and make available the
response of a ship under service conditions in a systematic
manner. It is recommended that research programs be
pursued using model and full—scale experiments to determine
ship responses in random seas. These data should be
utilized to advance the currently available linear strip
theory programs on various ship classes. Then the research
resul ts in the areas of fracture mechanics and probabilistic
design approaches can be integrated into useful tools for
the ship designer. Currently, the ship designer is aware
of meaningful research resul ts in i number of areas , bu t he
does no t have the time or knowledge to apply these new data
to his designs. The ship response effort is also required
to de termine  shi p springing and reLated elastic strains to

i~redic t the adequacy of crack arresters to stop dynamic
cracking. A significan t body of work already exists as
a resul t of Ship Structure Committee work in this field ,
of course.

It ni~~ht he noted that a research program confined to one of these topics and
c x -  lud jog other aspects of the problem could be quite ineffective . A research
pr ogram that has proper design of crack arrester systems for ship hulls as its
obje ct i c  must he cognizant of all of the various aspects of the crack propagation—
arrest problem to he truly beneficial.

iin s ider one example problem to help make these ideas more concrete.
Fi~~ii r e 7.1 .1 alias- a section of a ship hull that is periodically reinforced

• by rive ’ed s l i t  t e n t ra .  Suppose that a crack initiates at the rivet hole (as they
often di) and grows by fa tigue under the norma l loadings carried by the ship while
in ‘er ice . lh ,r llie r suppose that the ship is exposed to storm conditions severe
e~~~iiigb to l i lSe t h e  crack to propagate unstably across the hull plate towards the
a , - t  vu laer , i ’ le par t  of the s t i f f e n e r  re i n f o r c e d  reg ion——the point midway between
t h e  r iv ’ ’ t s  Ia t he i d j o e n t  s t i f f e n e r .  The f i r s t  question is will the crack be

( t ‘~~‘ - i  it t h e  s t i f f e n e r  or will it pass under it and , likely, tear apart the
cut i re oil I in t h e  p r o c e s s ?  The second question is , assum ing that the crack has
‘ c O  i rr *’ ,ted ii th e  f i r s t  s t i f f e n e r , can unstab le crack growth be subsequently
i i n i t  L u N d

The sh ip I i -  lkni’r can read i l y  ant i c i pa te  the scenar io  il lust rated in
i~~ lr 7 .1 .1  irid ou t l ined above . The obvious problem that  lie is faced w i t h  in

t h i s  (‘ i r - u a a t lf l c i, i’s to  insure tha t  the c rack  is a r res ted  at the s t i f f e n e r .  What
- ii ’ n i - t do t o  ach ieve th is  is have the  s t i f f e n e r  cons t ra in  the dynamic crack driving

r e  i - t h e  pro pagat  in~ c r c - k  t i p  approac hes It so that  t h e  dynamic s t r ess— in tens i t y

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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factor  fal ls below the minimum value of the hull p l a t e ’ s dynamIc f r a c t u r e  t o u g h i o e -oi
In t ie vicinity of the a r res te r .  It is perhaps less  obvious that  • having ass ured
himself that an unstable crack would be quickly a r res ted , fur the r  a n a ly s i s  is st il l
needed. The p o s s i b i l i t y  of the a r res ted  c rack  becoming c r i t i c a l  once again s t i l l
exists. A l i t t l e  thought si l l  show that , t o  accompl i s h  a l l  of this , t he designer
will need to draw upon research results from ill of the topics sii~~1t i ” s te d ib ive
for fu ture research .

Finally, i t  should he clear that the basic si tuation described here
will no t he - ‘ s ’ s e i t t  l a i t y  a l te red  regard I t -  - i  t h e  ,i rri - ;t e r type considered . he
It a weld—no st  iffene r , a tension device , or an in tegral hi ghi— tiiugbiness strip.

The desi gn problem for shi i p hulls or any ot h e r  ettg in i- ering structur e shi re t b ~r poss ib i l i t y  if flaw initiati on , stable growth to a crit 1 - 1  s i z e , and rapid i ns t a b le
• growth under an abnormal ly  high load Inv olve s both static anh dynami c fracture -

mechanics ana l vs  is employ log properl y de tvrntioi’ l n i t  i’ r ial fractur e pr lb l - r t  lea . - -

The essent ia l  research proh lem that pr c i i  I lv xi st  ‘s l ’ s to  p u t these into the
hands of ship di’ s igners In a form that  b y  an he a x ed in a p ra c t  i cal  say in sit ip
design .

— h - I —
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A1’l’ENDlX A

DERIVA’l’Im)N OF FRAcTURE ENERGY , TOUGHNESS AND WlI)ThI
REOUIRI-:MENTS FOR IN—PLANE ENERGY -ABSORBING ARRESTER 11001:1.

An approximate expression of the f racture energy , f r a c t u r e  toughness
and ar rester  width requirements can be derived for the case of p la te tha t is
laige re la t i ve  ic the length of a centrally located , propagating and (u l t imate ly )
a r res te d crack as shown in Figure 5.1. The variati on of the re levant  energy
terms with crack length are illustrated in Figure A— i .  The model involves a
number of simplifying assump tions: (1) the nominal app lied stress is essertialiv
constant , (2) the f racture energy of the a r res te r  p late is large re la t i ve  t~ ’
the base plate and independent of crack velocity , (3) the external work and
the st r a in  energy  terms , — ~ ±, for the propagating crack c i a  be a p p r ix i r i t i s h
by the value for a stationary c~~~ck of the same lenp,th , (4 ) the f rac t ion a
of the kinetic energy returned to the crack ti p can be established independently,
and (5) the thickness of the ar res ter  p late is the same as li t- base pla te .  Fur
this model , which is descr ibed in Figure A—I:

di.J du , a~ira- e x t e r n a l  work and s t rain  es ’t e r i ty  =

2a crack lc-i igt ii

2a = c rack  length at time o nse t  of  f r a c tu re
0

2a = crack leasthi at arrest

E = Young ’ s modules

frac tion of kinetic l - o , ’ r b iv  st ri d that is
re turned to crick tin

KD AP 
= propa ga t in g c r a c k  t o u c h iness  of a r r e s tm t ’ r ‘ l a t e ,

~ D ,AP J~
’
~~ P

R8~ = f rac  tare energy of base  p lo t ,

j  R = fr ,i ct ’s r c energy of arrester t’ lat i ’
\P

2S = S p a c i n g  between a r r e s t e r s

= i ’ m t :i si l !;tr sS

= s r i - s t  c r  w id th  corresponding I the nominal
r value of  R 4p, 4 = a5-S
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t

The expressions for the conservation of energy

dW dU 
- 

dT (IA)
dat. dA dA

R~ a J4da J{~f - da - ,/~~ 
da (2A)

are valid while the crack is propagating . During the initial period , the
interval a0 < a < S , the kinetic energy stored is

da = J dA - da - RBP
(s_ a

O) 
(IA)

which reduces to

~~~~~~~~~~~~~~~~~~~~~~~~~~ da~~~~f~- (4A)

for the simplifying assumptions listed above . For the period the crack propa—

I 
‘ gates on the arrester , the interval s < a < a~j:

~AP ~ = 

a 

~ 
da - da

where a
a 

= S + W. The last term of this equation is the kinetic energy re—
turned to the crack tip which (by defini tion) is equal to the fraction
of the kinetic energy stored given by Equa tion (4A):

_ _  ~~~~~~~~~~~ ~~~~
1
~~~~~~~~I:_~~I~ ___- . _ _
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2 2

RAP W 
= ~~!L (2SW+W 2

) + ~~~~~~‘ (i~S
2
) (bp,)

‘h It :- minimum arreste r  f rac ture  energy corresponds with the value of ~~ — at
= i’ t0~ point 1 in Figure A—l) : 

dA uA

R = ~~a = ~~~~~~~~ (7~AP ,minitnum E E -

Substi tut ing th is into Equation (6A)

W = Sm/~l ( 8 ’ )

R
A P min imum E (1 +/~) (I- 

~
‘)

~D A P mjnimum 
= 
~~/~~S (1 +k) 112 

(10 1

r where W is the arrester  width corresponding to the minimum energy and toughness
values. To stop a f rac ture  wi th  an arrester  having a smaller width W~ ‘ K , and

for a f in i te values of R, larger values of f rac tu re  energy are requirc - d :

/ 11* - * - ~ 
— l

RAP “i— - 1 + O . 5 ~ 

~“J + O . 5 ( ~~
_- ,,i

~ 
( i l,’ )
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