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INTRODUCTION 

T h e  development  of a n  ef fec t ive  s y s t e m  t o  p reven t  p r e m a t u r e  f r a c t u r e  
of a e r o s p a c e  vehicle s t r u c t u r e s  resul t ing  f r o m  c r a c k s  o r  c r a c k - l i k e  d e f e c t s  
i s  a n  a r e a  of deep c o n c e r n  and extens ive  e f fo r t  by both A i r  F o r c e  and NASA 
agenc ies .  T h i s  concern  has  been s t imula ted  by f a i l u r e s  in  r e c e n t  y e a r s ,  
s o m e  of t h e m  ca tas t roph ic ,  on h igh-pe r fo rmance  a i r c r a f t  in opera t iona l  
s e r v i c e  and on s o m e  space  veh ic les  dur ing  t e s t .  

When th i s  p r o b l e m  i s  cons ide red  with r e s p e c t  to  the Space Shutt le ,  it 
is a p p a r e n t  that  f a i l u r e s  of th is  type a r e  in to le rab le  because  of the  l imi ted  
n u m b e r  of vehic les  to b e  cons t ruc ted  and the resul t ing  p r o g r a m m a t i c ,  e c o -  
nomic ,  and pol i t ica l  consequences  of such  a f a i lu re .  It is absolute ly  
e s s e n t i a l  tha t  an effect ive f r a c t u r e  con t ro l  s y s t e m  be developed f o r  app l i ca -  
t ion t o  the  Shuttle. T h i s  r e q u i r e m e n t  p r e s e n t s  s ignif icant  cha l l enges  
b e c a u s e  of the  unprecedented  s e r v i c e  env i ronments  of a s c e n t  and a t m o s p h e r i c  
e n t r y  applied t o  a  r eusab le  manned vehic le .  At the  s a m e  t i m e ,  a  high 
sens i t iv i ty  e x i s t s  between payload weight  and vehic le  s t r u c t u r a l  weight .  
T h e r e f o r e ,  an  over ly  conse rva t ive  des ign approach  is  not an  accep tab le  
solut ion t o  f r a c t u r e  cont ro l .  

T h e  object ives of th i s  s tudy w e r e  t o  p rov ide  a n  organized r e v i e w  and 
evaluat ion  of c u r r e n t  technology applicable to  space  vehic le  f r a c t u r e  c o n t r o l  
and t o  apply the m o s t  a p p r o p r i a t e  methods  and data  defined by t h i s  r e v i e w  to 
obtain a n  e a r l y  identif icat ion of f r a c t u r e  con t ro l  r equ i rements  and p r o c e d u r e s  
tha t  wi l l  be compat ib le  with the  a t t a inment  of high s t r u c t u r a l  e f f ic iency f o r  
s p a c e  vehic les .  This  s tudy is t h e r e f o r e  cons ide red  to be a v i t a l  p a r t  of 
Shutt le  development.  E a r l y  evaluat ion of the f r a c t u r e  p r o b l e m  is e s s e n t i a l  
s o  t h a t  the m o s t  effect ive and ef f ic ient  se lec t ions  c a n  be m a d e  in  terms of 
f r a c t u r e  c o n t r o l  approach,  s t r u c t u r a l  m a t e r i a l s ,  and design conf igura t ion .  
If f r a c t u r e  con t ro l  cons ide ra t ions  a r e  not in tegra ted  with o t h e r  des ign  
r e q u i r e m e n t s  e a r l y  in  the  des ign  phase ,  it m a y  be difficult to  ach ieve  e i t h e r  
a n  ef f ic ient  s t r u c t u r e  o r  an  effect ive f r a c t u r e  con t ro l  p r o g r a m .  

The  scope  of e f f o r t  included in t h i s  s tudy p r o g r a m  w a s  (1) t o  identify 
the  f r a c t u r e  c r i t i c a l  e l e m e n t s  of the Space Shuttle vehicle and ( 2 )  t o  a s s e s s  
the  capab i l i t i e s  of c u r r e n t  f r a c t u r e  m e c h a n i c s  technology to  p r o v i d e  adequa te  
a n a l y s i s  methods and da ta  and effect ive f r a c t u r e  con t ro l  p r o c e d u r e s .  The 
s tudy e f fo r t  w a s  divided into f o u r  m a j o r  t echn ica l  t a s k  a r e a s .  



T a s k  I involved  e s t ab l i sh ing  b a s i c  con f igu ra t ions  f o r  Shut t le  v e h i c l e  
s t a g e s  t o  s e r v e  a s  a  r e f e r e n c e  f o r  the  s tudy,  ident i fying and c h a r a c t e r i z i n g  
a l l  m a j o r  l o a d - c a r r y i n g  s t r u c t u r a l  e l e m e n t s  of t h e s e  con f igu ra t ions ,  d e t e r -  
m i n i n g  s e r v i c e  load and e n v i r o n m e n t s  f o r  t h e s e  e l e m e n t s ,  and defining the  
t y p e s  of f r a c t u r e  c o n t r o l  r e q u i r e m e n t s  and  i n f o r m a t i o n  t o  b e  c o n s i d e r e d  in 
s u b s e q u e n t  p h a s e s  of the s tudy.  

C o n c u r r e n t  wi th  this e f f o r t ,  T a s k  I1 w a s  p e r f o r m e d  to r ev i ew f r a c t u r e  
m e c h a n i c s  technology and o the r  f r a c t u r e  p reven t ion  c o n c e p t s  tha t  a r e  
app l i cab le  t o  Space  Shuttle f r a c t u r e  c o n t r o l  r e q u i r e m e n t s .  The  technology 
a r e a s  s e l e c t e d  f o r  cons ide ra t ion  w e r e  d i r e c t e d  toward  the s t r u c t u r a l  con -  
f i g u r a t i o n s ,  m a t e  r i a l s ,  loadings,  e n v i r o n m e n t s ,  and  g e n e r a l  f r a c t u r e  c o n t r o l  
r e q u i r e m e n t s  ident i f ied in T a s k  I. P r o b l e m s ,  u n c e r t a i n t i e s ,  and l i m i t a t i o n s  
a s s o c i a t e d  wi th  c u r r e n t  f r a c t u r e  m e c h a n i c s  c o n c e p t s  and  m e t h o d s  w e r e  
ident i f ied ,  and  the  sens i t iv i ty  of Shut t le  d e s i g n  t o  t h e s e  f a c t o r s  w a s  a s s e s s e d .  

T a s k  III c o n s i s t e d  of r e v i e w s  and  eva lua t ions  of c u r r e n t l y  ava i l ab l e  
m e t h o d s  t o  a c h i e v e  f r a c t u r e  con t ro l .  It was p r i m a r i l y  c o n c e r n e d  wi th  
defining t h e  m a n n e r  in which the t e c h n i c a l  c o n c e p t s  and  m e t h o d s  of T a s k  I1 
a r e  u s e d  i n  p r a c t i c a l  appl ica t ion  to  t he  types  of s t r u c t u r a l  e l e m e n t s  and  
e n v i r o n m e n t s  ident i f ied in  T a s k  I s o  a s  t o  a c h i e v e  f r a c t u r e  c o n t r o l  ob jec t ives .  
G e n e r a l  def ini t ion of t h e s e  me thods ,  as' we l l  as the  spec i f i c  c h a r a c t e r i z a t i o n  
a n d  eva lua t ion  of r e l a t i v e  m e r i t s ,  su i t ab i l i t y  f o r  v a r i o u s  types  of s t r u c t u r e ,  
a n d  de f i c i enc i e s  o r  u n c e r t a i n t i e s  p r e s e n t  w e r e  accompl i shed .  

T a s k  IV is t h e  f ina l  p h a s e  of t he  s tudy;  it s u m m a r i z e d  a  r e c o m m e n d e d  
f r a c t u r e  c o n t r o l  p l an  f o r  t he  Space  Shut t le  and ident i f ied  a r e a s  w h e r e  f r a c t u r e  
technology deve lopmen t  i s  needed t o  s u p p o r t  the  Shutt le  p r o g r a m .  T h e  t a s k  
involved de t a i l ed  f r a c t u r e  a n a l y s e s  of c r i t i c a l  s t r u c t u r a l  e l e m e n t s ,  u s i n g  t h e  
m o s t  a p p r o p r i a t e  f r a c t u r e  a n a l y s i s  and  f r a c t u r e  c o n t r o l  me thods ,  a s  d e t e r -  
m i n e d  f r o m  the  r e s u l t s  of T a s k s  I1 and  111. R e s u l t s  of t h e s e  a n a l y s e s  w e r e  
u s e d  t o  e s t a b l i s h  spec i f i c  f r a c t u r e  c o n t r o l  r e q u i r e m e n t s  f o r  e a c h  s t r u c t u r a l  
e l e m e n t  and  t o  def ine  technology deve lopmen t  r e q u i r e m e n t s .  



1 . 0  APPRAISAL O F  S P A C E  S H U T T L E  VEHICLE STRUCTURES 

T h e  p r i m a r y  p u r p o s e  of t h i s  t a s k  i s  t o  ident i fy  the poten t ia l  f r a c t u r e  
c r i t i c a l  s t r u c t u r a l  e l e m e n t s  in t h e  Space  Shut t le  veh ic l e  and to d e s c r i b e  the  
s t r u c t u r a l  c h a r a c t e r i s t i c s ,  e n v i r o n m e n t s ,  and  loadings  appl icable  t o  e a c h  
of t h e s e  e l e m e n t s .  P r e l i m i n a r y  d e s i g n  d r a w i n g s  f o r  e a c h  m a j o r  s t r u c t u r a l  
componen t  in t h e  Space  Shutt le  veh ic l e  a r e  p rov ided  in  Volume I11 (Space  
Shut t le  Conf igura t ions)  of t h i s  r e p o r t .  T h e  s t r u c t u r a l  e l e m e n t s  a r e  ident i f ied  
by n u m b e r s ,  and the  de ta i led  d e s c r i p t i o n s  of e a c h  of the e l e m e n t s  a r e  l i s t ed  
i n  T a b l e s  1-1  t o  1-9 i n  this  v o l u m e  (page  14).  T h e  c r i t i c a l i t y  c l a s s i f i c a t i o n  
of  t h e s e  s t r u c t u r a l  e l e m e n t s  w a s  d e t e r m i n e d  b y  us ing  a  s y s t e m a t i c a l l y  
c o n s t r u c t e d  C r i t i c a l  P a r t  S e l e c t i o n  log ic  d i a g r a m .  T h e  phi losophy a n d  
appl icabi l i ty  of this  logic  d i a g r a m  a r e  d i s c u s s e d  i n  Sec t ion  1. 2. 

1 . 1  S P A C E  SHUTTLE VEHICLE STRUCTURAL DESCRIPTION 

T h e  c u r r e n t  Space  Shut t le  c o n c e p t  i nvo lves  a f lyback  o r b i t e r  veh ic l e  
moun ted  on top  of a  l a r g e ,  expendab le , .  l iqu id  oxygen/hydrogen  p r o p e l l i n t  
t ank  ( c a l l e d  the  e x t e r n a l  t ank ) .  Addi t iona l  t h r u s t  f o r  liftoff and  a p o r t i o n  of 
the  a s c e n t  t r a j e c t o r y  i s  p rov ided  by two so l id  r o c k e t  m o t o r s  ( S R B )  m o u n t e d  
t o  t h e  s i d e s  of the  e x t e r n a l  t a n k  (ET).  U n d e r  the  c u r r e n t  concept ,  t h e  S R B ' s  
are r e c o v e r a b l e  and  r e u s a b l e ;  p a r a c h u t e s  a r e  u s e d  t o  c o n t r o l  w a t e r  i m p a c t  
a t t i t ude  and  ve loc i ty .  The  o r b i t e r  v e h i c l e  is s e p a r a t e d  f r o m  the  e x t e r n a l  
l iquid p r o p e l l a n t  tank  a f t e r  o r b i t  i n s e r t i o n .  T h e  t ank  is no t  r e c o v e r e d .  Fig-  
u r e  1. 1. 1  of Vo lume  I11 shows a  v i ew of t he  c u r r e n t  conf igura t ion .  M a j o r  
o r b i t e r  c o m p o n e n t s  and e q u i p m e n t  a r e  l i s t e d  i n  F i g u r e  1. 1. 2 and  t h e i r  
l o c a t i o n s  a r e  ident i f ied  in  F i g u r e s  1. 1.. 3 and  1. 1. 4. T h e  s t r u c t u r a l  con- 
f i g u r a t i o n s  d e s c r i b e d  i n  t h e s e  f i g u r e s  and  i n  t h i s  v o l u m e  a r e  b a s e d  on  p r e -  
l i m i n a r y  d e s i g n  in fo rma t ion  a v a i l a b l e  as  of ( o n  o r  b e f o r e )  J u n e  1973. S o m e  
of t h e  s t r u c t u r a l  conf igura t ions ,  d e s i g n  s t r e s s  l e v e l s ,  and  des ign  e n v i r o n m e n t s  
m a y  h a v e  b e e n  changed o r  w i l l  he  changed  in  the  f u t u r e .  

T h e  Space  Shutt le  o r b i t e r  i s  conven ien t ly  d iv ided  in to  s i x  c o m p o n e n t  
a s s e m b l i e s ,  as fol lows:  

1. Mid f u s e l a g e  
2 .  Wing 
3.  F o r w a r d  fuse l age  and  c r e w  c o m p a r t m e n t  
4. Aft  fu se l age  
5. V e r t i c a l  s t a b i l i z e r  a n d  r u d d e r  
6 .  N o s e  and m a i n  landing  g e a r s  



In addit ion t o  the  p r i m a r y  load c a r r y i n g  s t r u c t u r e s  in the  o r b i t e r ,  m o r e  
t h a n  30 p r e s s u r e  v e s s e l s  a r e  located ins ide  the o r b i t e r  t o  supply propel lant  
o r  f u e l  f o r  the  following o r b i t e r  subsys tems :  

1. E l e c t r i c a l  power  
2 .  Mechan ica l  power (auxi l ia ry  power  unit)  
3 .  E n v i r o n m e n t a l  con t ro l  and l i fe  suppor t  
4 .  P r o p u l s i o n  

a. Main propuls ion  
b. O r b i t a l  maneuver ing 
c .  React ion  contro l  
d. Ai rb rea th ing  propuls ion  

T h e  g e o m e t r i e s ,  opera t ing  p r e s s u r e  levels ,  and fa i lu re  consequences  f o r  
t h e s e  p r e s s u r i z e d  tankages  a r e  s u m m a r i z e d  in Table  1-1, 

G e n e r a l  desc r ip t ions  of the SRB, the ex te rna l  tank,  and t h e  o r b i t e r  - 
s t r u c t u r a l  a r r a n g e m e n t s  a r e  given in the  following sec t ions .  C h a r a c t e r i z a -  
t ion  of spec i f i c  s t r u c t u r a l  e l ements  in these  s t r u c t u r a l  a s s e m b l i e s  a r e  
s u m m a r i z e d  i n  T a b l e s  1-2 to  1-9. T h e  s t r u c t u r a l  e l e m e n t s  in e a c h  p a r t  
w e r e  n u m b e r e d  (e.  g . ,  5-1  f o r  wing skin,  6-11 f o r  rudder  honeycomb panel,  
e t c .  ) and identif ied on the drawings in  F i g u r e s  1 .2 .  1 t o  1. 9. 2 (Volume 111). 
T h e  m a t e r i a l s ,  p roduc t  f o r m ,  envi ronment ,  loading conditions, and approxi-  
m a t e  des ign  s t r e s s  l eve l s  f o r  e a c h  of t h e s e  e l e m e n t s  a r e  given i n  Tab les  1-1 
t o  1-9. 

1. 1. 1 Solid Rocke t  Booster  (Table  1-2 and F i g u r e s  1 .2 .  1 t o  1 . 2 . 3  in  
Volume LU) 

The  m a i n  s t r u c t u r a l  e l ement  of the  sol id rocket  boos te r  is the m o t o r  
c a s e .  The  3. 6 - m e t e r  (142-inch) d i a m e t e r  cyl indr ica l  sec t ion  of the  c a s e  
is c o m p r i s e d  of s e g m e n t s  mechanica l ly  joined to  obtain a length of 34. 5 
m e t e r s  (1358 inches ) .  The segments  a r e  fabr ica ted  f r o m  D6-AC s t e e l  t o  a 
t h i c k n e s s  of approx imate ly  1. 27 c e n t i m e t e r s  (one-half inch)  by t he  s h e a r  
f o r m i n g  p r o c e s s .  Segment  splicing is implemented by a tongue-and-groove 
jo in t  s e c u r e d  wi th  s h e a r  pins. 

A c y l i n d r i c a l  she l l  s t r u c t u r e  with a conica l  nose fa i r ing  is at tached to  
the  f o r w a r d  end of the  m o t o r  case .  Thie  a s s e m b l y  conta ins  proviaiona f o r  
a t t achment  and t h r u s t  t r a n s f e r  t o  the e x t e r n a l  tank and houses  the  r e c o v e r y  
system. A cy l indr ica l  she l l  and f l a r e d  cone assembly  is at tached to  the  af t  
end of t h e  m o t o r  c a s e  to  provide ae rodynamic  fa i r ing  f o r  the  gimballed 
nozzles .  



I 1. 1. 2 E x t e r n a l  Tank (Tab le  1-3 and F i g u r e  1. 3 .  1 in  Volume 111) 

The  e x t e r n a l  tank conta ins  a l l  of the p rope l l an t s  f o r  the  Shutt le  m a i n  
p ropu l s ion  s y s t e m  and a l s o  houses  and suppor t s  re la ted  s u b s y s t e m s  compo-  
nents .  T h e  tank i s  of c i r c u l a r  c r o s s - s e c t i o n  with 7. 7 - m e t e r  (304-inch) 
m a x i m u m  d i a m e t e r .  The to ta l  e x t e r n a l  tank is compr ieed  of t h r e e  major 
s t r u c t u r a l  a s s e m b l i e s ;  the  LO2 tank,  the  LH2 tank,  and an  in te r t ank  
a s s e m b l y .  T h e s e  components  a r e  d i scussed  in m o r e  de ta i l  in the  following 
sec t ions .  

1. 1 . 2 .  1 LO2 Tank 

The  LO2 tank is a ring- s t i ffened monocoque s t r u c t u r e  of 22 19 a l u m i n u m  
al loy;  sk in  pane l s ,  r ings ,  and bulkhead g o r e s  a r e  joined by fusion welding.  
The f o r w a r d  por t ion  of the ta.nk is of ogive shape  t o  provide  s a t i s f a c t o r y  
a e r o d y n a m i c  contour .  The ogive extends  from a fo rward  ring 1. 04 m e t e r s  
(41  i n c h e s )  in  d i a m e t e r  t o  a point w h e r e  i t  becomes  tangent  to the  b a s i c  7. 7- 
m e t e r  (304-inch) d i a m e t e r  of the  cyl indr ica l  por t ion  of the tank. T h e  
ogive is fabr i ca ted  f r o m  five pane l s  of 2219-T87 a luminum alloy, which  a r e  
explos ive  f o r m e d  to the  d e s i r e d  con tour  and a r e  joined by longitudinal  
fus ion  welds .  The fo rward  r ing  is a machined m e m b e r  of 2219 a l u m i n u m  
fus ion-welded t o  the  ogive shel l .  It p rov ides  f o r  bol ted 'a t tachment  of the  

I 
f o r w a r d  d o m e  of the  LO2 tank and the  deorb i t  m o t o r  suppor t  s t r u c t u r e .  A 
s h e l l  s t ab i l i ty  r ing is provided at the  junction of ogive and cy l indr ica l  s h e l l s  
and is joined t o  t h e s e  s e g m e n t s  of the  tank s h e l l  by c i r c u m f e r e n t i a l  fus ion  
welds .  

T h e  aft bulkhead i s  of e l l ipso ida l  contour ,  with an  a s p e c t  r a t i o  of 
0. 75. It i s  a welded a s s e m b l y  of 2219-T87 a luminum alloy. Six g o r e  p a n e l s  
a r e  exp los ive - fo rmed  to  the d e s i r e d  contour  and chem-mil led  t o  p rov ide  t h e  
d e s i r e d  weld land re in fo rcement  and va r i a t ion  of m e m b r a n e  th ickness  o v e r  
t h e  s u r f a c e .  The  g o r e s  a r e  then joined by welding t o  f o r m  the c o m p l e t e  
bulkhead shel l .  The  LO2 feedl ine  outlet  and an  a c c e s s  c o v e r  a r e  i n c o r p o r a t e d  
in  t h e  aft bulkhead assembly .  T h e  bulkhead is a t tached t o  the  c y l i n d r i c a l  w a l l  
by a c i r c u m f e r e n t i a l  weld joint t o  a Y- r ing  m e m b e r .  The  Y-ring a l s o  p r o -  
v ides  f o r  a t t achment  of the i n t e r - t a n k  s h e l l  s t r u c t u r e .  T h e  Y-ring wi l l  e i t h e r  
be a r o l l  r ing  forging o r  a component  m a d e  of p la te  s e g m e n t s  ro l led  t o  con tour  
and joined b y  welding to  f o r m  a comple te  r ing.  

S t r u c t u r a l  t e m p e r a t u r e s  in  the  LO2 tank  wi l l  v a r y  from - 183C ( -297F)  
f o r  p o r t i o n s  in  contac t  with liquid oxygen t o  121C ( t 2 5 0 F )  on the  f o r w a r d  
s h e l l  s t r u c t u r e  at the  time of deorbi t .  The f o r w a r d  por t ion  of the  t ank  is 
p ro tec ted  f r o m  a s c e n t  heating by c o r k  abla t ive  insulat ion.  The t e m p e r a t u r e  
of 12 1C r e p r k s e n t s  the  m a x i m u m  allowable bondline t e m p e r a t u r e  between 
the  c o r k  and t h e  a luminum wall .  



1 .l. 2 . 2  LH2 Tank 

The LH2 tank is a cyl indr ica l  s h e l l  of bas ic  r ing-st iffened monocoque 
const ruct ion.  The cy l indr ica l  sk in  sec t ions  a r e  welded a s s e m b l i e s  of 22  19 - 
T87 aluminum alloy. Major  ring f r a m e s  a r e  provided at the  o r b i t e r  and 
SRB aft  a t tachment  point; the  o r b i t e r  f o r w a r d  a t tachment  point; and the  
o r b i t e r  t h r u s t  a s s e m b l y  suppor t  points. S m a l l e r  s tabi l i ty  r ings a r e  provided 
a t  the  remaining cy l inder  segment  joints .  The end bulkheads are el l ipsoidal  
d o m e s  of the s a m e  shape and bas ic  const ruct ion a s  the LO2 tank aft  bulkhead. 

In tegra l  longitudinal stiffening i s  provided only in  the  local  region 
a s s o c i a t e d  with the t r a n s f e r  of o r b i t e r  t h r u s t  loads t o  the  LH2 tanks .  The 
t h r u s t  longe rons  a r e  forged m e m b e r s  of 7075 - T73 a luminum alloy, bolted 
in to  one of the  cy l indr ica l  she l l  segments .  The ad jacen t  skin pane l s  incor -  
p o r a t e  in tegra l  longitudinal s t i ffness t o  m e e t  the  s tabi l i ty  r equ i rements  of 
the  high loca l  s h e a r  and compress ion  s t r e s s e s  assoc ia ted  with t h e  o r b i t e r  
t h r u s t  t r a n s f e r .  

The ou te r  s u r f a c e  of the  LH2 tank i s  covered  wi th  sp ray-on  f o a m  
insula t ion (SOFI) to limit the  hea t  t r a n s f e r  t o  the liquid hydrogen during pad 
hold and in i t ia l  a scen t .  However, in areas of high i n t e r f e r e n c e  heating i t  is 
expected that  the  SOFI  wil l  be degraded dur ing the  a s c e n t  t r a jec to ry ,  and 
t h e  s t r u c t u r a l  t e m p e r a t u r e  m a y  i n c r e a s e  t o  a m a x i m u m  of 260C (500F)  at  
t h e  t i m e  of deorbi t .  But, the tank i n t e r n a l  p r e s s u r e  at th i s  t i m e  is much  
l e s s  than the des ign value;  the  p r e s e n t  m i s s i o n  opera t ione  plan p rov ides  f o r  
d e p r e s s u r i z a t i o n  of the tanks  immedia te ly  a f t e r  complet ion of the  o rb i t  
i n s e r t i o n  burn.  The m a x i m u m  s t r u c t u r a l  temperatur .e  expected a t  t h e  t ime  
of tank d e p r e s s u r i z a t i o n  is approximate ly  93C (200F).  

1. 1. 2.3 In ter tank 

The in te  r tank a s s e m b l y  mainta ins  t h e  s t r u c t u r a l  she l l  continuity 
between the  LO2 and LH2 tanks  and p rov ides  f o r  t h r u s t  load t r a n s f e r  f r o m  
the  solid rocke t  b o o s t e r s  (SRB's) .  It is  of conventional  semimonocoque 
conetmct ion,  employing 2024-T86 a luminum alloy a s  t h e  p r i m a r y  m a t e r i a l .  
Skin panele  are machined f r o m  pla te  s t o c k  of th i s  al loy t o  incorpora te  i n t e g r a l  
longitudinal s t i f fness .  A m a j o r  r ing f r a m e  is provided at the SRB fo rward  
a t t ach  point t o  accept  n o r m a l  and tangent ia l  loads  f r o m  the  b o o s t e r s .  
Addit ional  s tabi l i ty  f r a m e s  are provided a t  approx imate ly  1 . 0  1 6 - m e t e r  (40- 
inch) spacing.  These  r ing f r a m e s  a r e  of conventional  cons t ruc t ion  of built-up 
2024 a luminum al loy in  the  appropr ia te  t e m p e r .  T h r u s t  longerons  a r e  
located  on e a c h  side of the  in te r t ank  t o  accep t  the  concen t ra ted  f o r c e s  f r o m  
the SgB and t o  d i s t r ibu te  the  load to the  s h e l l  s t r u c t u r e .  These  m e m b e r s  
a r e  forgings ,  probably  of 7075-T73 a luminum alloy. 



C o r k  insulat ion is applied on the e x t e r n a l  s u r f a c e  i n  loca l  a r e a s  a s  
' r equ i red  to p ro tec t  f r o m  in te r fe rence  heating ef fec ts  resul t ing  f r o m  the  
proximity  of the  SRB's .  S t ruc tu ra l  t e m p e r a t u r e s  wi l l  be l imi ted  t o  a maxi -  
m u m  of 176C (350F); however, the t e m p e r a t u r e  a t  the  t i m e  of m a x i m u m  
t h r u s t  load t r a n s f e r  f r o m  the SRB's  wi l l  be m u c h  lower .  

1. 1. 3 Mid Fuse lage  (Table  1-4  and F i g u r e s  1.4. 1 to 1 .4 .  12 in  Volume 111) 

The mid  fuselage  sect ion i s  designed around the  c a r g o  payload 
requ i rements  of an  envelope. A m i n i m u m  c l e a r a n c e  of 7. 62 c e n t i m e t e r s  
( t h r e e  inches)  is maintained around the envelope. Al te rna te  a t t achment  
locations a r e  provided to  accommodate  va r ia t ions  i n  c a r g o  s i z e s .  The 
e n t i r e  s t r u c t u r e  i s  covered with a t h e r m a l  protec t ion s y s t e m  (TPS). 

The mid  fuselage  is a conventional semimonocoque she l l  const ruct ion,  
fabr ica ted  f r o m  2024 a luminum alloy and consis t ing  of skin panels ,  s t r i n g e r s ,  
longerons ,  and f r a m e s .  The lower  sec t ion of the fuse lage  is the p r i m a r y  
s t r u c t u r a l  element.  Body bending and s h e a r  and to r s ion  loads  f r o m  the  wing, 
nose ,  and aft fuselage sect ions  a r e  reac ted  by  t h e  shel l .  Conventional 
f a s t e n e r s  a r e  used f o r  a ssembly .  The c a r g o  bay d o o r s  do not r e a c t  any  of 
the body loadings except  torsion.  

The mid fuselage  is a U-shaped s t r u c t u r e  approximate ly  5 . 3 3  m e t e r s  
(17.  5 fee t )  wide, 3 . 9 6  m e t e r s  (13 fee t )  high, 18.89 m e t e r s  (62 fee t )  long, 
and weighs approximate ly  6350.4 k i l o g r a m s  ( 14,000 pounds).  It extends  
f r o m  X0=578. 0 t o  Xo= 1307 and in te r faces  with the  fo rward  and aft fuse lages ,  
the wing s t r u c t u r e ,  and the payload bay  doors .  (Note: the  bulkheads a t  
X,=578 and 1307 a r e  not a p a r t  of the mid  fuselage  t a sk .  ) 

The mid fuselage  is a l s o  the p r i m a r y  s t r u c t u r a l  a t t ach  s y s t e m  f o r  the  
wings.  A mul t i -  s p a r  c a r r y -  through s t r u c t u r e  is built  in tegra l ly  in to  the  
lower  section. F o u r  t russ - type  s p a r s ,  machined f r o m  aluminum alloy,  
s e r v e  as fuselage  lower  f r a m e s .  

Seventeen f r a m e s  a r e  located in  the m i d  fuse lage  s t r u c t u r e  and a r e  
defined i n  t h r e e  ca tegor ies ;  wing suppor t ,  glove support ,  and i n t e r m e d i a t e  
f r a m e s .  Two of the wing suppor t  f r a m e s  and two i n t e r m e d i a t e  f r a m e s  a r e  
in  the  wing ca r ry - th rough  torque box area (Xo= 119 1 t o  Xo=1307). The 
remaining 13 f r a m e s  are fo rward  of the  to rque  box. F o u r t e e n  f r a m e s  a r e  
a l s o  designed t o  r e a c t  payload a t t achment  loads,  which are introduced a t  
nine locations between f r a m e s .  

The s t r u c t u r a l  akin  panels  are machined in tegra l ly  stiffened pane l s .  
B e c a u s e  of fuaelage  bending and axial loads,  the  s t r i n g e r s  are located  i n  a 
longitudinal d i rec t ion excep t  in  t h e  a r e a  of the  wing (Xo= 119 1 to Xo=1307), 
w h e r e  they a r e  or iented  in the  lateral di rec t ions ,  e ince  the  wing loads  a r e  
dominant. 



The  mid fuse lage  longerons cons i s t  of the s i l l  and lower  c o r n e r  
longe rons .  They are machined f r o m  ex t rus ions  o r  p la te  stock.  

F r a m e  suppor t  r ibs  extend longitudinally along the  mid fuselage  at 
Yo=O. 00 and Y0f52. 5 and a t  two posit ions on the s ide .  The p r i m a r y  purpose  
of these  r ibs  is t o  s tabi l ize  the  f r a m e  i n n e r  caps .  The Yo=O.OO posi t ion r i b  
has  diagonal  m e m b e r s  in e a c h  bay between Xo=578 through xo=119l .  At 
the  o the r  locat ions ,  m e m b e r s  a r e  provided i n  random bay posi t ions to c l e a r  
s u b s y s t e m  equipment .  

The glove fa i r ing  is a built-up shee t  m e t a l  subassembly.  It wil l  be 
r ive ted  and bolted to the m i d  fuselage  in  f ina l  a s s e m b l y .  

The payload bay l i n e r  is a coated f lexible f a b r i c  configurat ion with 
bonded p e r i p h e r a l  a luminum edge m e m b e r s  and e las tome  r i c  s e a l s .  The 
l i n e r  pane l s  are a t tached t o  the  ins ide  of the  payload bay with mechanical  
f a s t e n e r s .  

Two l a r g e  segmented deployable d o o r s  c o v e r  the payload bay. These  
d o o r s  a r e  des igned to c a r r y  d i r e c t  p r e s s u r e  loads  only. The d o o r s  a r e  
hinged n e a r  t h e  hor izonta l  r e f e r e n c e  plane of the  payload and open c l e a r  of 
tha t  r e f e r e n c e  plane.  The mat ing edges  of the  d o o r s  have slot ted fa i r ings  
f o r  stowage of the  manipula tor  a r m s  and t h e r m a l  protec t ion through the 
launch and r e e n t r y  por t ions  of flight. The  manipu la to r  deployment and c a r g o  
d o o r  apening g e o m e t r y  i s  designed to  provide  f o r  a full door  t r a v e l  i n  the 
event  of a f a i l u r e  to  r e l e a s e  the  manipu la to r s  f r o m  t h e i r  stowed position. 
The  door  des ign is on the  b a i i e  of "on-board sys teme"  opening in apace  or  
in t h e  v e r t i c a l  posi t ion while shielded f r o m  wind only. F o r  all o t h e r  opening 
c a s e s ,  GSE is required .  

1. 1. 4 Wing ( T a b l e  1 - 5 and F i g u r e s  1. 5. 1 t o  1. 5 . 4  i n  Volume 111) 

The wing is of de l t a  p lanform,  wi th  a 45-degree leading edge sweep and 
a s y m m e t r i c a l  NACA 00 10-64 airfoi l .  It has  a th ickness /chord  r a t i o  of 
10 p e r c e n t  a t  the  root  and 12 p e r c e n t  a t  the  tip, with m a x i m u m  thickness  
o c c u r r i n g  along the  40-percent  chord  line. The wing is composed of ou te r  
pane l s  and elevons.  The  ou te r  panele  c o m p r i s e  the  e n t i r e  exposed s u r f a c e  
of the  wing and 'can be  detached at the fuse lage  in te r face ;  th i s  method of 
at taching the  wing t o  the  fuse lage  is an outgrowth of a producibi l i ty /assembly 
sequence s tudy which revealed  m a j o r  p r o g r a m  savings .  In addition, the ' 

oute r  panele  p rov ide  mounting f e a t u r e s  f o r  the  m a i n  landing g e a r  and the  
e levons  and t h e i r  s u b s y s t e m s .  

P r i m a r y  s t r u c t u r a l  m e m b e r s  include the  sk ins  and r ibs ,  a m a i n  f ron t  
s p a r ,  and a m a i n  rear s p a r .  The  s t r u c t u r a l  a r r a n g e m e n t  i s  conventional  . 

design,  f abr ica ted  f r o m  2024 a luminum al loy and covered  with a t h e r m a l  



pro tec t ive  s y s t e m  (TPS). The wing sk ins  a r e  p r i m a r i l y  f ab r i ca ted  of s h e e t  
m e t a l ,  s t i ffened with f o r m e d  shee t  m e t a l  hat  sec t ion  s t i f f ene r s ,  r ive ted  
toge the r .  

T h e  m a i n  s p a r s  outboard of the  fuse lage  a t tachment  a r e  buil t -up of 
mach ined  c a p s  r ive ted  t o  co r ruga ted  webs .  Th i s  y ie lds  a l ight  s h e a r  r e s i s t a n t  
s t r u c t u r e  tha t  a l s o  s impl i f i e s  the f ab r i ca t ion .  The  s p a r s  a r e  aligned p a r a l -  
l e l  t o  t h e  fuse lage  s ta t ion  planes.  

The r i b s  a r e  built-up of tube t r u s s e s ,  except  those  sub jec t  to  high loads  
s u c h  as the  r i b s  tha t  c a r r y  the elevon hinges  o r  m a i n  landing g e a r .  T h e s e  
a r e  c o n s t r u c t e d  s i m i l a r  t o  the s p a r s .  

The  e levon is a two-piece s t r u c t u r e  spanning nea r ly  a l l  of the  t r a i l i n g  
e d g e  of the  wing. It is of a luminum bonded sandwich const ruct ion .  P r o -  

v i s ions  have  been incorpora ted  into the  des ign  f o r  "droopt t  of the  elevon 
beyond the  n o r m a l  ac tuat ion  t r ave l ,  which wi l l  allow e a s y  ins ta l la t ion  o r  
r e m o v a l  of the  a c t u a t o r s  without having t o  r emove  the e levons .  In the  a r e a s  
of the  e levon/wing gap, ho t - s t ruc tu re  s e a l s  exclude the  hot p l a s m a s  f r o m  the  
i n t e r n a l  s t r u c t u r e .  

The  leading and t r a i l ing  edges  are essen t i a l ly  c loseout  f a i r ings  com-  
p le t ing  the  ae rodynamic  shape  of the wing. They a r e  can t i l eve red  off the 
f o r w a r d  and r e a r  s p a r s .  The  sk ins  of the  t r a i l i n g  edge sec t ion  a r e  designed 
a s  a c c e s s  pane l s ,  which wi l l  p e r m i t  e a s e  of inspection and se rv ic ing  of the 
e levon ac tuat ion  s y s t e m .  F o r  ins ta l la t ion  and remova l  of the  ac tua to r s ,  
a c c e s s  d o o r s  a r e  located in  the  u p p e r  sk in  of the m a i n  wing box. Hoisting 
and jacking points  a r e  s i tuated i n  the  wing along the  roo t  and t ip  r i b s  and a r e  
a c c e s e i b l e  through d o o r  panels  provided f o r  the  wing-to-fuselage mat ing  bol ts .  

1, 1. 5 F o r w a r d  F u s e l a g e  and C r e w  C o m p a r t m e n t  (Tab le  1-6 and F ig -  
u r e s  1. 6 .  1 and 1. 6 . 2  in  Volume 111) 

The  f o r w a r d  fuse lage  is the  p r i m a r y  load-ca r ry ing  s t r u c t u r e  f o r w a r d  
of the  payload bay. S t r u c t u r a l  s u p p o r t  i s  provided f o r  the  c r e w  module,  
m i d  fuse lage ,  nose  landing g e a r ,  and hoist ing/jacking provis ions .  I t  is a 
semimonocoque  design,  f ab r i ca ted  f r o m  2 024- T86 a luminum alloy excep t  in 
the  windshie ld  a r e a  w h e r e  high t e m p e r a t u r e  a l loys  a r e  r equ i red .  The 
a l u m i n u m  s t r u c t u r e  is covered  wi th  a t h e r m a l  p ro tec t ive  s y s t e m  (TPS).  

T h e  s t r e t c h - f o r m e d  skins  a r e  s t i ffened by r ive ted-on s t r i n g e r s ,  i n  
convent ional  a i r c r a f t  fashion.  The f u s e l a g e  f r a m e s  a r e  e i t h e r  built-up 
f r o m  f o r m e d  s h e e t  m e t a l  o r  in teg ra l ly  mach ined  i n  the  h igher  load a r e a s .  
T h e  af t  p r e s s u r e  bulkhead of the  c r e w  c o m p a r t m e n t  c l o s e s  out  the  f o r w a r d  
f u s e l a g e  at the  i n t e r f a c e  with t h e  m i d  fuse lage ,  providing s t r u c t u r a l  suppor t  
f o r  t h e  man ipu la to r  a r m s ,  the  c a r g o  bay  d o o r  closeout ,  and t h e  e x t e r n a l  



oxygen-hydrogen tank forward at tachment.  The nose  landing g e a r  i s  
suppor ted  by two longitudinal b e a m s  which a l s o  provide  hinge suppor t  f o r  
the  landing g e a r  doors .  

The c rew module i s  a semimonocoque a luminum s t r u c t u r e  incorpora t -  
ing i n t e r i o r  r ings  and e x t e r i o r  longitudinal s t r i n g e r s .  F i v e  openings a r e  
loca ted  i n  the  s t ruc tu re :  the  windshield, the  cupola, and t h r e e  hatches ,  
i. e . ,  ( 1 )  payload bay a c c e s s  hatch, ( 2 )  mid sect ion s ide  hatch, and (3 )  the  
f l ight  sec t ion  s ide  hatch. 

The c r e w  module has  been a r ranged  in t h r e e  sec t ions :  ( A )  the  f l ight  
sec t ion ,  which s e r v e s  as the control  and opera t ional  a r e a ;  (2)  the  mid  
sect ion,  accommodating the avionics equipment and the  c r e w ;  and (3) the 
l o w e r  sec t ion,  which accommodates  the ECLSS equipment.  An a i r lock  in  
the m i d d l e  s e c t i o n  provides  the EVA/IVA capabil i ty f o r  the  o r b i t e r .  

T h e  c r e w  module is a p r e s s u r e  v e s s e l  design,  f abr ica ted  f r o m  22 19 
a l u m i n u m  alloy panels  that  a r e  joined by fusion welding. T h i s  c r e w  module 
cor respond ing  to  the 7D Shuttle o r b i t e r  is a floating module wi th  f o u r  a t t ach  
points  t o  the  fo rward  fuselage  s t ruc tu re .  The module is can t i l evered  f r o m  
the  midbody fo rward  bulkhead (Station 5 76) utilizing four  a t t a c h  f i t t ings and 
a f i b e r g l a s s  s h e a r  web. The flight section f loor  cons i s t s  of honeycomb 

supported by b e a m s ;  the midsection f loor  a l s o  c o n s i s t s  of honeycomb 
panels ,  r emovab le  a t  the c e n t e r  to  provide a c c e s s  t o  the  ECLSS equipment. 

T h e  b a s i c  shel l  i s  conical  in  shape with f o r e  and aft f l a t  bulkheads.  
T h e  con ica l  port ion of the  shel l  is an in tegra l ly  machined s k i n - s t r i n g e r  
a r rangement  with the s t i f feners  located externally.  The s tabi l i ty  f r a m e s  
a r e  p laced  in ternal ly  and a r e  at tached t o  the ehel l  by mechan ica l  f a s t e n e r s  
tapped in to  b o s s e s  provided in the  shell.  The bulkheads a r e  in tegra l ly  
mach ined  f l a t  panels  with auxi l iary  stiffening m e m b e r s  mechanical ly  attached. 
The u p p e r  f l o o r  i s  used a s  a s t r u c t u r a l  t i e  a c r o s s  the  con ica l  p r e s s u r e  shell .  
Above the f l ight  deck, the cockpit enclosure  is m a d e  up of f l a t  pane l s  with 
cutouts  f o r  windows and hatches. Theee  panels  a r e  of in tegra l ly  machined 
waff le  design.  The window a s s e m b l i e s  a r e  instal led f r o m  the ins ide  t o r  
access ib i l i ty .  E a c h  window assembly  contains t h r e e  panes  of g l a s s  f o r  
t h e r m a l  and p r e s s u r e  redundancy except  the upper  windows and hatch  windows, 
which have two panes.  The a i r lock  sect ion of the  c r e w  module  is s p h e r i c a l  
in shape  and is attached t o  the fo rward  fuse lage  s t r u c t u r e  t o  r e a c t  docking 
loads.  A bellows-type adap te r  between the a i r lock  sect ion and b a s i c  c r e w  
module  a l lows f o r  any re la t ive  movement. The ehel l  i e  a n  in tegra l ly  
mach ined  waffle configuration. A bulkhead with a docking hatch  is located  
in  the  upper  a r e a  with a docking ring at tached t o  the  outboard s ide  of the  
hatch.  



1. 1. 6 Aft  F u s e l a g e  (Tab le  1-7  and F i g u r e s  1.7.  1 t o  1. 7 .  5 in Volume 111) 

The o r b i t e r  af t  fuselage s t r u c t u r a l l y  suppor ts  the  m a i n  propuls ion  
s y s t e m  (MPS), t he  orbi ta l  maneuver ing s y s t e m  (OMS), the auxi l ia ry  p r o -  
puls ion  s y s t e m  ( A P U ) ,  and va r ious  avionic s, launch umbi l ica l ,  and t h e r m a l  
con t ro l  equipment.  The aft fuse lage  a l s o  fu rn i shes  s t r u c t u r a l  suppor t  f o r  
the  v e r t i c a l  fin and the  r e a r  wing s p a r  and t h e r m a l  protec t ion  f o r  a l l  
ins ta l led  equipment.  To accompl i sh  t h e s e  p u r p o s e s ,  the  aft  fuse lage  con-  
s i s t s  of a t h r u s t  s t r u c t u r e  a s sembly ,  two removable  ou te r  panel  a s s e m b l i e s ,  
two r e m o v a b l e  OMS pod a s s e m b l i e s ,  an ou te r  she l l  a s s e m b l y ,  a bulkhead 
a s s e m b l y ,  a f l o o r  a s sembly ,  and an  aft  hea t  shield a s sembly .  

T h e  t h r u s t  s t r u c t u r e  cons i s t s  of two machined t i tanium "she lves"  
which t r a n s f e r  in-plane  th rus t  loads  f r o m  the m a i n  engines  to  the m i d  f u s e -  
l age  longerons .  T h e s e  shelves  a r e  a t tached by machined t i tanium I - b e a m  
and diffusion-bonded s q u a r e -  shaped t i t an ium tubing ( re inforced with b o r o n  
epoxy) t r u s s  m e m b e r s .  

The f o r w a r d  s p a r  of the v e r t i c a l  fin is at tached d i rec t ly  to  the  f o r w a r d  
bulkhead. Both f in  s p a r s  connect  t o  t h e i r  af t  fuse lage  suppor t  points  th rough  
machined a luminum multilug c l e v i s  f i t t ings.  The aft  s p a r  suppor t  s t r u c t u r e  
c o n s i s t s  of a fr.ame which i s  a t tached d i rec t ly  t o  t h e  t h r u s t  s t r u c t u r e  t h r o u g h  
two p o s t s .  

The  removab le  s ide  panels  and OMS pods a r e  of built-up 2 0 2 4  a l u m i n u m  
alloy s h e e t - s t r i n g e r  cons t ruct ion  in  conjunction with f o r m e d  2024 a l u m i n u m  
alloy f r a m e s .  Machined tank suppor t  m e m b e r s  a r e  used  on both t h e  r e m o v -  
able  p a n e l s  and t h e  pods in loca l  a r e a s .  The o u t e r  she l l  is a l s o  of bui l t -up  
a l u m i n u m  shee t -  s t r i n g e r  cons t ruc t ion  with f o r m e d  shee t  a luminum f r a m e s ,  
excep t  i n  high load a r e a s  such  a s  below the f in af t  s p a r  and a t  the v e r t i c a l  
s h e a r  tie f o r  t h e  r e a r  wing s p a r .  Bo th  t h e s e  a r e a s  a r e  machined a s s e m b l i e s .  
The  wing v e r t i c a l  s h e a r  is t r a n s f e r r e d  t o  the  mid  fuse lage  by a mach ined  
a l u m i n u m  s idewal l  which extends below the  lower  t h r u s t  shelf .  

T h e  f o r w a r d  bulkhead of the  af t  fuse lage  is machined i n  t h r e e  l a r g e  
p i e c e s  r a t h e r  than one because  of p la t e  s i z e  l imi ta t ions .  These  p i e c e s  a r e  
bolted toge the r  t o  f o r m  a s ingle  a s s e m b l y  which inc ludes  the aft  m o m e n t -  
c a r r y i n g  s p a r  of the  wing. 

T h e  aft fuse lage  f loor  a s s e m b l y  is of s t i f fened-sheet  a luminum con-  
s t ruc t ion  s i m i l a r  to  the  s ide  pane l s  excep t  that  the  m o r e  highly loaded 
f r a m e s  a r e  buil t -up of shee t  w e b s  and ext ruded s t i f f ene r s  and caps .  

1. 1. 7 V e r t i c a l  S tab i l i ze r  (Tab le  1-8 and F i g u r e s  1. 8. 1 t o  1. 8 . 4  i n  Volume 111) 

T h e  v e r t i c a l  s t ab i l i ze r  is a s y m m e t r i c a l  60140 wedge shape ,  w i t h  the  
r u d d e r  hinge l ine  a t  the 60-percent  chord ;  The r u d d e r  is in  two s p a n w i s e  



s e c t i o n s  t o  r educe  binding in the hinges from spanwise  bending deflect ions.  
T h e  r u d d e r  i s  sp l i t  along the chord p lane  to  a c t  a s  a speed b r a k e  f o r  veloci ty 
modula t ion  during a tmospher ic  flight. 

S y s t e m  components  mounted in the  v e r t i c a l  s t a b i l i z e r  c o n s i s t  of an 
A P U  exhaust  duct,  r a m  a i r  duct inlet  f o r  vapor  c y c l e  package,  and the 
hydrau l i c  and flight cont ro l  sys tems  t o  o p e r a t e  the r u d d e r / s p e e d  b rake .  
T h e  v e r t i c a l  s t ab i l i ze r  s t r u c t u r e  i s  bas ic  al ly c o m p r i s e d  of a two-spar  
m u l t i r i b  stiffened skin  box assembly .  The skin  pane l s  a r e  s t i ffened by hat  
s e c t i o n s  of "Z"  sec t ions  riveted to  the skin.  The r u d d e r l s p e e d  b r a k e  skin 
p a n e l s  a r e  bonded a luminum honeycomb. 

The  s t r u c t u r a l  m a t e r i a l  used i s  genera l ly  2024-T86 o r  2 124-T851 
a luminum,  and the  exposed su r faces  a r e  covered  by a t h e r m a l  p ro tec t ive  
s y s t e m  (TPS) .  The p r i m a r y  a t tachment  of v e r t i c a l  s t a b i l i z e r  t o  the  body i s  
m a d e  a t  the  f ron t  and r e a r  s p a r  through machined f i t t ings a t tached t o  the  
m a i n  t h r u s t  s t r u c t u r e .  Each  rudder / speed  b r a k e  a s s e m b l y  is mounted on 
two  hinges  and dr iven by tandem ac tua to r s .  

The  v e r t i c a l  s u r f a c e  leading edge i s  removable  i n  o r d e r  t o  provide  
inspec t ion  and, if  n e c e s s a r y ,  replacement .  A c c e s s  pane l s  a l s o  al low 
ins ta l l a t ion  and remova l  of r u d d e r l s p e e d  b r a k e  ac tua to r s .  During rudder  1 

[ s p e e d  b r a k e  actuat ion,  h igh- tempera ture  s e a l s  a r e  r equ i red  t o  exclude the  
hot  p l a s m a  f lows f r o m  the in te rna l  s t r u c t u r e .  Design wi l l  be  s i m i l a r  to  the 
wing /e levon  s e a l s .  

1. 1. 8 Landing G e a r  (Table 1-9 and F i g u r e s  1.9. 1 and 1 . 9 . 2  i n  Volume ILL) 

1. 1. 8. 1 Main  Landing G e a r  

The m a i n  landing g e a r  shock s t r u t  is a semican t i l eve red ,  conventional,  
a i r - o i l  p is ton- type  of such design that  the  p a s s a g e  of hydraul ic  fluid through 
a n  o r i f i c e  wi l l  a b s o r b  the  ene rgy  of i m p a c t  and in  which d r y  n i t rogen  is the  
e l a s t i c  m e d i u m  t o  provide the spr ing  f o r c e .  A f loat ing p is ton  s e p a r a t e s  the 
hydraul ic  fluid and the  nitrogen. The f loat ing p is ton  is mounted coaxial ly 
i n s i d e  the  shock s t r u t  piston with an  u p p e r  extens ion of the  floating piston 
mounted coaxial ly ins ide  the me te r ing  pin. Th i s  extens ion a l s o  s e r v e s  a s  a 
m e a n s  of locat ing the  posi t ion of the f loat ing p is ton  t o  a s s u r e  tha t  it is in  i t s  
p r o p e r  posi t ion f o r  servic ing of the shock s t ru t .  The  p r i n c i p a l  m e m b e r s  of 
t h e  d r a g  b r a c e  include the  upper  d r a g  b r a c e ,  the  l o w e r  d r a g  b r a c e ,  and the  
s u p p o r t  beam.  The suppor t  beam,  a tubu la r  m e m b e r ,  is the  t o r q u e  and 
t e n s i o n  c a r r y i n g  m e m b e r  f o r  the  upper  d r a g  b r a c e  whose  two m e m b e r s  a r e  
iden t i ca l  a r m s  fabr i ca ted  a s  a th ree -p iece  tubu la r  f lash-welded const ruct ion  
t o  ach ieve  the  bes t  s t rength-weight -cos t  rat io.  The l o w e r  d r a g  b r a c e  is a l s o  
a n  eff icient  tubular  two-piece f lash-welded construct ion.  Self-aligning 
b e a r i n g s  a r e  provided in each end. 



The  lock  b r a c e  c o n s i s t s  of t h r e e  m a j o r  c o m p o n e n t s :  t h e  s u p p o r t  b e a m ,  
l o w e r  l o c k  b r a c e ,  and u p p e r  l ock  b r a c e .  T h e  s u p p o r t  b e a m  i s  a  "bottle" 
b o r e d  tube.  Two  iden t i ca l  t ens ion  s p r i n g s  a r e  c o n n e c t e d  be tween the  u p p e r  
l ock  b r a c e  and s h o c k  s t r u t  cy l inde r .  T h e s e  s p r i n g s  e a c h  a r e  des igned  t o  
p r o v i d e  suf f ic ien t  f o r c e  to  m a i n t a i n  the  l o c k  b r a c e s  i n  a n  o v e r c e n t e r  pos i t i on  
a g a i n s t  any  t endency  of t he  r e t r a c t  a c t u a t o r  t o  u p l o c k  the  b r a c e s  due  t o  b a c k  
p r e s s u r e  s u r g e s  i n  the hydraul ic  s y s t e m .  

1. 1 . 8 . 2  Nose Landing G e a r  

T h e  shock  s t r u t  i s  a s e m i c  an t i l eve red ,  convent iona l ,  a i r - o i l  p'iston- 
type  of s u c h  d e s i g n  t h a t  the  p a s s a g e  of hydrau l i c  f lu id  t h r o u g h  a n  o r i f i c e  w i l l  
a b s o r b  the  e n e r g y  of i m p a c t  and i n  wh ich  d r y  n i t r o g e n  i s  t h e  e l a s t i c  m e d i u m  
t o  p r o v i d e  the s p r i n g  f o r c e .  I t  w a s  d e t e r m i n e d  t h a t  t h e  o p t i m u m  des ign  
would b e  one wi th  a  13.9 c e n t i m e t e r  (5-  1 /2 i nch )  p i s t o n  d i a m e t e r  and wi th  
the  l o w e r  shock  s t r u t  b e a r i n g s  m o v e d  down a s  c l o s e  t o  the  ax l e  a s  poss ib l e .  
T h i s  conf igura t ion  s igni f icant ly  r educed  t h e  p i s t o n  bending  m o m e n t  and t h e  . 

s h o c k  s t r u t  b e a r i n g  p r e s s u r e s .  

A f loat ing p is ton  s e p a r a t e s  t h e  h y d r a u l i c  f lu id  and  t h e  n i t rogen .  T h e  
f loa t ing  p i s ton  is i n s i d e  the s h o c k  s t r u t  p i s ton  a n d  t h e  n i t r o g e n  i s  conta ined  
in  t h e  c h a m b e r  below t h e  f loa t ing  p i s ton .  An  air v a l v e  i s  l oca t ed  a t  t h e  
bo t tom of the  shock  s t r u t  p i s ton  f o r  p r e s s u r i z i n g  t h i s  c h a m b e r .  A guided 
and  g rooved  m e t e r i n g  p in  is i n c o r p o r a t e d  in  con junc t ion  wi th  a n  o r i f i c e  t o  
a c c o m m o d a t e  e n e r g y  abso rp t ion  r e q u i r e m e n t s .  N o s e  whee l  c e n t e r i n g  wi th in  
f 0 .  2 5  d e g r e e  of c e n t e r  a s  the p i s ton  ex tends  p r i o r  t o  g e a r  r e t r a c t i o n  i s  
p rov ided  by two i n t e r n a l  ma t ing  f a c e  c a m s  o p e r a t e d  by  t h e  load  g e n e r a t e d  by 
the  s t r u t  i n t e r n a l  p r e s s u r e  tending t o  ex tend  t h e  p i s ton .  T h e  u p p e r  c a m  i s  
keyed  t o  t he  p is ton ,  and  the  l o w e r  c a m  is keyed  t o  t h e  cy l inde r .  

T h e  d r a g  b r a c e  inc ludes  t h e  u p p e r  d r a g  b r a c e ,  t h e  l o w e r  d r a g  b r a c e ,  
and  the  s u p p o r t  b e a m  a s  i t s  p r i n c i p a l  m e m b e r s .  T h e  s u p p o r t  b e a m ,  a 
m a c h i n e d  tube,  a c t s  a s  the  t o r q u e - c a r r y i n g  m e m b e r  f o r  t he  u p p e r  d r a g  b r a c e  
w h o s e  two m e m b e r s  c o n s i s t  of i d e n t i c a l  t h r e e - p i e c e  f l a s h  welded  t u b u l a r  
a s s e m b l i e s .  T h e  l o w e r  d r a g  b r a c e  is a l s o  a n  e f f i c i en t  t u b u l a r  des ign  of 
two-piece  f lash-welded  cons t ruc t ion .  

T h e  lock  b r a c e  c o n s i s t s  of t h r e e  m a j o r  c o m p o n e n t s :  t h e  yoke, t h e  
l o w e r  b r a c e ,  and  the  u p p e r  b r a c e .  T h e  yoke  is f a b r i c a t e d  f r o m  a l u m i n u m  
al loy,  whi le  both  b r a c e s  a r e  f a b r i c a t e d  f r o m  high s t r e n g t h  s t ee l .  T h e  yoke  
i s  a s i m p l e  m e m b e r  connec t ing  t h e  lock  b r a c e  l i nkage  to t h e  knee  jo in t  of 
t h e  d r a g  b r a c e .  The  u p p e r  lock  b r a c e  is b a s i c a l l y  a n  I - b e a m  in  s h a p e ,  which  
t e r m i n a t e s  i n  a tube  at one end.  P r o t r u d i n g  f r o m  the  tube  a r e  t h e  lugs  which  
a t tac  h t h e  l inkage  t o  t h e  shock  s t r u t .  Ex tend ing  f r o m  t h e  t u b e  at one  e n d  i s  
t h e  r e t r a c t i o n  a c t u a t o r  s tud wi th  its a s s o c i a t e d  a t t ach ing  h a r d w a r e .  
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0 2  

I 
I 

.- . - 

3 7 

(100) 
2 0 4  



Table 1- 1. Space Shuttle Orbiter Reusable Tankages (Cont) 

I A Item No.  refers to nomenclature No. on Drawing VL72-000091 (Figure  I .  1. 2 in Volume 111). I I A See F ~ g u r a  1 . 1 . 4  in Volume III. I 
A ABES not used In orbital fltghtn.  

.- .- - - 



S t r u c t u r a l  
E l e m e n t  

Xosc r o n e  

R e c o v r r v  s y s -  
tern support 
s t r u c t u r e  

F o r w a r d  
cylinder 

F o r w a r d  t h r u s t  
f i t t ing  

F o r w a r d  c l o s u r e  

C y l l n d r t c a l  body 

ET/SR S a f t  
a t t a c h m e n t  
f rame 

A!t c l o s u r e  

Nozzle  

Aft s k ~ r t  

Type  of 
Cnnot ruc t ian  

Skin-rtrlngrr 

'IUD 

S k t n - s t r l n g e r  

Machlned  l u r g ~ n g  

Machlncd for gin^ 

Shear  spun o r  
r o l l e d  and 
we.dcd pla te  

Machined  i o r g ~ n g  

Machined forging 

Shear s p u n  plate 

Sktn-ntr~nger 

Table 

M a t e r i a l  

2024-T81 
or  T 8 b  

TRD 

2024-181 
o r  T86 

DhAC or 
187' NL 
t n a r a g i n g  

t 
D6AC o r  
18% NI 
rnarag:ng 

4340 

2024-TBl  
o r  T86 

1-2. 

Typ:cal 
Thlckncss  

R a n g e  
c m  (I".  I 

0 181 
( 0  1501 

T 9 D  

0 474 
( 0  1871 

T B D  

0 584 - 1  191 
(0 230-0  4701 

1 193 
( 0  4701 

TBD 

0 58+-1 193 
( 9  230-0 470)  

T R D  

0  254-0. 508 
(0 100--0 200) 

Space Shuttle 

, 
Loading 

Condition 

Max p 

R ~ c a v r r y  

Max q 

Max q 

Flaght 

F11ght 

T Y D  

F l ~ g h t  

F l ight  

Launch 

$~. I , -~ t .or  
I , ,q .r  

ILL. 10 

1-1 .  7 

10 

1 - 6 .  9 ,  

10 

I - b .  9 
I0 

1 - 7  

1 - 7  

1-0 .  9.  
i U 

1 - 7  

1-4  3 .  
10 

1 - 4 .  7 ,  
10 

Drs ;gn  Stode 

Typr o! 

Lead 

Ruck1:ng 

TBD 

? ~ n r : o n  

T e n s ~ o n  

Tension 

Tenslor .  

Rending 

T e n s i o n  

T e n r i a n  

T c n s ~ o n  

Solid Rocket Booster  

~ t r e s s . ~ l r n ~  
u l o 6  (ks:l 

TBD 

TBI) 

275 7 

(401 

344. 7 
(501 

154.) I 
(]:a51 

1144. 1 

(l(r51 

1 B D  

1344 4  

(1951 

T B D  

3%4 7 
( 5 0 )  

O t h e r  

Loading 
C o n d ~ t l o n  

Pre- 
:aunch 

1 

(SRB) 

~ t r u c t u r a ~  
Temp Rang? 

C I 

21 - 176 
( 7 0  - 3501 

21 

1701 

21 - 176 
( 7 0  - 353, 

15  - I 4 8  
(60  - 3001 

15 
160) 

15 
(601 

i l  - l i i l  
(70 - 340)  

! S 
160) 

I5 
[ h i l l  

1 -  
(70  - 35.1' 

f a s t e n e d  

Design 

T y p e  of  
Load 

C o m -  
press:or. 

C o n d ~ t t o n  

5tresp,vf1=- 
x 10" Iksll 

3  

(501 

c , . > > ~ c [ ~ e - . r f ~  

~ y : x c a ~  
St ruc :urn l  

3 0 - n t  

M e c q a r -  

i ca l lv  
f a s t e n e d  

. '' 
L.,.r of 

A s c r m b ! i  

N u  

pi., 

Y e ,  

V P .  

Y e s  

St.? 

Y e 5  

Y', ,  

Na 

No 

F'"~s,>!%? 
:)"<'.qr 

M r c h a n -  

LOT.  O' 
\ ' ~ ' n r ! r  

Xq 

S o  

N> 

N o  

Y c s  

Y e 7  

N o  

Ye, 

No 

No 

fiplpr 

C a . 1  
\a!-. 

- 

- 

- 
v 

r a c h  

S a f e -  
L - f r  

- 

- 

. 

• 

. 

. 

- 

- 
~ c a l l v  



1 3 
N o  

3-1 

3-L 

3 - 3  

3 - 4  

3-5 

3-6  

3-7  

3-8 

3 - 9  

3-!0  

3 -  I I 

3 -12  

3 -  13 

3-14  

3 -  15 

3-16 

3- 17 

St ruc tu-a l  
G l ~ m e n t  

L O Z  tar.k. n o s e  
con? 

LO2 tank .  cylin- 
d r l c a l  nods 

LO2 tank f r a m e .  
Y - :in# 

L O 2  tank .  
bulkhead 

LOZ tank !rarne 
( X T  7 \ 5 1  

I n t e r t a n k ,  s k ~ n !  
s t r l n q e r  

In ter tank .  
f r a m e s  
( 6  places!  

In ter tank .  
f r a m e  (XT 947) 

S R B  t h r u s t  
longeron  

L H Z  tank. fwd 
b.;:khcad 

LFl2 tank f-anre 
( X T  in781 

L H 2  t a n k .  iwd 
cyl lnder  hody 

LH2 t ank .  a f t  
cy l inder  ondy 

LH2 t ank ,  a f t  
bu lkhrad  

F T i o r b l t c r  
a l ta r  h m c n t  
s t r u c t u r e  

LHZ tank. f r a m r  
( X T  2058) 

C o m p r e s s ~ o n  
s t r u t  

External  Tank 

S ~ l c c t : . > n  
: . ~ p . c  

I - :  

: - 7  

1 - 7  

1-7 

. -  . -  

! - h .  3 .  

1: 

1 - 2  1 :  

:-,. ' 2  

: C 

I - * ) .  2 
1 5 

1 - 7  

1 - 7  

- .. - 
1 - 7  

I - :  

_ - ,  

1 - 7  

1 - 7  

. , ? . 1 3  

1 - 3 .  

1 yplcal 
Thicknr5a  

R a n ~ e  
( 1 

0 127-0  330 
(0  0 5 0 - 0  1501 

3  381- 3  436 
( 0  i5C- 0 172)  

0 254-0  381 
( C  130-0  :501 

0. 270-0. j 7 3  
(0  113-0  1471 

0  325-0  386 
( 0  IZR-0 1521 

Ll 254 
( 0  :OOl 

0  127-0  317 
( 0  050-0  1251 

T B D  

TBU 

0 210-0 266 
( 0  083-0  1051 

TBD 

0 330-0 787 
(0  130-0  3101 

0  347 -0 787 
(0  137-0  3101 

0. 210-0 284 
( 0  083-0  112)  

T B D  

0. 254 -1. 27 
( 0  100-0  5001 

0 127 
(0. 050)  

Sys t em 

Stra:!l.ral 
T c ~ p  R a n < p  

- C  ('7) 

- 133 - L l  
( - 2 0  l - 7il: 

- 1 9 5  - 21 
( - 3 2 0  ~- 731 

- 135 - 2.  
( -  3:0 - 701 

- 5  - 1 
( -  320 - 7 3 )  

-17 '  - Zl 
( - 3 2 0  -- 1 0 )  

21 - 1483 
7  - I 

21 - 148 
( 7 0  - 3531 

21 - I4S 
( 7 0  - 3 0 0 )  

- 4 5  - 1 1  
( - 5 3  - 2UC'l 

- 126 - 0 3  
( -  200  - ZOO) 

- L i Z -  2: 
( - 4 ? 3  - 70) 

2 5  - 2 

( - 4 2 5  - 7!1l 

- 2 ; ?  - ; I  
( - 4 2 3  - 731 

- 2 5 2  - LI 
( - 4 2 3  - 7 0 )  

21 - 148 
( 7 0  - 3731 

- 2 5 2  - 21 
( - 4 2 3  - 701 

- 2 5 2  - LI 
( - . I27  - 731 

P D C ~ D ~ P  

0tb.e'- 

i n a d : n g  
C<>ndl!lor. 

kt=\- q 

LIax q 

Max q 

F l ~ q h ?  
l o a d s  

T y p e  of 
C a n r : r u c t ~ o n  

St re tch  ! o r z e d  
3heet  

ilc!led anrl 
r n ~ c h r n e d  shce: 

hiachinrd  rics. 
ro l :  i o r e l n ~  

h lachlnrd  s h e e t .  
s t r e t c h - f o r m e d  

h l ~ c h i n e d  r:ng.  
f o r m e d  w e b  

I n t e g r a l l y  
m a c h l n e d  skin! 
s t r i n g e r ,  r o l l e d -  
f o r m e d  

Machined  
I lanqes .  f o r m e d  
u'e b 

Machined  ring 

Forging 

Machined  s h ~ ~ t .  
s t r e t c h - f o r m e d  

h lachined  -:?g 

Machlned  p la te .  
b r a k e - i o r m e d  

W a c h ~ n e d  ?!ate. 
b r a k e - f o r m e d  

Machined  s h e e t .  
s t r e t c h - f o r m e d  

Tubing. 
mach:n.-d fittings 

Machined  r ing  

Th:n \%al l  tvbe 

3e'.:gv 
r2;1p-o.3c 

Ya.1- 
Sa'c 

~ 

- 

- 

T\pnc*! 
S t rLc:2ra l  
. 0,r.t  

\!v:de:l. 
,-.eci:an. 
:ca.! )  
i a r l e n e d  

;!eldrd 

-. 

\ \ e ldcc :  
nnr! Z P -  

c h a n ~ r r l : y  
f a s t e n e d  

\ \ e . d ~ d  

\Vr3drri 
. ~ ~ - c ) , a ? -  
~ ~ d l l y  
fas tener i  

I % r : d r l  
a n d  m c -  

cl.amcnlli .  
laqre-ned 

%!cchan- 
:L%.:) 

i a s t e n e d  

Xiechan- 
tca l l t  
iastrc*". 

Yq: t r&  

\Ve.dec 

1Vc:dcz: 
an<: 7.e- 
< han;calIy 
!a-,t""e" 

I I r i d r d  

Table 

XIatcnal  

2:Iq-TI.7 

22!q-TSi  

ZLls-T62 

2219-TJ7 

2219-Tb2 

2024-T86 

2024-T62 

2024-T62 

7075-T73 

2219-787 

22;s -TbL 

2219-T8i  

2219-187 

2219-T81 

TI-5AL- 
2 5 Sr. 

2219-T62 

2219-T87 

> 
L i c -  
L ie 

. 

. 

. 

. 

. 

. 
- 

- 

• 

. 
; . . 

• 

. 
• 

. 

. 
- 

Space Shuttle Orb i te r  

- D e 3 ~ g n  h I n d ~  D e ~ l q n  

Type of 
I-oac: 

Bend,?? 

5bedr 

3enrl:zq 

C o m -  

~ r ~ s 5 1 3 r l  

Loading 
Cond:t.on 

Prosi 
t e s t  

C o n d ~ t i o n  

St ress ,Zi i ln2  
x 10(' (ks . )  

344 i 
( 5 0 )  

Lob h 

(301 

T B U  

551 5 
(801 

C=n~ec . ;r - . ce  
:>f 

l o s b  ok 
A s r e , n i l y  

Y e a  

Y e c  

-. . 
Y r s  

Y e  

Yc, 

> r .  

90 

5 s  

, 

> p i  

' . r r  

\ r s  

1 Y r s  

?at:ure 

Lob-  O I  
Vclt:clr 

Yrs 

'ips 

Y c . 3  

Y r s  

' i p s  

S n  

P.:, 

1 

Y > 

?v, 

Y r i  

\ . r s  

? ' r ~  

T y p e  o! 
Load 

T e n s l s n  

, 

., 8 eq 

Y e 5  

Y ,. s 

Y n c  

Nn 

S c r r s s , ~ ~ r a ~  
x l o h  (ks : l  

3.14 7 

(501 

%?i.Ldrrl 

\Ye drt? 

Xlechan- 
tra!Iy 
f a s t e n e d  

Ibelded 
and m e -  
c h a n ~ c a l l )  
f a r t r n e d  

Mechan-  
!ca l l )  
fa ,:enrd 

3.11 7 
(iO! 

3.1.1 7  
(501 

1 Y D  

344 7  
(+PI 

23o S 
130) 

236 a 
(3Cl 

TRL) 

?'BD 

4L7 4  
(621 

TB3 

314 7 
(50)  

34.i 7  

(501 

314. i 
(50)  

689. 4 

( !00)  

I U D  

206. 8 
(301 

U ~ n o f  
les t  

Proof  
t e s t  

Y a y  q 

Proof  
tps t  

hlax q 
post- 
ztagkng 

M a x  q 

post- 
staging 

M a x  r, 

X l a r  q 

De=rb l? -  

I ~ E  

Proof 
t e s t  

Pneuma- 
s ta t  

Pr.cu,?o- 
scat 

P n p ~ n o -  
i t a t  

I t  
loads 

Flight 
loads  

F1:ght 
loads  

Y e ?  

V P S  

Y r r  

Y e s  

S1 

Trr.slon 

?rni:on 

Tension  

T r n s i 3 n  

Cum- 
p r c s s l o n  

C o m -  
p r e a ~ i o n  

8 e ~ d l ~ g  

Tensi?n 

T e n s l a n  

Tens ion  

T r n ~ i o r .  

T r n s i o ~  

T e n s > o n  

T c z s i o n  

Tension 

C o m -  

p r r s n o n  



1. D 
No  

4-1  

- 

4 - 2  

4-3  

4 - 4  

4 - 5  

4 - 6  

4-7  

4 - 8  

4-9  

4 -  10 

4 -  1 1  

4- 12 

4-11  

4-14 

4-15 

4- I6  

4-17 

4-10  

S t r u c h ~ r a I  
E l e m e n t  

F o r w a r d  st11 
longcron  

Af t  r i l l  
longeron  

Side akin p a n e l 9  

Lowcr  sk in  
panels  

Wing c s r r y -  
thru  s k l n  
panels  

C l o v e  f a ~ r i n g  
sknns 

Glove  fairing 
r t b s  

L o w e r  f o r w a r d  
longeron  

I.owrr aft 
longeron  

Wing c a r r y - t h r u  
spar f r a m e s  

Payload ,  g l o v e  
m d  i n t e r m e d i a t e  
frame webs 

P a y l o a d ,  g l o v e  
and  i n t e r m e d ~ a t e  
frame c a p s .  
s t i f f e n e r s  a n d  

tru5ses  

Frame s u p p a r t  
r i b s  

Access  d o o r r  

Fittings 

R r a c k c t r y  

Payload  bay 
l iner  

MLG r u p p o r t  

T y p e  o l  
C o n s t r u c t i o n  

Machined  p l a t e  

Machjncd pla te  
and c o m p o s i t e  
l a y - u p  

Machined  p la te .  
i n t e g r a l l y  
r t i f iened  

Machined  p la t? .  
i n t e g r a l l y  
stiffened 

Machlncd  p la te .  
i n t e g r a l l y  
s t l f fcncd  

F o r m e d  s h e r t *  

E x t r u s ~ o n s  and 
f o r m e d  s h e e t s  

Fxt rusnon 

Machined  p la te  

.L iachtn~d p l a t e s  

Sheets  

E x t r u s i o n s .  
t u b e s  

T u b c s  with end 
f i t t ings  

M a r h ~ n e d  plat*$ 

Mach~nrd  p la tes  
a n d  forg ing-  

F o r m e d  s h r r t s  

Fabric 
l aminat ion  

Machined p la te  

M a t e r i a l  

2024-1851 

T, -6AL-  
4V and 
Boron/  
Epoxy 

2024-7851 

2024-T851 

2024-T851 

2024-781 

2024-T81 
and  T85I  I 

7.024-7851 1 

2024-1R5l 

2021-T851 

2024-T81 

2024-T85l I 

B f ~ l .  tubes  
Ti-6AL-4 V 

2024-T851 

2024-TR5l 
2219-Tb 

2024-762 
or TBI 

PDR-49-1V 

201.1-9851 

Table 1-4.  

Typrca l  
T h t c k n e s s  

Range  
cm (rn. I 

0 279-1 676 
(0. 110-0 660)  

0  317 - 1 143 
( 0  125 -0 4501 

0. 101 - 0  381 
(0 040-0. 1501 

0  101 - 0  381 
( 0  040-0  1501 

0  254-7 6 2  
( 0  100 - 3 0001 

0  081 - 0  635 
(0  032 0  2501 

0  127 
( 3  050)  _ _ _ _ _ _ _ _ _ _ _ _  
0. 254 - 0  317 

(0  100-0  1251 

0  254 - I Z i  
( 0  100-  0  5001 

0  254- '1. 08 
( 0  100- L  0001 

0. 101- 0. 152 
(0. 040- o 0601 

TBD 

Tube4 0. 073  
(0.0291 

0. 101- 0. 381 
(0. U40- 0. 150)  

T  BD 

TUD 

T B D  

0.  2 5 4 - 2  54 
(0. 100-1 .  0001 

Sp ice  Shuttle 

Loading 
Condition 

High q 
boost 

H ~ g h  q 
boos t  

Hiph q 
boost 

T a i l -  
down 
Landing 

T a l l -  
down 
landing 

Hlgll q 
boos t  

H ~ g l ,  q 
boost 

High q 
boost 

High q 
boost 

High q 
boos t  

Landing 

Landing 

Land:nf: 

Landtng 

TBD 

T E D  

T B D  

Landing 

Orb i te r  Mid 

Dcsxpn Modc 

Type o l  
Load 

Com- 
p r e s s i o n  

Com- 
p r c s s i o n  

Com- 
p r r s s i o n  

C l m -  
p r e s s i o n  

l e n s n o n  

T e n s t o n  

3 r n d ~ n g  

T c n c ; o n  

1 enstorb 

R c n d ~ n g  

Shrar 

C o m -  
p r a s s ~ n n  

T r n s ~ o n  

Shear 

T R D  

T R D  

T R D  

Rending 

Other  

Loading 
Conditlun 

T R D  

TBD 

Tal l -down 
1,ndi;lg 

? 5 g  
manruver  

High q 
boost 

2 5 g 
m a n e u v e r  

L a n d ~ n g  

I,and,ne 

l u r n t n g  

Fuselage 

S t r o r r u r a l  
Temp Range 

' C  ( ' F l  

-128 - 162 
( - 2 0 0  - a  3751 

-128 - I62  
( - 2 0 0  - 3251 

- 1 1 2  - 176 
( -170 - 3501 

I 1 2  - 176 
1-170 - 3501 

-170 -- 176 
( - 2 7 5  - 350) 
- 1 1 2  -111 

( - 1 7 0  - 550) 

-112 - 176 
( -170 - 3501 

- 1 1 2  - lh5  
( -170 - 3301 

-112 - I b i  
( - 1 7 0  - 3 3 0 )  

-128 - 176 
( - 2 0 0  - 3501 

1 2 8  -- 176 
( -200 - 3501 

-128 - 176 
(-ZOil - 350) 

- 17.q - 176 
(-200 - 350) 

- 1 21 .- 176 
( - 1 7 0  - 35UI 

T A I )  

T R D  

TRD 

-156 - 07  

( - 2 5 3  - ?OOI 

Strees,N.limL 
x 10' (ks i l  

358 5  
(52  0) 

689. 4 
(100. 01 

241 3  
(35. 3)  

206 8  
(30 0) 

289 5  
(42  0)  

275. 7  
(40  01 

Li5 7  
(40 0)  

32.1 0  
(47. 01 

jL4. 0  
(47 01 

189 5 
(42 01 

137 8  
( 2 0  01 

275 7  
(40 .  01 

103. 4  
(15. 01 

117 2 
(17. 0 )  

T 3 U  

TRD 

T RD 

379. 2 
( 5 5 ,  O l  

Typica l  
S t r u c t u r a l  

Joint 

Mechan-  
! ra l ly  
f a s t e n e d  

I 
M r c h a n -  
lca l lv  
f a s t e n r d  

D r s l p o  

Type  of 
Load 

TBV 

TBD 

Shear  

Shear 

C o m -  
p r e s s l o n  

Uendrng 

Corn- 
p r ~ h s x o n  

T ~ n % ~ n n  

Rendtng 

Condltxnn 

k t r @ s s , N / m 2  
x 10' (ks i l  

TAD 

TBD 

206 8 
(30 Ol 

193 0  

(28  0 )  

289 5 
(42  01 

289. 5  
( 4 2  0 )  

1 0 3  4 
(15.01 

6 8  9 
( I 0  0 )  

379. 2 
(55. 0)  

C 2 n i e q u c n c r  
n f  

L o s s  of 
A ~ s e m b l y  

Y e s  

Y c a  

Y e -  

l p s  

Y e s  

So 

No 

Y P T  

Y r .  

Y r 5  

No 

No 

N n 

SO 

Y 

S n  

No 

Y e r  

ra t lure  

L o s s  oi 
Vellirlv 

Y e 5  

Y e 5  

No 

Y r a  

Nn 

N3 

Yo 

Y C S  

Y P S  

Y r s  

S o  

No 

S o  

No 

No 

so 

Y e 5  

Selec t ton  
Lognc 

1 - 7  

1 - 7  

1 - 6 .  9 .  10 

1 - 7  

1 - 6  9 10 

1 - 4  0 . 1 0  

1-4 .  9 ,  10 

1 - 7  

1 - 7  

I - :  

1 - 4  9 ,  10 

1-2 .  I0  

1 - 3 .  I g  

1 - 3 ,  10 

1-7  

I - I .  .). 1 0  

I - 4 , ' 2 , 1 0  

1 - 7  

.A 

P o + s ~ b l r  

F a:l- 
Safe 

. 

. 

. 
- 

- 

- 

- 

- 

.. 

- 

- 

i ) r c i ~ n  
A p p r o a l l x  

S a l r -  
Lrlr . 

. 

. 

. 
- 
- 

- 
. 
- 

- 

- 

- 

. 
- 

- 

. 



Table 1-4. Space Shuttle Orb i t e r  Mid Fuse l age  (Cont) 

In Depend on  loca t ton  I 

I. D. 
N o .  

4 -  19 

4-20 

4 - 2 1  

4-22 

4 - 2 3  

Struc tura l  
E l r r n c n t  

Payload  bay 
d o o r s ,  sk in  

Payload  b a y  
d o o r s .  
s t r ~ n g ~ r s  

Payload  bay 
~ D O T S ,  f r a m e  
u c';. 

Payload  bay 
doors f r a m e  

c a p  

Payload  bay 
d o o r s ,  hlnqcs  

Tvpe of 
Const ruc t ion  

F o r m e d  .rheetn 

E x t r u s ~ o n s  

F o r m e d  s h e e t s  

E x t r u s i o n s  

Machined plat? 

Material 

2 0 3 - T R h  

2024-T85 

2024-TB6 

2U24-T86 

Tktanlurn 
b A L - 4 \ '  

T y p ~ c a l  
T h i c k n e s s  

Range 
crn ( ~ n .  ) 

0. 0 6 3 - 0  101 
( 0  025-0 .  0401 

0. 053  
(0 0251 

0 304 
(0  1201 

0. 381 
(0  150)  

0. 152 - 0 .  355  
( 0 . 0 6 0 - 0 .  140) 

Des ign  M o d r  

Stre s s%/  
x 1 O d ( k 2  

58 6 
18 5 )  

190. J 
(L7. 71 

279 2 
. (-10, 5 )  

280 8 

(41. bl 

7 9 . 3  
( 1  I. 51 

Looding 
Cond: t~on 

Hich  q 
boost 

High q 
b m s t  

.High q 
h o s t  

Hhgh q 
boost 

H?gh q 
boost 

Othpr I)eslgn Condztion 
Str,Jclural 

T r m p  Range  
' C  ( 'Fl 

-128 - 176 
( - 2 0 0  - 3501 

- 1 z 8  - 
( - 2 0 3  - 3501 

-128 - 176 
( - 2 0 0  - 35U) 

- 1 2 8  - :76 
( - 1 0 0  - ? 5 0 )  

-128 - lib 
( - 2 0 0  - 350) 

T y p e  of 
L o a d  

Shear 

S r n d t n q  

Rendlnq 
+ axial 

Rending 
+ a ~ : a l  

Com- 
p r e s s i o n  

Loading  
Condi tmn 

Door 
open 

St rur tora :  
J m n t  

Mrcha- i -  
ically 
f a s t e n e d  

M ~ c h a n -  
t 

:cal ls  
fas t -nrd  

Type  of 
Load 

R~nding 

S t r e s s ~ l m f  
x lob'1kS1) 

750 

C o n s r q u r n c e  
01 FallUre 

Po..ISIP 
Drslgn ! 

Loss of 
A s s e m b l y  

N3 

Y o  

No 

S n  

\ I ? -  

:.3sr. of 
\'ehirle 

N" 

So 

S a  

S o  

Y r c  

Seic.ctton 
L 3 q l l  

1 - 3 .  : 0  

- 
:-5, 9 ,  I<) 

1 - 5 .  Q ,  ! ( I  

I - 5 , ' 1 ,  : r )  

1 - 7  

Fall- 
Saic 

- 

- 

- 

- 

S a f r -  
l.lfe 

-. 

- 

- 

- 

. 



L D 
No - 

5-1  

5 - 2  

5-3  

5 - 4  

5 - 5  

5 - 6  

5-7 

5 - 8  

5 - 9  

5 - 1 0  

5- 1 1  

5-1 2 

5 -  11  

5- 14 

5-15  

5-16  

5 - 1 7  

5 - 1 8  

S t r u c t u r a l  
F lcrnenr  

Skln 

S t r i n g e r s  

Spar caps 

Rib caps 

R i b  E h l F  t u b e s  

R i b  EM!' tube  
f i t t tngs  

R l h / . k ~ n  shear 
c h a n n r l s  

S p a r / r i b  s p l i c e  

F l p v o n  w e b  

Elevor. web 
s t i f f e n e r s  

Acce.9 door. 

\Ving f u s e l a g e  
a t t a c h m e n t  

Hinge f r t t lnga  

Actua tor  f i t t i n g s  

F l e v o n  s k i n s  

Type of 
Cons t ruc t ion  

Formed sheet  

F o r m e d  ~ h e p t +  

Formed s h e e t s  

Formtad q>;eet* 

Tubing 

Machined p la te  

Formed phcet 

F o r m e d  s h e e t  

Formed s h r e t  

Formed s h e e t  

M a c h i n e l  plat? 

hlachined p la te  

Marhined  p la te  

Mdchinrd  p l a l ~  

----- 
Iloncycomb 
panels  

~ -- -- 

, 
h l a t e r ~ a l  

2024-T81 

21114-T81 

2024-781 

2024-181 

2024-TRI 

2124-T851 

2024-701 

2024-781 

T l t a n ~ c m  
SAL-6V-  
2 Sn 

T t t a n i u m  
6 A L - 6 V -  
Z Sn 

21 24-T851 

21.24-TR51 

T ~ t a n i u m  
6 h L - b V -  
2 Sn 

' t l t a n l u m  
6Al.-6V- 
2  Sn 

T i t a n i u m  
6 A L - 6 V -  
2 S" 

1 L  

Table 

T y p ~ r a l  
T h x r k n r s s  

Range  
c m  ( i n  ) 

0 101- 0  254 
(0. 040- 0. 100) 

0. 050 - 0. 254 
( 0 . 0 2 0 - 0 .  100) 

0. 101- 0. 177 
(0. 040 - 0. 070) 

0. 101-  0. 254 
(0. 040-  0. 100) 

0. 101 - 0  203 
(0 040 - 0.  0801 

1. 27 - 11. 43 
(0. 500 - 4. 50)  

0. I01 - 0. 177 
(0. 040 - 0. 0701 

0. 254- 0. h35 
(0. 100 - 0. 2501 

0  101 - 0. 177 
(0. 040 - 0. 070) 

O.  I27 - 0. 203 
(0. 050- 0. OR01 

0  254 - 0. 635 
(0. I00 - 0. 250) 

0. 254 - 5. 00 
19 100- 2 00)  

I 27 - 10 16 
(0. 500- 4 00)  

1. 27 - 10 16 
(0. 500 - 4 00) 

0. 025-  0. 040 
(0. 010- 0. U l h )  

1-5. Space 

Srlrcrlon 
I . n g ~ c  

1-7 

1-5 ,q , lU 

I - 3 , 9 , 1 0  

I - j , q , l O  

I - j , Q , l C  

1 - 5 . 0  l o  

1-5 .9 .10  

I - i .Y.10  

1 1 . ' 1 . 1 0  

I -: 

1-5 ."  I0 

1 - 7  

1 7  

1-7 

1-7 

L o a d ~ n g  
Condition 

Deslgn Mode 

Type of 
Load 

C o m -  
p r e s s i o n  

Com- 
p r e s s i o n  

Tens ion  

T e n s i o n  

C n m -  
pressxon 

Cnm- 
p r e s s l o n  

Tension  

T e n q i l n  

%ear 

Tension 

Com- 
p r e s s ~ o n  

Tens ion  

Tens ion  

Corn- 
p r r s r i o n  

T e n s i o n  

High 

H:gh 

St ress ,Nlm2 
x l o 6  (k.il) 

L53 0  
(96 7 )  

L53. 0  
(3b. 71 

253. 0  
(36. 71 

253. 0  
(36. 71 

253. 0  
I36 71 

253. 0  
(36. 71 

253. 0  
(36.  71 

253. 0  
(36 71 

TBD 

620. 5  
(90. 0)  

253 0  
(36. 71 

253. 0  
(36 71 

620 5  
190. n) 

6L0. 5 
(90 Ul 

620. 5 
(90. 01 

Shuttle Orbi ter  W i n g  

q 

q 

S t r u c t u r a l  
T r m p  R a n e e  
.<: 1.F) 

-128 - 1 7 6  
( -  200 - 350) 

1 2 8  - l i b  
(-LOO- 350) 

-128 - 1 7 6  
( -200-  3501 

- l L 8  - 1 7 6  
( -200 - 3 5 0 )  

- 125- 176 
( -200 - 3 5 0 )  

- 1  28 -176 
( -200-3501 

- 1 3 3 - 1 7 4  
( -200-  3501 

- I L R  -- 170 
1-LOO-3501 

I ? R  - 4 L h  
( -200 - RUO)  

-128-4.lb 
( - 2 0 0  -3001  

- 1 2 6 -  l:b 
( -200 - 350) 

- I  LB - 176 
( - ? a n  - 35Cl) 

- 128 -421, 
(-2C0 -800l  

-12R -426 
( -200-8001 

- 1  26 -426 
( - 2 0 0  - 8 r n )  

C O " ~ P ~ ~ , C " C P  
'" 

L a s s  nf 
A . ~ e r r . b l v  

Yes 

No 

No 

No 

Nu 

No 

N o  

Ne 

>!o 

Y c  

S n  

Y P C  

Y r r  

Y r s  

Y e s  

I 

O t h e r  

Loading 
Condi l lon  

Head wind 

I lead  wind 

Head wind 

l l c s d  wind 

t i c a r l  wind 

Head w m d  

I l r a d  \ \ lnd  

H e a d  u,ins' 

Head w n d  

I 

I.,>s- o f  

V r h ~ r l c  

Y r s  

U 

No 

N o  

No 

Un 

No 

S o  

No 

Y r +  

31 

Y e s  

Y v s  

Y r g  

Y P F  

- 

PO 3 b l !>I ', 

A ~ p r n a r n  

k a r l -  
Safe 

• 

- -  

- 

- 

- 

- 

- 

- 

- 

- 

- 

Design 

T y p r  of 
Load 

Tens ion  

Tens ton  

Tens ion  

T r n s t o n  

T ~ n s r o n  

Cam- 
p r r s s l o n  

Com- 
p r r r s i o n  

Tpns ion  

C o m -  
pt rs . ior  

T,,,CaI 
5tructk;ral 

Jo ln t  

h lechan-  
ica l iy  

r)e .c lFr 

S a f e  
i : i c  - 

- 

- 

- 

- 

- 

- 

- 

- 

. 

Condillon 

St ress ,N/rnL 
x ' l o h  ( k r t )  

196. 5  
(28, 5 )  

196. 5  
(28. 5) 

253. 0  
(36. 71 

253 0  
(36 71 

253. 0  
(36. 7 )  

5 3 . 0  
(36 71 

bLO. 5 
(90 0 )  

620 5  
(?O 01 

620. 5  
(90. 0 1  

f a s t e n e d  

! 
M r c h a n -  
 call) 
f a s l r n c l  

B r a r e d  
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Table 1 - 7 .  Space Shuttle Orbiter Aft Fuselage fCont\ 

I 
"pica! 

Thirknrss  , 
D r s > g n  lvIodr Other  i ) e s lgn  Condltlon 

Structu-r l  
1 D Structural  T y p c  oi  R~~~~ Load>ng T!ye of t r e s  N n' L33ti lng Tvpr of S iras  h'lmz Tcrnp 
No Elernrnt ~ ~ t t o  h,atertal ern ( ~ n  ) C o n d ~ t ~ o n  I Load 10'. c<,?..,t,<,"I L ..ti I loa . c  , . F ,  i 

- 

support 

support  
b e a m  w e b  

support 
b e a m  cans 

hlachlaad plate T I - i A L - 4 V  

I 

For-.ed s h e e t  T I - h A L - 4 V  

I I I 1 I I I I I ' 1 I 
7 - 1 s  ?!arust-hoist Diffusion T , - h A l . - 4 \ '  1 90- 2 54  Engine T e n s r o n  241 3--620 5 - 19b  - 170  l ? e c h a n -  

flttlng bonded ( 0 .  75- I. 09) oc l  or  c o m -  ( 3 5  - 001 I - l o n  - 3501 i c a l l y  



Table 1-8. Space Shuttle Orb i t e r  Vert ical  Stabi l izer  
and Rudder 

I 

I. D 
Nn. 

8- 1 

8 - 2  

8 - 3  

8 - 4  

8 - 5  

- 
8 - 6  

R-7 

8 - 8  

8 - 9  

R -  10 

8 - 1 1  

8- 12 

8- 13 

8 - 1 4  

S t r u c t u r a l  
E l e m e n t  

5kin 

S t r i n g e r s  

N o s e  r i b s  

R i b s  

5par  c a p s  

Spar web 

Rubber  a c t u a t o r 1  
h inge  f i t t ing  

F u s e l a g e  
a t t a c h m e n t  
p l a t e  

S t r i n g e r s  

D r a g  chute  
frame 

Honcycornh 
panel 3 

Rudder  r i b s  

Rudder  f r o n t  
spar  

Rudder  r e a r  
s p a r  

T y p e  o f  
C o n s t r u c t i o n  

F o r m e d  s h e e t  

Formed s h e e t  

Formed sheet 

F o r m e d  s h e e t  

E x t r u s i o n s  

F o r m e d  s h e e t  

Machined  p l a t e  

Machined p l a t e  

E x t r u s i o n s  

Machined p l a t e  

Adhesive bondrd  
a k i n l c o r c  

F'orrnrd r h e e t  

E x t r u s i o n  

F o r r n r d  q h r r t  

Material 

2024-Tab 
o r  T 6 2  

2024-TB6 
or T 6 2  

2024-T8b 
or T b 2  

2024-T86 
or  T b 2  

2024-7851 

2024-T86 
o r  T 6 2  

2124-TR51 

2124-T851 

2024-TR511 

2124-1851 

2024-T86 
a r  T62 

2024-T8b 
o r  T62 

2024-T851 1 

2024-TR6 
or T6Z 

Typica l  
T h ~ r k n c r s  

Range  
c m  (in. 1 

0. 025-0  317 
(0. 010-0. 1251 

0. 050-0. 254 
(0. 020-0. 100)  

0. 050-0  177 
(0. 020-0. 070)  

0. 050-0. 482 
(0 020-0. 1901 

0  152-1 27 
(0  0 6 0 - 0  5001 

0 050-0. 381 
(0. 020-0 .  1501 

0. 152-5  0 8  
(0 060-2 001 

0. 152-4. 572. 
(0.  060- I ,  8 0 )  

0. 050-0  177 
(0. 020-0. 0701 

T B D  

0.  0 1 0 - 0  101 
(0. 016-0. 040)  

0  050-0 .  4 8 2  
(0.  020-0  190) 

0. 152-0. 317 
(0  060-0  125)  

0. 050-0. 228 
(0. 020-0  090)  

O t h e r  

Loading  
C o n d i t ~ o n  

E n t r y  
g l i d e  back  
Y 1 0 . 9  

E n t r y  
glide back 
M = O . 9  

E n t r y  
g l ide  back  
&I ; 0. 9  

A p p r o a c h  
a n d  
landing  

E n t r y  
g l l d r  back 
M = 0. Q 

E n t r y  
g l i d e  Sack 
M = 0 9 

I 
E n t r y  
~ l l l c  back 
M - 0 9 

S t r i c t u r a l  
T e m p  F(ange 

' C  ('FI 

- 1 O l t o 1 7 6  
( -  150 to 350) 

t 
-101 to 176 

( - 1  50 to 750)  

~ t r e s s , ~ l m ~  
x lob ( k ~ i l  

330 .9  
(48  01 

330. 9  
(48 0 )  

406. 7 
(59 01 

330 9  
(48. 01 

I'UD 

224 0  
0 2 .  51 

TBD 

206. H 

(30 01 

330. 9  
(48  01 

TUD 

330 9 
(48 0  
22.1. 0  
(32. 51 

330 9 
I i H  01 
22.1. 0 
(32 5 )  

Loading 
C o n d ~ t i o n  

F n t r y  
g l ide  back  
Y z 0 . 9  

E n t r y  
g l i d r  back  
M = O . 9  -------------- 
M a x  q 
boos t  

E n t r y  
g l ide  back  
M . 0  Y 

E n t r y  
g l ide  back  
M = 0  9 

E n t r y  
g l ide  back 
M Z O . 9  

Approach  
a n d  
landing 

E n t r y  
g l ~ d e  back 
M = O . Y  

E n t r y  
g l i d e  back 
M . O . 9  

Landing 
chute  
deployed 

Approach  
a n d  
landing  

t 
Approach 
a n d  
landtng  

Destgn Mode 

Type  a! 
L o a d  

Corn- 
p r e s s l o "  

C o m -  
presszon 

C o m -  
pressLon 

C o m -  
p r e s s i o n  

Tension 

Shear  

T r n s ~ o n  

T r n s l n n  

Com- 
p r e s n i a c  

T R D  

C o m -  
p r e s 5 l o n  
s h e a r  

t 
C o n -  
p r e s s t o n  
s h e a r  

Des ign  

Type  of 
L o a d  

=.ear 

Shear  

Corn- 
p r e s s i o n  
s h e a r  

B e a r ~ n g  
s h r a r  

C o m -  
p r e s s r o n  
shrar 

Cnrn- 
p r e s s l o n  
s h e a r  

t 
Corn- 
p r e s s i o n  
n h e ~ r  

Typical 
St ruc t r ; ra l  

Jomt  

M r c h a n -  
rcally 
f a s t e n e d  

t 

Mrchan-  
lca l ly  
f a 5 t r n r d  

A d h r s l v r  
bond and 
n:echan- 
:csllv 
fas tened  

h lechan-  
ica l ly  
fastcnerl 

M ~ c h a n -  
lca l ly  
f a s t e n e d  

Mrchan-  
 call) 
f a s t r n e d  

Condition 

S t r e s = , S 1 d  
x lOb ( k s ~ l  

224.0  
(32. 51 

224. 0  
(32.51 

330. J 
(48  0  

224. 0  
(32. 5 )  

TBU 

330. 9 
(48. 01 
224. 0  
(32. 51 

330.  Q 

149 0 1  
224 0 
112. 5 1  

I 
330. q 

148 O I  
224. O 
(32. 51 

C o n s c q u r n c c  

. 
L o s s  o f  

Assembly 

Y p s  

N o  

No 
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1 . 2  CRITICAL P A R T  SLLECTIGN LOGIC 

S o n ~ e t i r n e s  i t  i s  c o n v e n i e n t  t o  u s e  a  s e l e c t i o n  log ic  d i a g r a m  to e v a l u a t e  

t h e  c r i t i c a l i t y  of a g i v r n  s t r u c t u r a l  e l e m e n t .  T h e  s e l e c t i o n  l o g i c  d i a g r a m  
u s e d  f o r  t h i s  s t u d y  i s  p r e s e n t e t l  in F i g u r e  1 - 1 .  The  c r i t i c a l i t y  o f  a g i v e n  
p a r t  is g e n e r a l l y  evaluatecl  by fo l lowing  t h r o u g h  o n e  of t h e  s i x  p o s s i b l e  
s c r e e n i n g  p a t h s .  T h r s e  f l o w  p a t h s  a r e  i l l u s t r a t e d  i n  t h e  f o l l o w i n ~ :  

:I:Alte r n a t e  p a t h  

T h e  s e q u e n c e  of s t e p s  ou t l ined  in  e a c h  flo\v p a t h  i s  no t  a  ri.gid r e q u i r e m e n t  
f o r  a p p l i c a t i o n  of t h i s  f low d i a g r a m ,  bu t  i t  i s  suggc,st  ctl that  t h c ~ s c ~  would  
b e  t h e  n a t u r a l  s t e p s  and  s e q u e n c e s  w h e n  t h e  s u b j e c t  d i a g r a m  i s  be ing  
e m p l o y e d .  

P r i o r  t o  showing  how tu a p p l y  t h e  C r i t i c a l  P a r t  S e l e c t i o n  l o g i c  d i a g r a m ,  
i t  .is n e c e s s a r y  t o  d i s c u s s  t h e  r a t i o n a l e  and t h r  s i g n i f i c a n c e  of t h e  i n t e r -  
m e d i a t e  s t e p s  ou t l ined  i n  t h e  f l u w  d i a g r a m .  S t e p s  1,  2 ,  and  3 a r e  s e l f -  
e x p l a n a t o r y .  O t h e r  s t e p s  a r e  d i s c u s s e d  i n  t h e  fo l lowing  p a r a g r a p h s .  

1. 2 .  1 L o s s  of A s s e m b l v  (Stew 4) 

A  s t r u c t u r a l  e l e m e n t ,  o r  a  p a r t ,  i s  a  s i n g l e  item s u c h  a s  t h o s e  l i s t e d  
i n  T a b l e s  1-  1  t o  1-9 .  A n  a s s e m h l y  i s  c o n s i d e r e d  t o  b e  a  b u i l t - u p  s t r u c t u r e  
w h i c h  f u n c t i o n s  a s  a  s i n g l e  u n i t  i n  t h e  Shu t t l e  v e h i c l e  s y s t e m .  T h e  e x t e r n a l  

t a n k ,  t h e  s o l i d  r o c k e t  b o o s t e r ,  a n d  t h e  n o s e  o r  m a i n  l a n d i n g  g e a r s  a r e  
o b v i o u s  e x a m p l e s .  J u s t  f o r  c o n v e n i e n c e ,  a n  a s s e m b l y  is r e g a r d e d  t o  b e  t h e  
s t r u c t u r a l  s e c t i o n s  o r  c o m p o n e n t s  e n t i t l e d  i n  T a b l e s  1- 1  t o  1 -9 ,  e x c e p t  t h a t  
t h e  n o s e  l a n d i n g  g e a r  and  t h e  m a i n  l and ing  g e a r  a r e  c o n s i d e r e d  t o  h e  s e p a r a t e  
a s s e m b l i e s .  T h e  p r e s s u r e  v e s s e l s  i n s i d e  the  o r b i t e r  a r c  o t h e r  e x c e p t i o n s  
b e c a u s e  e a c h  of t h e s e  p r e s s u r e  v e s s e l s  a c t s  as a  s i n g l e  s t r u c t u r a l  e l e m e n t  
a s  well '  a s  a n  i n d i v i d u a l  s t r u c t u r a l  a s s e n l b l y .  
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1. 2. 2 L o s s  of Vehic le  (S tep  6)  

The  i m p a c t  on s t r u c t u r a l  i n t e g r i t y  b e c a u s e  of f a i l u r e  of a  s ing le  
s t r u c t u r a l  e l e m e n t  and  the  subsequen t  e f fec t  c a u s e d  by f a i l u r e  of a  s t r u c t u r a l  
a s s e m b l y  depends  l a r g e l y  on the  n a t u r e  of the f a i l u r e  m o d e  and s o m e t i m e s  
on eng inee r ing  judgment .  A s  a r u l e  of thumb,  f a i l u r e  of a p r i m a r y  s t r u c t u r e  
( e .  g . ,  a  sk in  pane l  o r  a  l onge ron) ,  any exp los ive  type of f a i l u r e ,  o r  f a i l u r e  
of anything t h a t  would r e s u l t  i n  l o s s  of the wing o r  a  landing g e a r  a r e  con-  
s i d e r e d  d e t r i m e n t a l  t o  f l igh t  s a fe ty  (wi l l  c a u s e  l o s s  of veh ic l e ) .  E x c e p t  f o r  
the landing g e a r s ,  s t r u c t u r a l  a s s e m b l i e s  tha t  f a i l  in  the ground p h a s e s  
( a f t e r  touchdown and du r ing  ro l lou t )  of a flight migh t  b e  c o n s i d e r e d  non- 
d e t r i m e n t a l  t o  f l ight  s a fe ty  (wi l l  not c a u s e  l o s s  of veh ic l e ) .  

1 .2.3 Redundant  M e m b e r  o r  Mult i load P a t h  (S tep  5) 

T h e  p u r p o s e  of the C r i t i c a l  P a r t  Select ion logic  d i a g r a m  i s  t o  aid t h e  
d e s i g n e r  in  e a s i l y  ident i fying t h e  c r i t i c a l i t y  of a  given s t r u c t u r a l  e l e m e n t  
without  doing any  ca l cu la t ions  o r  a n a l y s i s  up to  S tep  7 or , a l t e rna t ive ly ,  
S tep  10, a s  t he  c a s e  m i g h t  b e .  Fol lowing Step 4,  an  i d e a  i s  supplemented  
by Steps  5 and 9 .  T h e  i d e a  i m p l i e s  t he  following: F a i l u r e  of a  s ing le  
s t r u c t u r a l  e l e m e n t  m a y  not i m m e d i a t e l y  c a u s e  c a t a s t r o p h i c  f a i l u r e  of the 
e n t i r e  s ec t ion  of the s t r u c t u r e .  Redundant  m e m h e  r s  or mul t i load  pa ths  (if 
t h e r e  a r e  a n y )  ad j acen t  to  the  fa i led  m e m b e r  usua l ly  hold the loca l  s ec t ion  
of the s t r u c t u r e  t o g e t h e r  a n d  thus  t e m p o r a r i l y  ma in t a in  the  in t eg r i t y  of t he  
a s s e m b l y .  Howeve r ,  the  fai led m e m b e  r  should b e  de t ec t ab le  and r e p a i r a b l e ;  
o the rwi se ,  c a t a s t r o p h i c  f a i l u r e  of the  a s s e m b l y  migh t  s t i l l  o c c u r  i n  the 
subsequen t  m i s s i o n s .  It should be  noted tha t ,  unl ike the convent iona l  concep t  
of f a i l - s a f e  des ign ,  redundant  m e m b e r s  a r e  not r e g a r d e d  a s  f a i l - s a fe  
s t r u c t u r e  h e r e .  Whe the r  o r  not  a  g iven  s t r u c t u r a l  component  be  f a i l - s a fe ,  
i t  i s  n e c e s s a r y  t o  conduc t  a  f a i l - s a f e  a n a l y s i s  on the  p a r t  and p r o v e  tha t  t he  
p a r t  m e e t s  f a i l - s a f e  r e q u i r e m e n t s .  T h e r e f o r e ,  i n  t h i s  s t e p  the  redundancy  
of a g iven  s t r u c t u r e  woiild be  so l e ly  judged by i t s  b a s i c  s t r u c t u r a l  a r r a n g e -  
m e n t s .  A t r u s s  m e m b e r  in  t he  wing box o r  s t r i n g e r s  connec ted  with s p l i c e s  
and f r a m e s  o r  s o m e t i m e s  the e x t r a  p i ece  of hinge f i t t ings ,  e t c .  , a r e  t yp ica l  
e x a m p l e s .  T h e  concep t  of f a i l - s a f e  w i l l  be d i s c u s s e d  i n  m o r e  dep th  i n  
l a t e r  s e c t i o n s .  

1. 2 . 4  A c c e s s i b i l i t y  R e q u i r e m e n t s  (S tep  9 )  

I t  i s  o b s e r v a b l e  i n  t he  s e l e c t i o n  logic d i a g r a m  t h a t  the  i m p o r t a n c e  of 
the  a c c e s s i b i l i t y  r e q u i r e m e n t  h a s  b e e n  e m p h a s i z e d  a  g r e a t  deal. I t  i m p l i e s  
t ha t  a l l  t h e  s t r u c t u r a l  e l e m e n t s  should b e  a c c e s s i b l e .  R e g a r d l e s s  of the  

consequence  of f a i l u r e  (w i l l  o r  w i l l  not  c a u s e  l o s s  of vehic le ) ,  a  redundant  
e l e m e n t  o r  a n  e l e m e n t  wh ich  i s  intent ional ly des igned  f o r  f a i l - s a f e  w i l l  not  be  
ca l l ed  redundant  o r  f a i l -  s a f e  u n l e s s  i t  i s  a c c e s s i b l e  f o r  inspec t ion ,  r e p l a c e -  

m e n t ,  o r  r e p a i r .  



1. 2.  5 Evalua t ion  of Po ten t i a l l y  F r a c t u r e - C  r i t i c a l  P a r t s  (Step 7 )  
-- -- .- 

By going through the  s c r e e n i n g  ope ra t ions  s t a r t i ng  f r o m  Step 1 to S tep  6 
( o r  a l t e r n a t i v e l y  S tep  Y ) ,  a  g iven  s t r u c t u r a l  e l e m e n t  wi l l  be ident i f ied  as: 

1. Noncr i t i ca l  p a r t  (S tep  lo ) ,  o r  

2. Po ten t i a l l y  f  r a c t u r e - c r i t i c a l  p a r t  (Step 7) 

T h e  consequences  of t h e  t h r e e  p o s s i b i l i t i e s  t ha t  a  s t r u c t u r a l  e l e m e n t  m i g h t  
be  f r a c t u r e - c  r i t i c a l  a r e  a s  fol lows:  . 

1. F a i l u r e  of t h e e l e m e n t w i l l c a u s e  l o s s  of a  sec t ion  uf the s t r u c t u r e  
( o r  so -ca l l ed  a s s e m b l y )  and subsequent ly  c a u s e  l o s s  of the vehic le .  

2 .  F a i l u r e  of the e l e m e n t  wi l l  c a u s e  l o s s  of the a s s e n ~ b l y  but m a y  not  

c a u s e  l o s s  of the vehic le .  T h i s  e l e m e n t  i s  n e i t h e r  r e p a i r a b l e  
n o r  r ep l aceab le .  

3 .  F a i l u r e  of the  e l e m e n t  would n o r m a l l y  c a u s e  l o s s  of the  a s s e m b l y .  
T h i s  e l e m e n t  i s  a  m e m b e r  of a  redundant  s t r u c t u r a l  s y s t e m .  
However ,  t h i s  e l e m e n t  i s  n e i t h e r  inspec tab le ,  r e p a i r a b l e ,  n o r  
r ep l aceab le .  

P r e s u m a b l y  t h e s e  s t r u c t u r a l  e l e m e n t s  have  a l r e a d y  bcen s i zed  t o  m e e t  s t a t i c  
and fa t igue  r e q u i r e m e n t s  a s  ind ica ted  in  S tep  1 ;  in Step 7, the ac tua l  d e g r e e  

o f  c r i t i c a l i t y  would b e  eva lua ted  by f r a c t u r e  m e c h a n i c s  a n a l y s i s .  T h e  r e s u l t  

of f r a c t u r e  m e c h a n i c s  a n a l y s i s  d e t e r m i n e s  and c a t e g o r i z e s  t he  p a r t  t o  h e  
e i t h e r :  

1. Nonf r a c t u r e - c r i t i c a l  ( o r  ca l l ed  the  f r ac tu re -con t ro l l ed  p a r t ,  
S tep  8a )  

2 .  F r a c t u r e - c  r i t i c a l  (S t ep  8b ) ,  o r  

3 .  Unacceptable  (S tep  8 c )  

H e r e  the  f r a c t u r e - c o n t r o l l e d  p a r t s  in  S tep  8 a  a r e  bas i ca l ly  the s a m e  a s  t h o s e  
n o n c r i t i c a l  p a r t s  i n  S tep  10. T h e  only d i f f e r ence  i s  tha t  t he  p a r t s  in  S tep  8 a  
a r e  c o n s i d e r e d  to b e  po ten t i a l l y  c r i t i c a l ,  but i t  ha s  been p r o v e n  by a n a l y s i s  
t h a t  t h e  p a r t s  wil l  m e e t  the  r e s i d u a l  s t r e n g t h  and longevi ty ( s a f e  c r a c k  g rowth )  
d e s i g n  r e q u i r e m e n t s .  

F r a c t u r e - c r i t i c a l  p a r t s  a r e  t hose  not  obviously accep tab le  o r  r e j e c t a b l e  
p a r t s .  Rigid f r a c t u r e  c o n t r o l  p r o c e d u r e s  a r e  r equ i r ed  f o r  t h e s e  p a r t s .  
P r o c u r i n g  upgraded  al loy,  reducing  des ign  s t r e s s  l eve l s ,  applying s t r e ;  s  
i n t e n s i t y  reduct ion  m e t h o d s ,  r e - e  s tah l i sh ing  r e l i ab l e  inspec t ion  i n t e r v a l s ,  



o r  c o m p r o m i s i n g  for s h o r t e r  safe- l i fe  per iod ,  e t c . ,  a r e  c o m m o n l y  u s a b l e  
- f r a c t u r e  con t ro l  methods .  In s o m e  c a s e s ,  e spec ia l ly  f o r  p a r t s  t h a t  have  
been chosen t o  i n c o r p o r a t e  with r e s i z ing  o r  employment  of c r a c k  s t o p p e r s ,  
t h e s e  p a r t s  a r e  e s sen t i a l ly  redes igned and no longer  f r a c t u r e - c r i t i c a l .  

1. 2. 6 C r i t i c a l  P a r t  Select ion Logic Application E x a m p l e s  

A f t e r  examinat ion  of the g e o m e t r y  and loading condition and c o n s i d e r a -  
t ion of the poss ib le  f a i lu re  m o d e s  applicable t o  the p a r t  and the  r a t iona le  
( j u s t  d i scussed  in' the  p rev ious  sec t ions) ,  the  se lec t ion  logic d i a g r a m  c a n  
be used  to  d e t e r m i n e  whe the r  a given p a r t  is potential ly f r a c t u r e - c r i t i c a l  
o r  nonf rac tu re  c r i t i c a l .  E a c h  s t r u c t u r a l  e l ement  l i s ted  in  T a b l e s  1-1 t o  1-9 
w a s  evaluated and the  logic se lec t ions  w e r e  determined.  The r e s u l t s  are 
a l s o  l i s ted  i n  Tab1e.s 1- 1 to  1-9. 

The following e x a m p l e s  a r e  typica l  of those  elucidated by the  s e l e c t i o n  logic. 

1. E l e m e n t  No. 2-4, F o r w a r d  T h r u s t  Fitting. F a i l u r e  of t h e  f i t t ing 
wi l l  c a u s e  l o s s  of the  SRB. However, under  n o r m a l  c i r c u m s t a n c e s  
the  SRB wi l l  probably be dropped f r o m  the  Shutt le  s y s t e m  and 
leave  the  Shuttle o r b i t e r  unharmed .  There fo re ,  the  s e l e c t i o n  
pa th  would b e  Steps 1 to  6, then 9 and 10. 

2. E l e m e n t  No. 3-2, LO2 Tank Cyl indr ica l  Body. Explos ive  f a i l u r e  
of the  liquid oxygen tank wi l l  c a u s e  l o s s  of the  e n t i r e  e x t e r n a l  
tank s y s t e m  and a l s o  damage  the  Shuttle o r b i t e r .  The r e f o r e ,  the  

se lec t ion  path  would b e  Steps  1 to  7. 

3. E l e m e n t  No. 4-5, Wing C a r r y -  Through Skin Pane l .  Whe the r  
f a i l u r e  of t h i s  skin panel  wi l l  o r  wi l l  not c a u s e  l o s s  of the  e n t i r e  
mid- fuse lage  sect ion,  it ce r t a in ly  will c a u s e  l o s s  of the  wing. 
However,  s ince  the  tens ion load only o c c u r s  at the  landing p h a s e  
of the miss ion ,  i t  can  b e  a s s u m e d  t h a t  f a i l u r e  of th is  e l e m e n t  is 
to lerable .  The se lec t ion  path  would b e  Steps 1 t o  6, thkn 9 and 10. 

4. E l e m e n t  No. 4- 10, Wing Car ry -Through  S p a r  F r a m e s .  Again, 
f a i l u r e  of th i s  e l ement  wi l l  c a u s e  l o s s  of the  wing. In t h i s  c a s e ,  
the bending loads  o c c u r  a t  both the boost and m a n e u v e r  p h a s e s  of 
the  miss ion .  There fo re ,  it is potentially f r a c t u r e - c r i t i c a l  
( se lec t ion  path Steps 1 t o  7).  

5. E l e m e n t  No. . 5 - 5 ,  Rib E M F  Tubes. Since t h e s e  tubes  f o r m  a 
redundant  t r u s s  m e m b e r  s y s t e m ,  the  se lec t ion  pa th  would b e  
Steps  1 t o  5, then Steps 9 and 10. 



( Note that the logic of selections have been based on the assumptions that 
a c c e s s e s  f o r  inspection, repair, o r  replacement were  adequately provided 
f o r  a l l  the structural e lements  l isted.  It i s  realized that alternate selection 
paths should be used on some e lements  for  which access problems are  
identified. 



2.0  FRACTURE CONTROL METHODS 

Frac tu re  control  methods can be  grouped under two general  conceptual 
approaches: 

1. Take al l  reasonable measu res  to  prevent the occur rence  o r  
initiation of crack-l ike defects. 

2. Establish design configurations, inspection requirements ,  etc. , 
to ensure  that  any such defects will be  detected and removed o r  
repaired before they cause  catastrophic fa i lure  during operational 
service.  

Figure  2 - 1  is a d iagram of major  elements which might be  involved in 
an overall  f r ac tu re  control  program. This  diagram i l lus t ra tes  t he  re la t ion-  
ship and interaction between technical and functional activities in the  appli- 
cation of basic f rac ture  control  methods. 

Approaches under the f i r s t  category generally re la te  to prevention of 
c r acks  f rom mechanical, chemical,  o r  combined mechanical and chemical  
causes .  The methods do not requi re  application of f r ac tu re  mechanics 
technology because, by definition, no crack-l ike flaws a r e  assumed to  b e  
present.  The methods a r e  essentially concerned with the fatigue l ife of a 
s t ruc tura l  element. Two major  a r e a s  of interest  a r e  involved. 

1. Design and i t s  impact on fatigue life assurance  

2 .  The ro l e  of mater ia l  processing and manufacturing procedures  on 
prevention of crack-l ike defects and mater ia l  environmental  
res i s tance  

Design and fatigue-life a s su rance  a r e  discussed in  Section 2. 1. 
Discussions on ma te r i a l  and manufacturing a r e  presented in  Section 2. 2. 

The second category of the  approaches i e  essentially f r ac tu re -  
mechanics-based design and analysis  methodologiee. It a s sumes  that  c rack8  
o r  f laws could exir t  in  the  s t ruc tu re  at t he  start of operational service .  
F r a c t u r e  mechanics analyses  and data a r e  then applied to  predict  flaw 
growth and residual s t rength f r o m  thir init ial  condition under the  expected 
loads and environments of s e rv i ce  operation. Methods fo r  thio kind of 
f r ac tu re  control will be discussed i n  Section 2. 3. 



Figure 2-  1. Frac ture  Control Program Elements 
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Success fu l  i m p l e m e n t a t i o n  of t h e s e  f r a c t u r e  c o n t r o l  d e s i g n  me thods ,  
p a r t i c u l a r l y  f o r  t h e  f r a c t u r e  - m e c h a n i c s  -based  a p p r o a c h e s ,  r e q u i r e s  a  v e r y  
i m p o r t a n t  s u p p l e m e n t a r y  engineer ing  tool :  nondes t ruc t ive  eva lua t ion  ( N D  E). 
T h e  abi l i ty  to  d e t e c t  f l a w s  s igni f icant ly  and d i r e c t l y  a f f ec t s  t h e  r e s u l t s  of 
f r a c t u r e  m e c h a n i c s  a n a l y s e s  and t h e  e s t a b l i s h m e n t  of i n spec t ion  i n t e r v a l s .  
T h e  c u r r e n t  N D E  t echn iques  ava i l ab l e  t o  Space  Shuttle s t r u c t u r c  app l i ca t ions  
and t h e  r a t i o n a l e  f o r  how, when, a n d  w h e r e  t o  apply t h e s e  t echn iques  onto  
a c t u a l  Space  Shutt le  s t r u c t u r a l  h a r d w a r e  a r e  d i s c u s s e d  in  Sec t ion  2. 4. 

2 . 1  FATIGUE D ESIGN AND ANALYSIS METIIODS 

S t r u c t u r a l  f a t i gue  d e s i g n  c r i t e r i a  a r e  es tab l i shed  wi th  t h e  m a i n  o b j e c -  
t i v e  of des igning  a  p r i m a r y  s t r u c t u r e  which wi l l  e x p e r i e n c e  no fa t igue  
f a i l u r e s  dur ing  i t s  r e q u i r e d  l i f e t ime .  F o r  t h i s  ob jec t ive  t o  b c  a t t a ined ,  
wi th in  accep tab le  a c c u r a c y  t o l e r a n c e s ,  t h e  follotring in fo rma t ion  and a n a l y s i s  
m e t h o d s  a r e  r e q u i r e d :  

1. Se rv i ce - l i f e  r e q u i r e m e n t s  and planned ope ra t iona l  u s a g e  

2. Fa t igue  load input s p e c t r a  r e p r e s e n t a t i v e  of t h e  r e q u i r e d  l i fe  and 
expected ope ra t iona l  u s a g e  

3. Methocls t o  c a l c u l a t e  s t r u c t u r a l  e l e m e n t  fa t igue  load r e s p o n s e  
s p e c t r a  

4. R4ethod t o  ca lc i i la te  fa t igue  d a m a g e  f o r  expected l i f e  and t o  p r e d i c t  
t h e  s a f e  f a t i gue  l i f c  

5. . S t r u c t u r a l  e l e m e n t  fa t igue  s t r e n g t h  p r o p e r t i e s  and t h e  f a c t o r s  t h a t  
a f fec t  t h e  fa t igue  p e r f o r m a n c e  

F i g u r e  2 - 2  i l l u s t r a t e s  the r e l a t i o n s h i p s  among  t h e s e  f i v e  m a j o r  a r e a s  
i n  f a t i gue  des ign  and a n a l y s i s .  I t e m s  1, 2, and 3 a r e  no t  within t h e  s c o p e  of 
t h e  p r e s e n t  s tudy.  Only t h e  m a t e r i a l s  r e g a r d i n g  i t e m s  4 and 5 wi l l  b e  d i s -  
c u s s e d  in  t he  following sec t ions .  

2. 1. 1 F a t i g u e  P e r f o r n ~ a i ~ c e  

Fa t igue  p r o p e r t i e s  of a i r f r a m e  s t r u c t u r e s  a r e  affected b y  m a n y  
v a r i a b l e s .  They  a r e  not n e c e s s a r i l y  independent  v a r i a b l e s ,  m a n y  of t h e m  
be ing  i n t e r r e l a t e d  and ac t ing  a s  f a t i gue  p e r f o r m a n c e  func t ions .  T h e s e  
v a r i a b l e s  can  be  c o n s i d e r e d  in two p a r t s :  ( 1 )  t he  type of loading  and 
e n v i r o n m e n t  and (2) d e s i g n  and m a t e r i a l s  w h e r e ,  i n  t h e  m a t e r i a l  a r e a ,  
m a t e r i a l  p r o c e s s e s ,  manufac tu re ,  and  t h e  m a t e r i a l  i t se l f  a r e  included.  T h e  
t h r e e  a r e a s  - m a t e r i a l ,  d e s i g n  and m a n u f a c t u r e - a r e  g rouped  b e c a u s e  of 
t h e  in t .e r re1a t ionships  of des ign ,  m a t e r i a l  ut i l izat ion,  and s u b s e q u e n t  
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manufacture .  In the a r e a  of fat igue,  the  d e s i g n e r  m u s t  c o n s i d e r  t h e  po ten t i a l  
influence of not only his  work  in configurat ion,  but a l s o  the  v e r y  d e t a i l s  of a  
f ab r i ca t ion  p r o c e s s .  

Some f a c t o r s  in t h e s e  two m a j o r  a r e a s  which can  signif icantly a f fec t  
the  fat igue p e r f o r m a n c e  a r e :  

1. Loads and environment  (opera t iona l  functions)  

a .  Fl ight  prof i le  

b. Load environment  (gus t  load, maneuver  load, e t c .  

c .  Direct ional  effects  

( 1) Uniaxial (axia l  load,  r o t a r y  bending, v i b r a t o r y  
bending, etc .  

( 2 )  Biaxial 

.( 3) . T r i a x i a l  

(4) Combination of the  above  

d. S t r e s s  r a t i o  

e. S t r e s s  wave f o r m  

( 1)  Constant  ampl i tude  (s inusoidal ,  square ,  e tc .  ) 

( 2 )  Varying ampl i tude  ( s p e c t r u m ,  sequence,  r andom,  e t c .  ) 

f .  T e m p e r a t u r e  

g.  Surroundings o r  f o r e i g n  m a t t e r  

(1) Vacuum 

(2 )  Radiat ion 

(3 )  Humidity 

(4)  C o r r o s i v e  med ia  

(5)  F r e t t i n g  c o r r o s i o n  



h. F r e q u e n c y  

i. R e s t  per iod  

j, Leng th  of fl ight (i.  e . ,  add m o r e  ground - a i r -g round  c y c l e s  
i n to  t he  to ta l  expected l i f e  f o r  t h e  c a s e  of s h o r t e r  f l ight  
u sage )  

2. D e s i g n  and m a t e r i a l s  (des ign ing  func t ions)  

a. S t r e s s  concen t r a t ions  

( 1 )  L o c a l  g e o m e t r y  

( 2 )  Notches 

( 3)  J o i n t s  

Mechanica l  (p in  f a s t ened )  

e Brazed  

Adhes ive ly  bonded 

b.  Size  

c. Shape 

d .  P r e - s t r e s s  and r e s i d u a l  s t r e s s  

e. S u r f a c e  condition 

( 1 )  Coating 

( 2 )  Roughness  

f .  Manufacturing (mach in ing ,  f o r m i n g ,  e tc .  ) 

g. M i c r o s t r u c t u r e  and s u b s t r u c t u r e  

( 1) C h e m i s t r y  

( 2 )  Heat  t r e a t m e n t  

( 3 )  P r o d u c t  f o r m  



2. 1. 2 Detail  Design Considerations 

T h e r e  a r e  many excellent textbooks and documents (References  1 t o  8) 
discussing in deta i l  the effects of the fac tors  ( l isted in the previous section) 
on fatigue performance.  In addition, metallurgical  aspects  of fat igue a r e  
thoroughly discussed in the l i t e ra ture .  Therefore ,  i t  i s  not neces sa ry  t o  
d i s cus s  every  one of these  subjects  here .  One v e r y  c l ea r  fact  concerning 
fatigue per formance  i s  the importance of the  v e r y  local  s t r e s s ,  i t s  s t r e s s  
field o r  gradients,  and i t s  var ia t ion with t ime.  In other words, f o r  a given 
s t ruc tu ra l  element,  the loads and environment that  th is  piece of s t ruc tu re  
would exper ience a r e  generally predetermined by the planned operational 
usage. Therefore ,  engineers a r e  di rect ly  associated with the deta i l  design 
and the  subsequent manufacture  of the s t ruc ture .  F r o m  the s t r e s s  engineer ' s  
o r  the des igne r ' s  point of view, the  fatigue l i fe  of an a i r f r a m e  s t r u c t u r e  to  
withstand a given loading spec t rum i s  expected to  be controlled by t h e  
operational s t r e s s  level  and the  quality of the  deta i l  design. Identification o r  
visualization of the  potential fa t igue-cr i t ical  a r e a s  and cor rec t ive  actions on 
designs  of t he se  a r e a s  in the s t ruc tu re  a r e  important in all the  design s tages . .  

The well-known t e s t s  of Hartman e t  al .  (References  9 and 10) a r e  shown 
in F igu re s  2 - 3  t o  2-7, where  f ive  joint configurations a r e  presented.  The  
fatigue quality index (effective Kt) fo r  these  joints was determined f r o m  the 
fatigue t e s t  r e su l t s  of these  specimens.  It i s  seen  that the double-scarf  
joint specimen exhibited a Kt value of 3. 2 ( the  best  of al l) ,  while the  double 
s h e a r  joint specimen and the  stepped double s h e a r  joint specimen exhibited 
Kt values of 4. 1 and 4.3, respectively.  The Kt values f o r  the  plain-scarf  
joint specimens ranged f r o m  4. 1 t o  8. 1, depending upon the  mater ia l .  The  
wor s t  i s  the single shea r  joint specimen, which exhibited a Kt value of 13.0. 
The  bet ter  fatigue performance in the  f i r s t  t h r ee  types of joints i s  par t ly  a 
resu l t  of the  configuration and par t ly  because these  specimens consis ted of 

I 

f ewer  f a s t ene r s  in a row in t he se  joints. 

The second example i s  i l lustrated i n  F igu re  2-8. It p resen ts  t h r e e  
designs f o r  a s p a r  chord which a t taches  the  sk in  panel and the  web. This  
example shows the  importances  of fas tener  pat tern  and notches in  t h e  sheet .  
T h r e e  d e g r e e s  of accomplishments in  these  joints a r e  cited: a be s t  design,  
a conditionally acceptable design, and a n  unacceptable design. 



I .27-CH STUDS. - --- 
(112 I N . )  

r 2 . 4 4  cn 
(0.96 IN.) 

I 
1 

a I 

-- 

0.21 CM '0.21 cPI-- 
r (0 .0~  -- IN. j-ii-4 -722 -- 

- - m e )  - --- 

(Reference 9 )  

Figure 2 - 3 .  Double-Scarf Joint Specimen - .- - - -. - . - - 



1 .  27-CM STUD 
(112 I K ~  

(Reference 9) 

-- - 
Figure 2-4. ~oublt -Shear  Joint Spcimen 



I 
(Reference  10) 

~ i ~ c r e  2-5 .  Stepped Double Shear Joint Specirner - -- -.- - - -- - - - - -  - -- - 



14s-T6 EXTRUSION Kt 6.5 
'1.. 27 CM BOLTS 
(1/2- IN.) 

- 
(Reference 9 )  

Figure 2-6. Plain-Scarf Joint - Specimen 



1.27 CM BOLTS 

(5-17/64 I N . )  
7 

Figure 2- 7. Single-Shear Joint Specimen 
- --- -- -- - 



-- -- 

BEST 1 
SKIN 

DO NOT INSTALL 

_------- 

/ ACCEPTABLE I F SPEC I A L  ATTENT 
S K l N  I S  P A I D  TO R I V E T  PATTERN 

'ECT FROM NOTCH NOTCH AFFECT FROM 
WEB I N  CHORD M I S A L I G N E D  R I V E T S  

+ + + + +  

! UNACCEPTABLE 
S K l N  

-. - 
F i g u r e  2-8. Continuous M e m b e r  Tens ion  Design 



With the aid of the modern digital computer technology, fatigue per -  
t.. formance can be analyzed for  any complicated joint configurations in the 

a i r f r ame  structure.  Examples a r e  the s t r e s s  severity factor technique for  
modeling the multiple pin joint (Reference 11) and application of the graded- 
modulus bonding concept to analysis of a lap joint (Reference 12). It i s  
anticipated that increasing work in this a rea  will continue so that the s t ruc-  
tura l  component configuration, and correspondingly higher fatigue perform- 
ance, can be optimized. 

2. 1. 3 Fatigue Analysis Methods 

Figure 2-2  i l lustrates the analysis procedure for  predicting the fatigue 
l ife f o r  a given design s t r e s s  or the design s t r e s s  for  a given fatigue life. 
The fatigue loading spectra,  together with the relationship between load and 
s t r e s s ,  a r e  used to  define the fatigue s t r e s s  spectra.  F o r  preliminary design, 
various load-stress  relationships a r e  assumed so  that the relationship 
between design s t r e s s  and fatigue life can be obtained. Fatigue load spectra 
for wing, fuselage, or vertical stabilizer a r e  usually presented as load - 
exceedance curves.  A discrete  loading distribution i s  needed to give the 
actual number of cycles to be applied at discrete  load levels for the purpose 
of representing a cumulative loading or. s t r e s s  spectrum in fatigue tests and 
f o r  fatigue analysis. The procedure for converting a cumulative s t r e s s  

t spec t rum to a discrete  s t r e s s  spectrum i s  to divide the load-exceedance 
curve into regular segments. The difference between excessive exceedances 

i at each increment i s  the number of load occurrences within that increment, 
An average value of load within that increment i s  used to represent  all load 
cycles that occur over that increment. For  s t ructural  elements with a m o r e  
d iscre te  load cycle, such as landing gear  and propellant tankages, the load 
spectra  a r e  defined directly (in the form of a table). Fo r  an accurate predic- 
tion of the fatigue lives and fatigue crack propagation rates ,  a cor rec t  
representation of the fatigue loads o r  fatigue s t r e s s  spectrum i s  essential. 
The load -exceedance curve only indicates the probabilities of occurrences 
that the applied s t r e s s  level would equal or exceed certain values. The 
variation in s t r e s s  f rom ground taxi to, and during, flight and back to ground 
taxi must  be defined for  the fatigue analysis. This s t r e s s  variation, the 
ground-air-ground (GAG) cycle, i s  one of the most  important s t r e s s  cycles 
contributing to the fatigue damage of the structure.  The examples given in 
Figure 2-9 i l lustrate the meaning of two GAG cycle definitions commonly used 
for fatigue analysis: the mean-to-mean GAG cycle and the once-per-flight 
peak-to-peak GAG cycle. Of these two definitions, the peak-to-peak GAG is 
generally used becauae i t  provides the best correlation between the spectrum 
fatigue test  conducted on notched coupons and fatigue analysis. It should be 
noted that for the Space Shuttle orbiter,  there a r e  a t  least  three kinds of GAG 
cycles, Thesc GAG cycles represent the prelaunch to docking phase, and the 
undocking to reentering (all  the way until touchdown) phaee during the orbital  
flight, and the regular kind of GAG cycles fo r  the f e r r y  mieeion. 
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In addition to the GAG cycles, the peaks and valleys between every 
single load cycle, especially those connecting a climb f rom one lower s t r e s s  
leve l  to a high s t r e s s  level,  a r e  not reflected in the load-exceedance curve. 
In a recent survey conducted by Dowling (Reference 13), it was revealed that 
the so-called "range-pair cycle counting" method would properly account for 
these  missed  portions in the spectrum. A brief  description of the "range- 
p a i r  cycle counting" technique has been reported in Section 6 of Volume I1 
and will not b e  pursued here .  Note that the "range-pair cycle counting" 
technique permi ts  identification and definition of the ground-air -g round load 
cycles  and any other significant eecondary load excursions; therefore,  when 
this  cycle-counting procedure i s  used, the ground-air-ground cycles do not 
have to be defined separately. 

The  fatigue e t r e s s  spectra  and the mater ia l  fatigue allowables, in the 
f o r m  of S-N curves  o r  constant-life diagrams,  a r e  the input data required 
f o r  the fatigue analysis .  The fatigue calculations a r e  performed with the 
use  of some damage rule  which defines the relationship between the applied 
s t r e s s e s  and number of cycles and the allowable s t r e s s e s  and number of 
cyc les  required to  cause  failure.  

Numerous cumulative damage methods have been proposed, and an 
extensive evaluation of the various methods was made in  Reference 14. Of 
a l l  the methods surveyed, a l l  of which were  based on experimental results, the 
l i nea r  cumulative damage procedure (Palmgren-Miner '  s rule) was recom- 
mended fo r  its simplicity, versatility, availability of applicable S-N data, 
and accuracy commensurate  with the available data f o r  fatigue analysis in 
general.  Although this theory does not account f o r  the loading sequence and 
its effects, the survey conducted in Reference 14 has revealed that over a 
wide range of c ircumstances no other proposed method predicts the fatigue 
l i fe  significantly better.  The basic equation, based on Palmgren -Miner1 s 
rule,  for  calculating fatigue damage is expressed a s  

where  

n. = number of loading cycles a t  the i th s t r e s s  level 
1 

N. = number of cycles to  fai lure  f o r  the ith s t r e s s  level based on 
1 constant amplitude S-N data f o r  the applicable mater ia l  and Kt 

value 

k = number of e t r e s s  levels considered in the analysis. 



Equation (1) impl ies  that  the total  fatigue damage i s  the s u m  of the  
damage fo r  each increment  of the loading spectra .  The ra t io  of the  number  
of applied load cycles  t o  allowable load cycles  i s  the  fat igue damage f o r  a 
given increment  of the  loading spec t ra .  Since the loading spec t ra  r ep re sen t s  
a specified period of s e rv i ce  life, e. g . ,  10, 000 hours o r  1000 miss ions ,  e tc . ,  
ideally the calculated total  damage factor ,  D, should equal unity o r  0. 25 if a 
safety fac tor  of 4. 0 i s  des i red .  The predicted fatigue l ife fo r  a given fatigue 
s t r e s s  spec t ra  (based on a selected l imit  design s t r e s s  level) would be  

where  

L = hours  o r  number  of miss ions  represented by the  spec t ra  used in  
the  analysis  

F = factor  of safety 

Lf = predicted fatigue l ife divided by a safety factor  

Equation (1)' c an  a l so  be used to es t imate  the  fat igue quality (effective 
Kt) of a given s t ruc tu ra l  design. Generally, the  fatigue quality of the s t ruc tu re  
i s  determined f r o m  re su l t s  of fatigue t e s t s  of components o r  the  complete a i r -  
f r a m e  s t ruc ture .  The fatigue quality index can  be  computed a t  each  c r ack  
location developed during fatigue test ing.  Fat igue analyses  a r e  conducted with 
a s e t  of constant amplitude S-N cu rves  used f o r  various values of Kt obtained 
f r o m  s imple  notched coupons. The s t r e s s  spec t rum that  was sustained a t  
each  c r i t i c a l  point to  fatigue c rack  initiation in the  t e s t  is determined f r o m  
the spec t ra  of applied loads.  Resul ts  of the  analyses  a r e  interpolated t o  
de t e rmine  the specific S-N curve which makes  the  D value in Equation (1) 
equal t o  unity fo r  the t e s t  life. The value of Kt associated with the  S-N c u r v e  
i s  a m e a s u r e  of the  fatigue quality index. The  bet ter  s t ruc tu re  is the  s t r u c t u r e  
with a lower effective Kt. 

2.2 PREVENTION O F  CRACKS AND CRACK-LIKE DEFECTS IN SPACE 
VEHICLE STRUCTURE 

2. 2. 1 Adminis t ra t ive  Controls and Activit ies 

Initiation o r  propagation of c r a c k s  and crack- l ike  defects in space 
vehicle s t ruc tu re s  ehould be minimized by implementation of control. and p r e -  
f e r r e d  prac t ices  such a s  those descr ibed in  ma te r i a l  specifications (MS's), 
ma te r i a l  p roces s  specifications (MPS1s),  and ma te r i a l  p rocess ing  procedures  



i (MPP1s) .  In addition, design manual (DM) practices have been developed to 
guide the designer toward selection and use of mater ia l s ,  fabrication proc- 
e s ses ,  and parts  that will preclude initiation o r  propagation of c racks  during 
manufacturing, test, o r  use environments. 

A mater ia l  l i s t  document should be prepared and distributed in the 
in-house design engineering functions. This document descr ibes  the basic 
charac ter i s t ics  of preferred mater ials  in severa l  tes t  and use environments 
and establishes minimum-maximum temperature usage for each of these pre-  
fe r red  .mater ials .  A s imilar  document should be prepared for subcontractor - 
furnished i tems.  

Supplementing these documentary controls and pract ices  will be the 
review and approval of drawings ( r e l ease  sign-off procedure) by knowledge- 
able disciplines involved with the selection, processing, and use of materials.  

2.2. 2 Technical Activities 

Summarized in the paragraphs that follow a r e  typical guidelines for 
construction of space vehicle s t ructure to preclude cracks  f rom the possible 
sources  noted. 

2 .  2. 2. 1 The Influence of Alloy Selection, Form,  Temper,  and P r o c e s s e s  

Undisclosed defects can exist in the basic raw mater ia l  and these 
defects m a y  propagate during operations such as forming, heat treating, and 
chemical milling. As an example, grain orientation in metals ,  particularly 
in aluminum alloys, i s  a significant design consideration. The mechanical 
propert ies ,  including elongation, a r e  reduced in the shor t  t r ansve r se  direction 
of plate and b a r  products, which can cause cracking of s t ress -cor ros ion-  
susceptible mater ia l  when i t  i s  loaded in this direction. High-strength, low- 
alloy s teels  a r e  susceptible to process-induced cracks  during heat treatment,  
cleaning, grinding, or  plating operations. 

To  preclude generation of propagation of c racks  resulting f rom alloy 
selection, form, temper,  and processing, the folldwing procedures should 
be  implemented: 

1. Whenever possible, select mater ia l s  which have inherent toughness 
and a tolerance to undisclosed defects. Selection will be  by judg- 
ment, in some cases ,  based on experience with the mater ia l  itself 
o r  on other recognized toughness c r i t e r i a  such a s  impact resistance, 
fatigue resistance, o r  plane s t ra in  f rac ture  toughness, KIC value. 



2. Use forgings r a the r  than cast ings  in c r i t i ca l  applications due to the  
pre fe r red  multidirectional uniformity of mechanical  p roper t ies .  
The  forging process  has other  inherent benefits ,  including the 
healing of smal l  casting defects o r ,  perhaps  m o r e  significantly, 
eliminating g r o s s  defects by fa i lure  in the  forging p roces s .  

3. Limit  the  minimum and maximum s t rength  levels  of low-alloy 
s tee l s  a s  a resu l t  of heat t rea tment  t o  ensure  safe,  c rack- f ree  
operation of pa r t s  at  the intended use  tempera ture .  

4. Control the process  pa rame te r s  involved in manufacturing ope r -  
at ions such a s  heat t reatment ,  cleaning, grinding, chemical  mi l l -  
ing, and plating by invoking ma te r i a l  processing procedures  con- 
taining r e s t r a in t s  and str ingent quality a s s u r a n c e  provisions and 
controls.  

5. Using machine welding r a the r  than hand weld methods, if applicable. 
Titanium weldments will be  required in evacuated and iner t  gas  
backfilled chambers  t o  preclude the  pickup of and embri t t lement  of 
the  t i tanium by inters t i t ia ls .  

6. Mater ia ls  known to be  susceptible t o  hydrogen embri t t lement  will 
b e  given a hydrogen relief t he rma l  bake t rea tment  following 
operations in  which diffused hydrogen may  have affected t he  par t .  

7. Drilled holes in titanium alloys and s t ee l s  heat-treated t o  g r e a t e r  
than 180 ks i  will be  lapped and honed and d eburred before  par t s  
a r e  installed in an effort t o  minimize the  possibility of mic ro -  
c racks .  Electr ical ly  discharged machined p a r t s  will b e  processed 
only a f te r  the  successful  demonstra t ion of c r ack - f r ee  p a r t s  on l ike 
coupon mater ia l .  

2. 2. 2. 2 The  Influence of P a r t  Geometry, Loads, Finish,  Environmental 
Exposure,  and Assembly S t r e s se s  

Frequently s h a r p  notches o r  c o r n e r  rad i i  m a y  be the  sou rce  of c r acks  
under e i ther  s ta t ic  o r  dynamic loads. Inadequate o r  improper ly  applied pa r t  
protective finishes a l so  have contributed to cracking end p a r t  fa i lu res  in 
manufacturing, t es t ,  and use environments. F a i l u r e  t o  a s s e s s  the  levels  of 
s t r e s s  o r  the  type of loading adequately may  r e su l t  in  f a i l u r e  of the  part.  
Fatigue-type cracking has  frequently occur red  because of cyclic and /o r  
acoustic conditions which were  not accounted f o r  i n  the  design. Resultant 
t ens i le  s t r e s s e s  imposed during manufacturing a s s e m b l y  buildups and fitups 
have been the  source  of numerous s t r e s s  cor ros ion  cracking fa i lu res .  Addi- 
tionally, swaged and other  cold-worked p a r t s  not adequately s t ress - re l ieved  
have somet imes  failed. 



T o  preclude c r a c k  initiation resulting f r o m  par t  geometry, loading, 
i 

finishing, environmental  exposure,  and assembly practices,  the following 
procedures  should be implemented: 

1. Whenever possible,  use  design pract ices  specifying generous radii  
and absence  of s h a r p  co rne r s  o r  notches which resu l t  in  abrupt 
changes  i n  sect ion modulus. 

2 .  A s s e s s  the  environmental  fluids t o  which the par t  will be  exposed 
in  manufacturing,  t es t ,  and use t o  preclude inadvertent embri t t le-  
ment  o r  cracking of the p a r t  resulting f rom the s t r e s s  cor ros ion  
o r  environmental  s t r e s s  cracking phenonema of the p roces s  fluid. 

3.  Struc tura l  analysis  will include a n  a s se s smen t  of the fatigue 
cha rac t e r i s t i c s ,  a s  well a s  other proper ty  considerations, fo r  
m a j o r  s t ruc tu ra l  subassemblies  and assemblies .  When s o  directed,  
t e s t s  will  be conducted t o  evaluate conformance to  dynamics 
c r i t e r i a  and to  prove that  fatigue-type cracking is not a problem. 

4. A cor ros ion  control  plan will be  applied t o  protect p a r t s  during 
manufacture,  s torage,  tes t ,  o r  use. P r o p e r  surface protection 
will. b e  noted on the engineering drawing, and d i s s imi l a r  metal  
co r ros ion  will be  a s se s sed .  In-process  corrosion prevention 
methods will be  exercised a s  required.  

5. Diligence will b e  exercised in subassembly and assembly  buildups 
t o  prevent  imposition of excessive s t r e s s e s  resulting f r o m  improper  
installat ion procedures,  tooling, o r  to lerance accumulations. 
Where noted, inspection and/or  manufacturing personnel will work 
with the  design engineer to  provide the  necessary  shim, spacer ,  
e tc . ,  t o  preclude the  inducement of high imposed s t r e s s e s .  

2 . 3  FRACTURE CON'I'ROL METHODS FOR INITIALLY CRACKED 
STRUCTURES 

St ruc tures  a r e  designed by one of the following approaches:  

1. Safe-life design based on conventional fatigue l ife considerations 

2 .  Safe-life design based on f r ac tu re  mechanics considerations 

3. Fa i l - sa fe  design 



Safe-life design in  which conventional fatigue prevention and analysis  
methods a r e  used recognizes  local  s t r e s s  concentrations due to de ta i l  design 
cha rac t e r i s t i c s  such a s  joints, fittings, and section discontinuities. How- 
ever ,  it  does  not consider  the potential of undetected crack- l ike  defects  
existing in the  s t ruc tu re  before  the s t a r t  of operational service .  The useful 
l ife of s t ruc tura l  e lements  determined by fatigue t e s t s  cons i s t s  p r imar i l y  of 
the  number of cycles  required to  initiate a visible fatigue crack.  T o  avoid 
the confusion between these  two kinds of s t ruc tura l  design approaches  ( s a f e -  
life design using fatigue o r  f r ac tu re  mechanics),  the  following terminologies  
a r e  adopted: 

1. Fatigue l ife i s  the l ife of an unflawed s t ruc tura l  element t o  fa i lu re  
a s  determined by S-N curve.  

2. Safe-life, a l s o  called safe-crack-growth life, i s  the  l ife f o r  initial 
defects  in a s t ruc tu ra l  element to grow to a c r i t i ca l  s ize .  

Conventionally, fa i l -safe  design r equ i r e s  that fa i lure  of any single 
s t ruc tu ra l  e lement  not degrade  the s t rength o r  st iffness of the  remaining 
s t ruc tu re  t o  the  extent that  t he  vehicle cannot complete the miss ion  a t  a 
specified percentage of l imit  loads. This  type of design i s  usually achieved 
by providing s t ruc tu ra l  redundancy and a means  f o r  a r res t ing  unstable c rack  
growth. 

The fatigue l ife design methods a r e  discussed in Sections 2. 1 and 2. 2. 
This  section p re sen t s  the  methods fo r  design and analysis of sa fe -c rack-  
growth and fa i l - sa fe  s t ruc tures .  

Safe-Crack-Growth and Fail-Safe S t ruc tures  

The  concept of fa i l -safe  design a s sumes  that  fa i lure  of a s t ruc tu ra l  
element can be  temporar i ly  to lerated if sufficient res idual  s t rength o r  
a l t e rna te  load paths a r e  provided to  avoid catastrophic fa i lu re  under sub- 
sequent exposure t o  a l imited period of s e rv i ce  operation. Successful 
application of th is  design approach depends on t h r e e  major  fac tors :  

1. The  fa i l -safe  s t ruc tu re  mus t  be  access ib le  f o r  regula r  and 
effective i n - se rv i ce  inspection so ' tha t  a damaged condition 
will be  re l iably  detected.  

2 .  The res idua l  s t rength  and st iffness a f t e r  initial fa i lu re  mus t  p ro -  
vide an acceptably low probability of catas t rophic  fa i lu re  under 

+ subsequent normal  s e rv i ce  operation. Limit  load is m o s t  
commonly taken a s  the  required res idual  s t rength level. 



3.  The fa t igue  l i fe  of t h e  r emain ing  s t r u c t u r e ,  a f t e r  f a i l u r e  of a 
s ing le  pr inc ipal  e lement ,  m u s t  prevent  any signif icant  addi t ional  
d a m a g e  f r o m  occur r ing  p r i o r  t o  the  next  r e g u l a r  inspect ion  per iod .  

In ac tua l  applicat ion,  i t  i s  n e c e s s a r y  to  speci fy  the  extent  and type  of 
d a m a g e  and t h e  load l eve l  t o  b e  achieved with the  d a m a g e  p resen t .  T h e s e  
b a s i c  c r i t e r i a  a r e  a s s igned  on the b a s i s  of engineer ing  judgement and a r e  
motivated by the d e s i r e  to e n s u r e  that  the damage-s t r eng th  re l a t ionsh ip  i s  
s u c h  that  the  damage  may be  readi ly  detectable be fo re  the s t r e n g t h  i s  
i m p a i r e d  beyond the point of safe flight. Once the  b a s i c  c r i t e r i a  a r e  defined, 
the  s t r u c t u r e s  m u s t  be designed to m e e t  the c r i t e r i a .  Development of de ta i led  
des ign  c r i t e r i a  i s  beyond the scope of the  p resen t  s tudy.  Typ ica l  a i r f r a m e  
s t r u c t u r a l  des ign  c r i t e r i a  a r e  given i n  Refe rences  15, 16,  and 17 fo r  m i l i t a r y  
a i r c r a f t ,  R e f e r e n c e  18 for  t r a n s p o r t  a i r c r a f t ,  and i n  Refe rences  1 and 19, 
20,  and 21 f o r  Space Shuttle appl ica t ions .  This  r e p o r t  p r e s e n t s  only the  
methodologies n e c e s s a r y  to  he lp  achieve  the design goal.  

Typica l  f a i l - sa fe  des ign  involves mult iple e l ement  o r  redundant  
s t r u c t u r a l  a r r a n g e m e n t s ,  with c r a c k  a r r e s t  provis ions  in the  f o r m  of 
g e o m e t r i c  boundar ies  o r  stiffening e lements .  Many of t h e  st i ffened o r  
r e in fo rced  pane l s  employed i n  conventional a i r c r a f t  wing and f u s e l a g e  
s t r u c t u r e s  p o s s e s s  a n  inherent  f a i l - sa fe  capabil i ty of s ignif icant  magnitude.  
It  is obviously d e s i r a b l e  to  m a k e  u s e  of such  inheren t  f a i l - sa fe  c h a r a c t e r i s t i c s  
and enhance  t h e m  t o  the  extent  r equ i red  t o  comply wi th  the  f a i l - s a f e  des ign  
r e q u i r e m e n t s  t o  obtain max imum efficiency in applying th i s  d e s i g n  concept .  

Typica l  s t r u c t u r a l  configurat ions a r e :  

1. Monolithic s t r u c t u r e  

2. C r a c k  a r r e s t  ( c r a c k  s topper )  s t r u c t u r e  

a Skin-s t r inger  des ign (examples ,  L- 10 11 wing and fuse lage ,  
C5-A fuse lage)  

a In tegra l  s t i f f ene r  des ign  (examples ,  E l e c t r a  and C5-A wing 
b OX) 

3. Multiple e lement  s t r u c t u r e  

a Multi-load path dependent  (example ,  multi--plank des ign,  
E l e c t r a  and C5-A wing box) 

a Multi-load path independent (example ,  mul t i - laminate ,  o r  
redundant  e lement  des ign,  B- 1 wing c a r r y - t h r o u g h  s t r u c t u r e )  



As a  r e f e r e n c e  for  d i s c u s s i o ~ ~ ,  cons ide r  that  the  s t r u c t u r e s  a r e  
inspec tab le  in s e r v i c e .  Additionally, a s s u m e  that damage ,  a. ( a n  appropr ia t e  

c r a c k  s i z e  p a r a m e t e r ,  the subsc r ip t  o  s tands  for  in i t ia l  o r  or ig inal ) ,  i s  
in i t ia l ly  p r e s e n t  which i s  the  s i z e  of the l a r g e s t  flaw that  could b e  m i s s e d  
in  the ini t ial  fabr ica t ion  inspect ion  o r  dur ing  a  r egu la r ly  scheduled inspec -  
tion. Fa t igue  c r a c k  propagation c h a r a c t e r i s t i c s  (p lo ts  of d a m a g e  s i z e  v e r s u s  
t i m e  o r  m i s s i o n )  f o r  each type of s t r u c t u r e  a r e  schemat ica l ly  i l lus t r a t ed  in 
F i g u r e s  2-10 and 2 -1 1 .  The mechan ics  of component  fa i lure ,  o r  res idual  
s t rength ,  under  s ingle  monotonical ly i n c r e a s i n g  loads (p lo ts  of load level  
v e r s u s  craclc s i z e )  f o r  each type of s t r u c t u r e  a r e  schemat ica l ly  shown in  
F igure  2-12. It i s  seen  that  both c r a c k  s topper  s t r u c t u r e s  and mult iple 
e l ement  s t r u c t u r e s  a r e  inherent ly  provided with f a i l - sa fe  and sa fe - l i f e  ( s a f e -  
c r a c k - g r o w t h )  capabi l i t ies .  T h e r e f o r e ,  unlike the conventional  definition fo r  
fa i l - safe  s t r u c t u r e ,  which p r i m a r i l y  r e f e r s  t o  r e s idua l  s t r eng th  of the 
mult iple e l ement  s t r u c t u r e s ,  i n  this  r e p o r t  f a i l - s a f e  will  bc cons ide red  to be  
the r e s idua l  s t rength  capabil i ty of the s t r u c t u r e ,  while sa fe - l i f e  wil l  be con-  
s i d e r e d  to be the safe-crack-growth capability for  a  given s t r u c t u r e .  

2. 3. 2 Class i f ica t ion  of Space Shuttle S t r u c t u r a l  E lements  

Reviewing the  Space Shuttle s t r u c t u r a l  e l ements  l i s ted  in T a b l e s  1-1 
t o  1-9, it i s  recognized tha t  t h e s e  p a r t s  can  b e  grouped in four  g e n e r a l  a r e a s  
by t h e i r  pr,oduct f o r m s  and seven  s u b a r e a s  b y  functional cons ide ra t ions .  
F u r t h e r m o r e ,  a s  d i scussed ,  each type of s t r u c t u r e  can  b e  c lass i f ied  in ( o r  
designed t o )  one of t h r e e  s t r u c t u r a l  configurat ions:  monoli thic,  c r a c k  
a r r e s t ,  o r  mult iple e lement .  

Tab le  2 - 1  is a  m a t r i x  of information rega rd ing  the  fo rmula t ion  of t h e s e  
g e n e r a l  f o r m s  of s t r u c t u r a l  e l ements  and the  probable  co r respond ing  c l a s s -  
i f icat ions.  F o r  e a c h  type of the  s t r u c t u r e ,  the  expected loading condition, 
type of damage ,  and the  probable  method of a n a l y s i s  will  a l s o  b e  de te rmined  
and l i s t ed .  Note m o s t  of the  methods  of ana lys i s  a r e  presented  i n v o l u m e  11, 
A s s e s s m e n t  of F r a c t u r e  Mechanics  Tec'hnology f o r  Space  Shuttle Applications. 
Analys is  methodology speci f ica l ly  re levant  t o  s t r u c t u r a l  ana lys i s  applicat ions 
i s  d i s c u s s e d  in the  following sec t ions .  

2. 3 .  3 Monolithic S t r u c t u r e  

The  bas ic  d i f f e rences  among the  t h r e e  typica l  c l a s s e s  of s t r u c t u r e s  
(monoli thic,  c r a c k  a r r e s t ,  and mult iple e l e m e n t s )  a r e  s u c h  tha t  t h e  c r a c k  
extens ion p r o c e s s  would b e  in ter rupted  ( o r  a l t e r e d )  by a n  a r t i f i c i a l  b a r r i e r  
in the  c r a c k  a r r e s t  s t r u c t u r e  o r  by a g e o m e t r i c  discontinuity in t h e  mult iple 
e lement  s t r u c t u r e .  When the  c r a c k  i s  f a r  away f r o m  t h e s e  g e o m e t r i c  d i s -  
continuit ies  o r  b a r r i e r s ,  t h e  s t r u c t u r e  is essen t i a l ly  monoli thic.  In th is  
sec t ion ,  the  p r o b l e m s  a r e  confined t o  c racked  s h e e t s  o r  p la tes  subjected to 
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and Crack A r r e s t  S t r u c t u r e  

( b )  Comparison o f  Mono1 i t h i c  S t r u c t u r e  
and M u l t i p l e  Element S t r u c t u r e  
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Table 2- 1. Class i f icat ion of Cracked  S t ruc tu r e  
r 

A N u m b e r  r e f e r s  t o  s e c t i o n  n u m b e r  in the  text .  

!A S t r u c t u r a l  
E l e m e n t s  

544,  5 6 9 , 2 0 5 ,  579 ,  ABES, 
2 -  5 , 2 - 6 , 2 - 8 , 3 - 2 , 3 - 1 2 ,  
3 -  13 

4 3 9 , 4 4 1 , 4 3 8 , 4 4 0 ,  563 ,  
572,  5 7 0 , 2 0 4 ,  5 7 8 , 3 -  1, 
3 - 3 ,  3 - 4 , 3 -  5, 3 -  10 ,  3 -  1 4  

6 -  1 ,  6-2,  6- 3,  6 -  6, 6-  7,  
6 - 8  

4 - 4 ,  5- 1,  5- 15, 6- 9 , 7 -  1, 
7 -  6, 7 - 9 ,  8 -  1 ,  8- 1 1  

4- 1 , 4 - 2 , 4 - 8 , 4 - 9 , 4 -  10, 
5 - 1 0 ,  6 - 1 2 ,  6 - 1 3 ,  7 - 3 ,  
7 - 2 , 7 - 4 , 7 - 5 , 7 - 1 0 , 7 - 1 1 ,  
7- 14,  7 -  15,  7-  17, 7 -  18 ,  
8 - 5 ,  8 - 8 1 8 - 1 3 ,  8 -14  

9 - 1  t o  9 - 7 ,  9 - 9  t o  9-  1 9  

3 - 1 5 , 3 - 1 6 , 4 - 1 5 , 4 - 1 8 ,  
4 -  23,  5- 12, 5- 1 3 ,  5- 1 4 ,  
6 - 1 5 ,  6 - 1 6 , 6 - 1 7 ,  7 - 1 3 ,  
7 - 1 6 ,  7 -  1 9  

in Tab les  2 - 1  t o  2-9.  

S t r u c t u r a l  
C lass i f i ca t ion  

Monolithic 

Monolithic 

C r a c k  a r r e s t  
a n d / o r  mul t i -  
e l e m e n t  

C r a c k  a r r e s t  
a n d / o r  mul t i -  
e l e m e n t  

Monolithic 

Monolithic 

Monolithic or  
mul t i - e l ement  

e l e m e n t s  l i s t e d  

Type 

P r o d u c t  
F o r m  

P r e s s u r e  
v e s s e l s  

S h e e t  o r  
p l a t e  

E x t r u d e d  
p a r t s  

F o r g i n g ,  
m a c h i n e d  
p a r t s , .  e t c .  

A N u m b e r  

of S t r u c t u r e  

Typ ica l  E x a m p l e s  

Thick wal l  t ank-  
age (SRB, e t c .  ) 

Thin wal l  t ankage  
( E T ,  etc.  ) 

Thin she l l  ( c r e w  
c o m p a r t m e n t )  

Wing skin;  s k i n  
f o r  fuselage 
sec t ions  

Longeron,  web- 
s t i f f ene r ,  s p a r  
cap ,  f r a m e ,  e tc .  

Landing g e a r  
components  

Fi t t ing,  lug ,  
h inge,  etc.  

r e f e r s  to  s t r u c t u r a l  

Expec ted  
Loading 

Condition 

In te rna l  
p r e s s u r e  

I n t e r n a l  
p r e s s u r e  

I n t e r n a l  
p r e s s u r e  

Tens ion ,  
s h e a r ,  
o r  both 

Tens ion ,  
bending, 
o r b o t h  

Tens ion ,  
s h e a r ,  
bending, 
o r  both 

Tens ion  

Type  of. 
Damage  

P r i m a r y  s u r f a c e  
f l aw 

S u r f a c e  flaw and 
th rough-  the- 
t h i c k n e s s  c r a c k  

P r i m a r y t h r o u g h -  
t h e -  t h i c k n e s s  
c r a c k ;  c r a c k  f r o m  
h o l e  

P r i m a r y  through- 
t h e -  t h i c k n e s s  
c r a c k  

C o r n e r  c r a c k  and 
s u r f a c e  c r a c k ;  
c r a c k  f r o m  hole  

C o r n e r  c r a c k  and 
s u r f a c e  c r a c k ;  
c r a c k  f r o m  hole 

C o r n e r  c r a c k  and 
s u r f a c e  c r a c k ;  
c r a c k  f r o m  hole 

F r a c t u r e  
A 

M e c h a n i c s  
A n a l y s i s  
Methods  

3. 3. 3 ,  5. 2 of 
Vol .  I1 

3. 3. 3 ,  3. 3. 7, 
5. 2  of Vol. I1 

3 . 3 . 3 ,  3 . 3 . 4 ,  
3. 3. 5, 3. 3 .7 ,  
5. 2  of Vol. I1 

3. 3. 3, 3. 3 .4  , 
3. 3. 5 

3. 3. 3  

3. 3. 3  

3 . 3 . 3 ,  
3. 3. 5  



f a r  field uniform extensional s t r e s s e s .  The effects of curva ture  and loading 
conditions such  a s  biaxial tension, bending moment, o r  shea r ,  wil l  b e  d i s -  
cussed in l a t e r  sections.  

Effective f r a c t u r e  mechanics analysis  on cracked s t ruc tu r e s  r equ i r e s  
appropr ia te  s t r e s s  intensity factors  representa t ive  of local  s t r u c t u r a l  geome-  
t r i e s  and c r ack  mophologies. This section will p resen t  and d i s cus s  Mode I 
s t r e s s  intensity f ac to r s  for  the  c r a c k  geometr ies  commonly found in  s t r u c -  
t u r a l  components, such a s  those  i l lus t ra ted in F igu re  2-13. S t r e s s  intensity 
f ac to r s  f o r  o ther  c r ack  geomet r ics  can be obtained f r o m  Reference  22. 

Generally,  fo r  a s t ruc tura l  element containing a c r ack  of a n  appropr ia te  
dimension, a, subjected to  a uniform f a r  field extensional s t r e s s ,  a (perpen-  
dicular  t o  the  c rack) ,  the  s t r e s s  intensity fac tor  can be  expressed  a s  

where  Mp i s  the  c r a c k  t ip plast ici ty correct ion fac tor  ( r e f e r  t o  Volume 11) and 
Ila i s  the  product of a s e r i e s  of paramet r ic  fac tors  accounting f o r  the  influence 
of the s t ruc tu r a l  geometry,  loading conditions, and c r ack  morphology. In 
the following c a s e s  the  emphasis  will be on determinat ion of the  geomet r ic  
factors .  

2. 3 .3 .1  Through-the-Thickness Crack  

Through-the-thickness c r acks  may be located a t  the  middle  region of a 
plate, ca l led the  cen te r  c r a c k  ( C a s e  1 in F igure  2-13) ,  the  edge of a plate (a  
specia l  c a s e  of C a s e  1 o r  Case  3 in F igu re  2-13), o r  a t  the edge of a hole 
(Case  4 in  F i g u r e  2-13). Only the  f i r s t  two types of c r a c k s  a r e  d i scussed  in 
th is  section.  The  th i rd  type will  b e  discussed in  a l a t e r  section along with 
other  types  of c r a c k s  emanating f r o m  a hole. 

The  s t r e s s  intensity fac tor  f o r  the  center  c r ack  i s  given by 

where  t he  geomet r ic  factor ,  b1 i s  a function of t he  c r a c k  length t o  panel  
width r a t i o  and t he  panel length to panel width r a t i o  (F igu re  2-14). F o r  a 
panel length g r e a t e r  than twice  the  panel width, the  curve  given i n  F i g u r e  2-14 
can be  approximated by the  express ion  (Reference 24). 
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Figure 2 -  1-4. i h r o u q h -  t h e -  Thickness C r a c k  Lo,~rlccl In Tclnslon ( R e f e r e n c e  2 3 )  



If the  c r a c k  i s  located off the  c e n t e r  of the  plate, another  s e t  of c u r v e s  
f o r  the  g e o m e t r i c  f a c t o r ,  b1 i s  given in F i g u r e  2-15. As a  l imi t ing  c a s e ,  
when the  c r a c k  i s  r ight  a t  the  edge of the  p la te ,  the  f a c t o r s  a r e  given in  
F i g u r e  2 -  16. 

The  c r a c k  t i p  p las t ic  zone s i z e  has  been es t imated  by I rwin  ( R e f e r -  
ence  27) a s  

which g ives  t h e  p las t ic i ty  c o r r e c t i o n  f a c t o r  

w h e r e  Fty is the  m a t e r i a l  t e n s i l e  yield s t r eng th  and n v a r i e s  between 2 t o  6, 
depending on t h e  s t r e s s  s t a t e  a t  the  c r a c k  t ip.  F o r  plane s t r e s s  n = 2. T h e  
value of n i n c r e a s e s  a s  the  t r i ax ia l i ty  of c r a c k  t ip  s t r e s s  s t a t e  i n c r e a s e s ,  
n - 6. 0  f o r  the  l imi t ing  c a s e  of plane s t r a i n .  T h e  geomet ry  t e r m  ) 
in Equation ( 7 )  only approx imate ly  accounts  f o r  t h e  in terac t ions  between the  
c r a c k  t ip  p las t i c  zone and the  o v e r a l l  ( a s  well  a s  local )  g e o m e t r y  of the  plate.  
The  exact  p r o c e d u r e s  wi l l  b e  those  used by Irwin,  published in ASTM 
Bulletin No. 243  ( J a n u a r y ,  1960), o r  the  i t e ra t ion  p r o c e d u r e s  used by 
F o r m a n  ( R e f e r e n c e  28). T h e s e  computat ional  p r o c e d u r e s  a r e  complicated 
and will  b e c o m e  m o r e  compl ica ted  f o r  complex  s t r u c t u r a l  ( a n d / o r  c r a c k )  
g e o m e t r i e s  s u c h  a s ,  s u r f a c e  c r a c k s  o r  c r a c k s  emanat ing  f r o m  a  hole. 
T h e r e f o r e  i t  i s  fe l t  t ha t  p las t ic i ty  t e r m ,  ( M p ) ,  in the  f o r m  of Equation ( 7 )  
would b e  an a p p r o p r i a t e  c o m p r o m i s e .  

It has  been pointed out by Key ( R e f e r e n c e  29)  that ,  f o r  the  c a s e  of a  
s h o r t  c r a c k  ( s a y ,  2a 5 W / 3  a t  f a i l u r e  load f o r  the  da ta  he  used),  the  c r a c k  t ip  
p las t i c  zone s i z e  might  be  excess ively  l a r g e  b e c a u s e  of the  h igher  s t r e s s  
level  r equ i red  to  c a u s e  propagation of the  s h o r t  c r a c k .  I n  th is  c a s e ,  a  l a r g e r  
p las t ic i ty  c o r r e c t i o n  f a c t o r  ( f o r  plane s t r e s s )  

o f fe r s  be t t e r  c o r r e l a t i o n  with t e s t  da ta .  This  p las t ic i ty  c o r r e c t i o n  fac to r  
was  de r ived  by using a e  = a  t 2 r y  ( ins tead  of a  t ry) based  on t h e  Dougdale 's  
c r a c k  t ip  p l a s t i c  zone re l a t ionsh ip  (Refe rence  30), 



F i g u r e  2 - 15.  S t r e s s  In t ens i ty  F a c t o r s  f o r  E c c e n t r i c a l l y  C r a c k e d  P l a t e  
( R e f e r e n c e  2 5 )  



F i g u r e  2 -16 .  T h r o u g h - t h e - T h i c k n e s s  Edge C r a c k  in a Plate Loaded  
i n  Tension 



and neglec t ing  the  i n t e r a c t i o n s  be tween  t h e  p l a s t i c  zone and t h e  f r e e  edgc  of 

t he  s h e e t .  ( T h i s  i s  c o r r e c t  f o r  a  s h o r t  c r a c k .  ) klany o ther  i n v e s t i g a t o r s  

( e .  g . ,  R e f e r e n c e s  31 t o  3 3 )  have  developed  d i f f e ren t  c r a c k  t i p  p l a s t i c  zone 
c o r r e c t i o n  f a c t o r s .  T h e i r  r e s u l t s  showed t h a t  the  p l a s t i c  zone s i z e s  f o r  t he  
plane s t r e s s  condition a r e  within t h e  two boundaries r e p r e s e n t e d  by 
Equat ions  (71 and (8 ) .  On  t h e  o t h e r  hand,  Newman ( R e f e r e n c e  3 4 )  has s l ~ o \ v n  
tha t  t h e  c r a c k  t i p  p l a s t i c  zone s i z e  i s  a l s o  a  funct ion of the m a t e r i a l  s t r a i n  
ha rden ing  exponent  and loading r a t e .  His ca l cu la t ions  showed tha t  t h e  p l a s t i c  
zone s i z e s  c o r r e s p o n d i n g  to  a  wide r a n g e  of m a t e r i a l s  hdving d i f f e ren t  s t r a i n  
ha rden ing  exponents  and s p e c i m e n s  subjec ted  t o  d i f fe ren t  loading r a t e s  a l s o  
a r e  within t h e  r a n g e  hounded by Equat ions  ( 7 )  and (8 ) .  

T h c r c  i s  a  m o r e  s  c r i o u s  p r o b l ~ n l  in t11v d c v ~ ~ l o p n l c ~ n t  of Kc da t a  of c c n t c r  
c r a c k e d  s p e c i m e n s  and t h e  p r e d i c t i o n  of s t r u c t u r a l  component  r e s i d u a l  
s t r e n g t h  f o r  t h e  c e n t e r  c r a c k  conf igura t ion  with u s e  of ava i l ab l e  Kc d a t a .  It 
i s  t ha t  t h e  Kc va lue  i s  not a cons t an t .  T h e  I<, va lue  f o r  s o m e  m a t e r i a l  and a  
g iven  t h i c k n e s s  i s  s t r o n g l y  dependent  on t h e  s i z e  (m~idth)  of t h e  panel  and ,  to  
a  l e s s e r  d e g r e e  of s e v e r i t y ,  i s  a f fec ted  by  t h e  c rack - l eng th - to -pane l -wid th  
a s p e c t  r a t i o .  Such a  i s  ducx in p a r t  t o  t he  s low s t a b l e  t e a r  
behav io r  of t h e  m a t e r i a l  and in p a r t  t o  ne t  s ec t ion  yielding,  which  s o m e t i m e s  
is exhibited in  n a r r o w  pane l s  ( o r  pane l s  containing a  v e r y  long c r a c k ) .  T h e  
effect  in  t h e  s h o r t - c r a c k  c a s e s  i s  f u r t h e r  compl i ca t ed  by t h e  e x c e s s i v e l y  
l a r g e r  p l a s t i c  zone  a t  t h e  c r a c k  f r o n t .  

T h e  e f fec t  of s low s t a b l e  t e a r  is i l l u s t r a t ed  s c h e m a t i c a l l y  in  F i g u r e  2-17.  
H e r e  i t  i s  shown tha t  s u p e r i m p o s i n g  t h e  m a t e r i a l  R - c u r v e  and t h e  ca l cu la t ed  
K - c u r v e  f o r  pane l s  having d i f f e ren t  g e o r n e t r i c s  ( e .  g .  , d i f f e ren t  widths,  r e f e r  
to  Volume I1 f o r  t h e  defini t ion of R - c u r v e )  r e s u l t s  in  a  d i f f e r en t  Kc va lue  ( the  
point of t angency) .  Gene ra l ly ,  even  if ne t  s ec t ion  yielding i s  not c o n s i d e r e d ,  
t h e  n a r r o w e r  t h e  panel  width, t h e  l o w e r  t h e  K c  va lues .  In F i g u r e  2-17 it can  
b e  s e e n  t h a t  t h i s  effect  i n c r e a s e s  f o r  m a t e r i a l s  having a n  K - c u r v e  of l a r g e r  
c u r v a t u r e .  

If f a i l u r e  of a  panel  i s  con t ro l l ed  by a  net  s ec t ion  yielding m e c h a n i s m ,  
t hen  t h e  s t r e s s  i n t ens i ty  f a c t o r  i s  l imi t ed  hy  the  ne t  sec t ion  s t r e s s .  A 
f ic t i t ious  s t r e s s  i n t ens i ty  f a c t o r ,  Kyield,  c a n  b e  computed by se t t i ng  t h e  ne t  
s e c t i o n  s t r e s s  equa l  t o  t h e  t e n s i l e  yield s t r e s s  f o r  t h e  m a t e r i a l :  

k'. z F 
yield t y  

H e r e ,  t h e  c r i t e r i o n  f o r  uns t ab le  c r a c k  g r o w t h  i s  t h e  point w h e r e  t h i s  IZ-curve 
i n t e r s e c t s  t h e  R - c u r v e .  If t h e  s h e e t  f a i l s  by t h e  net  s ec t ion  y ie ld ing  
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m e c h a n i s m ,  t h e  Kyield point should o c c u r  p r i o r  to  t he  point of f a i l u r c  def ined 
b y  t h e  " tangency" c r i t e r i o n ;  i .  e .  , Kyield < Kc ( F i g u r e  2 -  17) .  T h c  Kyicld 
p a r a m e t e r  i s  a p p r o x i m a t e l y  a  cons t an t  o v e r  a  n a r r o w  r a n g e  het\vcen in i t i a l  
c r a c k  l eng th  and c r i t i c a l  c r a c k  length,  a s  i l l u s t r a t ed  in F i g u r e  2-17 .  

With the  aid of t he  defined " tangency  point c r i t e r i a "  and the  p roposed  
Kyield c r i t e r i a , "  t h e  f r a c t u r e  behav io r  of p r e - c r a c k e d  s h e e t s  of any  s i z e  c a n  
e  a s s e s s e d  by u s e  of t he  a p p r o p r i a t e  R - c u r v e  f o r  t h e  m a t e r i a l .  E'or e x a m p l e ,  

w i th  t he  R - c u r v e s  f o r  two d i f f e ren t  2024-T3 a l u m i n u m  al loy s h e e t s ,  a s  shown 
in  F i g u r e  2-18, c u r v e s  t h a t  d e s c r i b e  the  f a i l u r e  phenomena can  h e  syn thes i zed  
f o r  e a c h  of t h e  a l loy  s h e e t s .  T h e  s t e p s  g iven  below out l ine  the  p roced l i r c  f o r  
obtaining t h e s e  c u r v e s  f o r  t h e  c a s e  when the  r a t i o  of ini t ia l  c r a c k  length  t o  
pane l  wid th  i s  one - th i rd .  :: 

F i r s t  a  p a r t i c u l a r  width, W ,  i s  chosen .  T h e  o r ig in  of t he  R - c u r v e  i s  
s e t  a t  2ao  = W / 3 .  A f a i l u r e ,  K c ,  according to  th(h tangency c r ~ t c - r i a  anti tht. 
K a t  t h e  i n t e r s e c t i o n  of t he  Kyield and r e s i s t a n c e  c u r v e s  a r e  found. T h e  
l o w e r  of t h e s e  i s  t aken  to  b e  c r i t i c a l  s t r e s s  in tens i ty  f o r  tha t  width. T h e  
s a m e  p r o c e d u r e  i s  repea ted  f o r  v a r i o u s  panel  widths.  A s  a r e s u l t ,  t h e  
c u r v e s  of F i g u r e  2-19 w e r e  obtained.  T h e  por t ions  of t he  c u r v e  tha t  r e f l e c t s  
t h e  e f fec t  of ne t  s ec t ion  yielding a r e  shown a s  dotted l i n e s  in F i g u r e  2-19.  
( N o t e  t h a t  f o r  t h i s  i l l u s t r a t i o n  p r o b l e m ,  p l a s t i c i t y  c o r r e c t i o n s  w e r e  not 
included in  t h e  R - c u r v e s  nor w e r e  t h e  ca lcu la ted  K c  v a l u e s . )  It  i s  s e e n  tha t  
p a n e l s  of up t o  53. 3  c e n t i m e t e r s  (20  i n c h e s )  wide  in one  c a s e  o r  up t o  76 .  2 
c e n t i m e t e r s  ( 3 0  i n c h e s )  wide  in  t h e  o t h e r  c a s e  would r e s u l t  in low tic v a l u e s ,  
wh ich  c a n  b e  a t t r ibu ted  t o  t h e  o c c u r r e n c e  of ne t  s ec t ion  yielding r a t h e r  t han  
f r a c t u r e  d u e  t o  rapid propagat ion  of a crcick. 

Two  r e l a t e d  i m p o r t a n t  o b s e r v a t i o n s  m a y  be  m a d e  f r o m  F i g u r e  2-  19.  
F i r s t  i t  should b e  noted tha t  r e l a t i v e l y  m i n o r  v a r i a t i o n s  in  wide panel  t ough-  
n e s s  v a l u e s  can  s igni f icant ly  a f f ec t  t h e  magnitude of t h e  width in which  ne t  
s e c t i o n  y ie ld ing  c e a s e s  t o  o c c u r .  T h e  d i f f e r e n c e  in  t h e  wide panel  Kc v a l u e s  
f o r  t h e s e  two  s e t s  of pane l s  w a s  l e s s  than  10 pe rcen t  and the  c r i t i c a l  wid ths  
v a r i e d  b y  a  f a c t o r  of 1. 5. Second, and m o r e  impor t an t ,  i s  t h e  o b s e r v a t i o n  
t h a t  t h e  f r a c t u r e  t oughness  v a l u e s  f r o m  n a r r o w  pancl  widths-the dot ted  l i n e s  
in  F i g u r e  2 -  1 9 - a r e  in thc  r e v e r s e  o r d e r  of the  ac tua l  wide pane l  t oughness  
v a l u e s .  T h e r e f o r e ,  even  f o r  qua l i t a t i ve  c o m p a r i s o n s  of m a t e r i a l s ,  s u b s i s e d  
s p e c i m e n s  m a y  l e a d  t o  inval id conclus ions .  

F i g u r e  2-20 shows a n o t h e r  s e t  of ava i l ab l e  t e s t  d a t a  tha t  i l l u s t r a t e s  the  
e f f ec t  of pane l  width and ne t  s e c t i o n  yielding on  the  K - c r i t i c a l  v a l u e s  f o r  t he  
2024-'I '3 a l loy.  T h e  s a m e  t r e n d s  a s  t hose  shown in  F igu re  2-19 a r e  evident .  
F' igurd 2 -20  shows  tha t  only t h e  wide panel  d a t a  exhibi ted r e a l  Kc f a i lu re .  T h e  

:::The ne t  s ec t ion  s t r e s s  i s  a p p r o x i m a t e l y  a  m i n i m u m  f o r  t h i s  c r ack - l eng th -  
t o -pane l  w id th  ra t io .  
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F i g u r e  2 -  18. R - C u r v e s  f o r  A l u m i n u n l  Al loys  
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F i g u r e  2-19 .  F a i l u r e  of A luminum Al loy  Sheets  P r e d i c t e d  F rom R-Curve  
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Kcr i t i ca l  values  for  the sma l l e r  panels could be  calculated by utilizing the 
'net sect ion yield (Kyield) o r  actual  f a i lu re  load (Kc). F o r  the sma l l e r  
panels,  these  two calculat ions resu l t  in  approximately the s a m e  numer ica l  
K value. 

This effect  of panel  width and net section yielding on f r a c t u r e  toughness 
i s  r a t h e r  pronounced if compar isons  a r e  made between ma te r i a l s  of different  
s t reng th  ca tegor ies ,  e . g . ,  2024-T3 v e r s u s  7075-T6 aluminum alloys. Refe r -  
r ing to  the  foregoing discuss ions ,  one can deduce that the reduction in Kc  o r  
Kyield va lues  of n a r r o w e r  7075-T6 a luminum panels would be  much l e s s  than 
t he  2024-T3 aluminum. This i s  because  7075-T6 a luminum has  much higher  
t ens i l e  yield s t reng th  and an  R-curve with smal le r  curvature .  Such an 
example  i s  a l s o  shown in  F igu re s  2-18 and 2-19. The selected R-curve 
r e p r e s e n t s  the  average  values f o r  a group of seven t e s t  panels  of high puri ty 
7075 a luminum alloy sheet  (designated a s  X7475-T61). It i s  expected that  th i s  
al loy wil l  of fer  a h igher  f r a c tu r e  toughness p roper ty  and, meanwhile, maintain 
a t ens i l e  s t reng th  near ly  a s  good a s  thc  regular  7075 alloy. In F igure  2-19  
t he  Kc vaIues  fo r  va r ious  panel  widths having c r ack  lengths equal to one-third 
of t he  pa r t i cu l a r  panel  width a r e  calculated with the previously descr ibed 
procedure .  It should be  noted that a l l  the Kyield values  calculated for t he se  
pane l  configurations w e r e  above the correspondingly calculated Kc values.  
In  o ther  words, .  the  panels  will not be  fai led by the net section mechanism. 

Now i t  i s  in teres t ing to examine the actual predic t ive  capability of the  
R-curve  technique. Table 2-2 shows the  actual t e s t  r e su l t s  of the seven 
X7475-T61 t e s t  panels.  Also shown in Table 2-2 a r e  the predict ions c a l c u -  
l a ted  with u se  of the R-curve given for  the ma t e r i a l  and the actual  dimensions 
fo r  each t e s t  panel ( ini t ial  c r ack  length and panel width). Despite a s ca t t e r  
band of &5 k s i  ,/=in R l eve l s  actually associated with the cn t i rc  averaged 
R-curve ,  t he  compar i sons  in Table 2-2 dramat ical ly  indicated that,  with the 
typical  R-curve ,  .the predicted Kc, v c ,  and acr  values f o r  each t e s t  pclnel 
(except    an el No. 2) a g r e e  within i 5  percent  of the actual  values obtained 
f r o m  exper iments .  F o r  t e s t  panel  No. 2 ,  because  the  initial c r ack  length 
w a s  only one-sixth of the  panel width, a s  mentioned before ,  be t t e r  cor re la t ion  
could be obtained if a l a r g e  plast ici ty fac to r  w e r e  employed in the  calculations. 

2. 3. 3.2 The  Par t -Through  Crack  

The physical  a spec t s  and the application of s t r e s s  intensity factor and 
c r a c k  growth r e s i s t ance  concepts to the  analyses  of p r e s s u r e  ve s se l  f a i lu res  
have been thoroughly reviewed and presen ted  in Volume I1 of th i s  repor t .  
S u m m a r i e s  and rev iews  of available analytical  su r face  flaw s t ress '  intensi ty 
f a c t o r s  a l s o  a r e  avai lable  (References  40 and 41). The s t r e s s  intensity 
f a c t o r s  to  be  p resen ted  h e r e  a r e  the engineering approximations mos t  recent ly  
proposed by H s u  and L iu  (Reference 42). These  s t r e s s  intensity express ions  



T a b l e  2-2.  C o m p a r i s o n  s i t w e e n  the  A c t u a l  and  the  P r e d i c t e d  Va lues  
f o r  F r a c t u r e  T e s t s  of X7475-T61 A l u m i n u m  P a n e l s  

A 

P a n e l  
N o. 

1 

2 

3 

4 

5 

6 

7 

From 

vc 

~ / r n ~  x l o 6  (ksi) 
K c  

M N ( I ~ ) ~ ' ~  ( k a i 6 )  W 

cm (in. ) 

60. 96  
(24)  

60.96 

(24)  

60.96 
(24 )  

20. 32 

(8) 

30.48 

(12)  

30. 48 
(1.2) 

30.48 

(12)  

Reference 38. 

2ac r 

c m  (in. ) 

T e s t  

173.0 
(25. 1 )  

230.9  
( 3 3 . 5 )  

215. 1 
( 3  1. 2)  

291 .6  
(42. 3)  

308. 1 
(44 .  7)  

199.9 
(29. 0 )  

259. 2 
(37. 6)  

T e s t  

126 .3  
(114. 9 )  

107.6 

(97.9)  

126 .8  
(11  5. 4)  

93.9 
(85. 5) 

101.1 
(92. 0) 

104.4 
(95. 0 )  

110 .4  
(100. 5) . 

2a  
o 

c m  (in. ) 

20.44 
(8. 05)  

10 .2  
(4. 02)  

15 .34  
(6. 04)  

5. 08  
(2. 00 )  

5. 08  
(2 .00 )  

11.43 
(4. 50) 

7. 7 4  
(3. 05)  

T e s t  

72. 1 
(10. 47) 

35. 7 
(5. 18) 

52. 9 
( 7 .  68) 

16. 2 
(2.  36)  

17. 8 
(2. 59) 

36. 8 
(5.  34) 

27. 8 
(4. 04) 

P r e d i c t e d  

1 7 4 . 4  
(25. 3 )  

244. 0 
( 3 5 . 4 )  

206.8 
(30. 0 )  

301 .9  
(43. 8 )  

306 .8  
(44. 5) 

206.8  
(30.  0 )  

262.0  
(38. 0 )  

P r e d i c t e d  

121.1  
(111.0)  

117.6 

(107. 0 )  

121.1 
(111.0)  

98. 9 
(90. 0) 

102.2  
(93.0)  

109 .9  
(100 .0 )  

1 0 7 . 1  

(97-  5) 

P r e d i c t e d  

25. 1 

( 9 . 9 )  

13. 9 
( 5 -  5) 

23. 0 
(7 .9 )  

6. 0 
( 2 . 4 )  

6 . 4  
(2 .  55) 

13. 9 
(5 .  5) 

9. 6 
(3. 8 )  

I 



a r e  basically the s a m e  a s  those presented in Volume 11, but the scope was 
enlarged to include a wide variety of c r ack  geornetrics (F igure  2-21). These 
approximate s t r e s s  intensity expressions were  obtained based on the  following 
assumptions.  

1. The c rack  i s  in a f o r m  of an  ell ipse having a p a r t i c u l a r  aspect ratio,  
2b/2bl,  where 2b i s  the minor  axis  and 2bl the major  axis of the 
ell ipse.  Special cases ,  such  a s  b = b l  ( a  c i rc le )  and b / b l  equal t o  
ze ro  ( a  sc ra tch)  a l so  a r e  considered.  

2. An appropria te  method of analysis  m a y  be developed f r o m  the 
existing solution f o r  an elliptica! r r a c k  embedded in an infinite 
solid. The elastic s t r e s s  i n t e n s i L j  factor ,  adopted f rom 
References  43  and 44, i s  

2 2 2 2 1 2  
b Sin p+ b l  Cos P 

where 

= [($ Sin 2 p + COS p 1114 

and 

Note in F igu re  2-21 that both b l  and b in Equation ( 1  1) can be  
e i ther  a o r  c.  The angle P i s  always measured f r o m  the minor 
ax is  to a specific point on the per iphery of an ellipse. However, 
f o r  convenience, an angle 8 is defined to descr ibe  the  position of 
a point with respec t  t o  "a" in F igu re  2-21  and l a t e r  in F igure  2-28. 
Fu r the rmore ,  Equation ( 1  1) implies  that  the s t r e s s  intensity va r i e s  
along the elliptical periphery.  



F i g u r e  2 - 2  1. Geomet r ies  of Truncated Elliptical C racks  



3.  T h e  t runcat ion conc ept of I rwin  (Refe rence  43) is adopted f o r  
development of o ther  geomet r ic  f a c t o r s  which will account f o r  the  
f r e e  su r f ace  exposures ;  i. e . ,  the  infinite solid is t runcated into 
two halves  o r  four  qua r t e r s ,  and the  t runcat ions  a r e  a lways  made  
r ight  on the ma jo r  axis  of the  e l l ipse  ( F i g u r e  2-21A) o r  on t he  
mino r  ax i s  ( F i g u r e  2-21B) o r  on both axes  (F igu re s  2-21C and 
2-21D). These  f r e e  su r f ace  exposure  f a c to r s  will be  cal led the  
f ron t  su r f ace  fac to r ,  ( M ~ ) .  

4. T h e  semi- inf in i te  solid and t h e  quar ter - inf in i te  solid a l s o  can  be  
t runcated t o  have f in i te  d imens ions  (width and th ickness) .  T h e r e  - 
f o r e ,  finally, the s t r e s s  intensity fac to r  for  a semi-e l l ip t ica l  c r a c k  
on one sur face  of a f ini te p la te  o r  a quar ter -e l l ip t ica l  c r a c k  a t  a 
c o r n e r  of a f ini te p la te  can  be  exp re s sed  a s  

whe re  

M2 = a fac to r  accounting f o r  the  influence of the  back f r e e  
. . su r f ace  

b1 = the f in i te  width co r r ec t i on  f ac to r  given in F i g u r e  2-14. 

M = plast ici ty co r r ec t i on  fac to r  
P 

T o  obtain a f ront  su r f ace  f ac to r  f o r  the  semi-e l l ip t ica l  c rack ,  one 
m a y  t empora r i l y  neglect  the  e f fec t s  of t he  boundary f a c t o r s  d l  and 

'M2 and the plast ici ty co r r ec t i on  fac to r ,  Mp. Equation ( 15) then 
r educes  to  

whe re  b = a f o r  C a s e  (a)  and b = c f o r  Case  (b) in F i g u r e  2-21. F o r  
any given flaw shape,  a / c  ra t io ,  the  f ron t  su r f ace  fac to r ,  MI ,  a t  
any point along the c r a c k  pe r i phe ry  can b e  es t imated by in te rpo-  
lat ion of the  exist ing s t r e s s  in tensi ty  f a c t o r s  f o r  the  t h r e e  l imit ing 
ca se s ,  namely, aIc = 0, c / ~  = 0, and a = c.  

In F i g u r e  2-21A, t he  e x t r e m e  c a s e  is a I c  = 0. In th i s  c a s e  one 
can  visual ize  that  the  pla te  conta ins  many para l l e l  s l i c e s  a s  
indicated by the  dotted l ines .  Each  s l i c e  pass ing through the  
c r a c k  looks geomet r ica l ly  l ike  a two-dimensional  plate having a 
c r a c k  of s i z e  "a t '  a t  one of t h e  edges.  There fore ,  f r o m  the  edge 
c r a c k  ana lys i s  given by ~ e f e r e n c e  45, the  f ront  su r f ace  f ac to r .  Mi ,  



equals  1.122. Simi lar ly ,  t h e  o t h e r  e x t r e m e  c a s e ,  in F i g u r e  2-2113, 
would b e  a / ,  = m o r  c / ,  = 0.  Again the  s l i ces  between e v e r y  two 
adjacent  dotted l ines  a r e  s i m i l a r  t o t h e  c a s e  of a  p la te  containing a  
through c r a c k  a t  the  c e n t e r .  There fo re ,  f r o m  the  s t r e s s  in tens i ty  
solut ion given by R e f e r e n c e  46, M 1 = 1. 0 .  T h e s e  two points  w e r e  
plotted in F i g u r e  2-22 a s  points  A and B, respect ive ly .  

T h e  third s p e c i a l  c a s e  i s  t h e  t r a n s i t i o n  f r o m  a  c a s e  w h e r e  a  < c  t o  
a c a s e  where  a  > c ,  o r  v ice  v e r s a ,  i. e . ,  a  = c, a  s e m i c i r c l e .  A 
n u m e r i c a l  solut ion f o r ' t h i s  c a s e  has  been presented  by Smith ,  e t  
a l .  ( R e f e r e n c e  47 ) .  R e s u l t s  indicated that the f ron t  f r e e  s u r f a c e  

f a c t o r ,  L41, f o r  semicircular c a s e  is a function'of P ( F i g u r e  2 - 2 2 ) .  

With a  l i n e a r  r e l a t ionsh ip  in a I c  ( o r  c / ~ )  as sumed ,  i. e . ,  connect -  
ing a  s t r a igh t  l i n e  f r o m  any value  of (3 on a  = c  ax i s  t o  e i t h e r  one  of 
t h e  two l imit ing points  A o r  B in F i g u r e  2-22, then f o r  a n y  given 
s h a p e  of flaw the  value of M i  c o r r e s p o n d s  t o  any point on the  
pe r iphery  of the  f law tha t  c a n  b e  in terpola ted .  Note t h e  M1 va lues  
on the  l ine  between points  A and C in F i g u r e  2 - 2 2  a r e  approx imate ly  
the  s a m e  a s  those  M i  va lues .  computed f r o m  Equation (30)  in  
Section 2  of Volume 11. I 

T h e  flaw shape  f a c t o r s  M and have  been defined in Equat ions  (13)  
and (14) ,  respect ive ly .  Defining a  combined f ront  s u r f a c e  f a c t o r  
M i  = M . E . l l ,  we can  then  r e w r i t e  Equation (161 a s  

> 

T h e  computed M;  /a va lues  a r e  plotted in  F i g u r e  2-23 f o r  a  5 c  and 
in  F i g u r e  2-24 f o r  a r c .  It c a n  b e  s e e n  f r o m  t h e s e  f i g u r e s  tha t  t h e  
m a x i m u m  M i / @  i s  a t  Q = 90° f o r  a I c  g r e a t e r  than 0.78.  Con-  
v e r s e l y ,  m a x i m u m  M i / @  is located  a t  Q = 0' f o r  a / ,  l e s s  than 
0. 78. 

A l s o  observed in F i g u r e  2-23 is that ,  a t  a / c  = 0.78, t h e  va r i a t ions  
on  K along t h e  c r a c k  p e r i p h e r y  a r e  min imum.  In o the r  w o r d s ,  
without the  inf luences  of a n y  o t h e r  g e o m e t r i c a l  o r  phys ica l  
v a r i a b l e s ,  such  a s  back  s u r f a c e ,  f in i te  width, o r  p las t ic i ty ,  the  
m o s t  s table  f law s h a p e  would b e  a t  a / ,  = 0.  78. However,  taking 
ano the r  look a t  F i g u r e  2-23, it is revealed  that  the  cons tan t  K point 
would probably b e  located  a t  a / c  = 0. 9, w h e r e  the  combined f ron t  
s u r f a c e  f a c t o r s  f o r  0' 5 p 5 '60" converge  t o  one s ing le  point.  T h i s  
va lue  a g r e e s  with t h e  one  p rev ious ly  published by Smith  and Alavi,  
a I c  = 0. 84, ( R e f e r e n c e  48). Whether  the  f law shape  f o r  cons tant  K 
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Figure 2-22.  Front  F ree  Surface Influence Fac to r  M I  



I I I I I 

I 

( R e f e r e n c e  42)  1 

a 'c 
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should b e  a / 2 c  = 0 .  4 2  o r  0 .  39, t h e s e  va lues  d i s a g r e e  s l ight ly  wi th  
the  theory  of Westmann,  who had sugges ted  that  the  s t a b l e  f l aw 
shape  should be  a / '  = 1 . 0  ( R e f e r e n c e  4 9 ) .  T h e  d i s a g r e e m e n t  is 
mainly  attributeti  t o  the  adoption of S m i t h ' s  s e m i - c i r c u l a r  f law 
s t r e s s  intensi ty f a c t o r s  i n  the  p r e s e n t  a n a l y s i s  p rocedure .  

Exper imen t s  have been conducted on ten 7075-T6 a luminum s u r f a c e  
flaw specime, is  ( R e f e r e n c e  42).  T h e s e  s p e c i m e n s  w e r e  e i t h e r  1. 27 
o r  0. 635 c e n t i m e t e r s  ( 0 .  5 o r  0 .  25 inch)  thick and 7. 62 c e n t i m e t e r s  
( 3  inches )  wide with in i t ia l  f law dep ths  approx imate ly  5 t o  10 p e r -  
cent  of the  specimen th ickness .  T h e  in i t ia l  f law shape  w a s  0 .  262 
5 a / z c  5 0.  533.  The  s p e c i m e n s  w e r e  subjected to  cons tant  
ampl i tude  cyclic loading with the  m i n i m u m  t o  m a x i m u m  applied 
s t r e s s  r a t io  ecjual t o  0 .  1. T h e  m a x i m u m  applied s t r e s s  l e v e l s  
w e r e  not the  s a m e  on e v e r y  s p e c i m e n .  Desp i t e  a  wide r a n g e  of 
applied s t r e s s  levels ,  1 3 1  u m a x  5 50 ks i ,  examination of t h e  
broken halves  of the  s p e c i m e n s  a f t e r  tes t ing  revealed  tha t  n ine  out  
of the  ten specinlens had a  s tabi l ized  f inal  f law shape  of a / z C  = 0. 4 3 ,  
approximate ly .  T h e  l a s t  s p e c i m e n  had a  flaw shape  of a / 2 c  = 0. 384 
because  the  f inal  c r a c k  length on the  s u r f a c e  ( 2 c )  was  a p p r o x i m a t e l y  
a l i t t l e  longer  than one- th i rd  of t h e  s p e c i m e n  width and the  s t r e s s  
inten.sity on th is  s p e c i m e n  might  h a v e  been  signif icantly affected by 
the  f ini te  width of the  s p e c i m e n .  

P e r h a p s  the  mos t  s igni f icant  va lue  of the  p r e s e n t  a n a l y s i s  p r o -  
c e d u r e  i s  i t s  applicat ion to  f a t igue  c r a c k  growth ana lys i s .  In t h e  
pas t ,  fat igue c r a c k  growth p red ic t ions  w e r e  conducted by a s s u m i n g  
tha t  the  shape  of t h e  s u r f a c e  f law w a s  unchanged throughout t h e  
e n t i r e  period until t he  f law b r o k e  th rough  t h e  back s u r f a c e  and 
b e c a m e  a  through- the- th ickness  c r a c k .  Without employing Smi th ' s  
solution, the  point of Kmax, f o r  any f law shape  (a <c), i s  
a lways  located a t  the  c e n t e r  of the  f law pe r iphery .  C r a c k  
propagat ion  r a t e s  w e r e  evaluated a t  t h i s  point only. It is now 
rea l i zed  tha t  the point of Kmax ( i n  t h e  c a s e  of a  semi- inf in i te  
so l id)  is e i t h e r  a t  the  m a x i m u m  depth o r  on the  f r e e  s u r f a c e  
(excep t  f o r  a .- 3 .  78c, the  t r a n s i t i o n  point having Krnax a t  both  
locat ions,  F i g u r e  2-23) and tha t  t h e  c r a c k  g rows  f a s t e r  a t  t h e s e  
points .  However. t h e  o the r  points  along t h e  c r a c k  p e r i p h e r y  a l s o  
exhibit va r ious  amount  of g rowth  dependent  upon the  magni tude  of 
K corresponding t o  a  c e r t a i n  locat ion.  T h i s  uneven r a t e  of c r a c k  
growth r e s u l t s  in a  change of f l a w  s h a p e  (ale ra t io )  in  e v e r y  s ing le  
s t e p  of c r a c k  i n c r e m e n t  and consequent ly  changes  t h e  r a t e  of 
c r a c k  growth in e v e r y  point along t h e  c r a c k  pe r iphery .  T h e  p r e -  
viously d i s c u s s e d  ten  d a t a  points ,  along with the  ca lcula ted  f ina l  
a / z c  r a t ios ,  a r e  plotted in F i g u r e  2-25  f o r  compar i son .  T h e  
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v e r t i c a l  dotted l ine  in the  f i g u r e  r e p r e s e n t s  the  f ina l  f law s h a p e  
value  calculated by using t h e  c u r r e n t  p rocedure ,  w h e r e a s  the  
45-degree  solid l ine indica tes  what would have happened i f  t h e  
f l a w  s h a p e s  w e r e  a s s u m e d  t o  b e  a cons tant  value.  Another  
e x a m p l e  taken f r o m  Refe rence  50, i s  shown in  F i g u r e  2-26 w h e r e  
two ac tual  t e s t s  a r e  c o m p a r e d  with ca lcula t ions .  The f igure  
subs tan t i a t e s  the e f fec t iveness  of the c u r r e n t  approach.  

6. So f a r  the  geomet r i c  f ac to r s  MI @, and M1 have  been d i s c u s s e d .  
T h e  remain ing  p rob lems  would.be the back s u r f a c e  influences and 
plast ici ty.  These  two v a r i a b l e s  s e e m  to  i n t e r a c t  with each o ther .  
If the flaw i s  shal low a s  c o m p a r e d  to plate th ickness  and the appl ied  
s t r e s s  i s  low a s  compared  to  the  tens i le  yield s t r eng th  of the 

. m a t e r i a l ,  the effects  of the  back s u r f a c e  and the  p las t ic i ty  a t  the  
c r a c k  t ip a r e  negligible. As the  flaw develops and p ropaga tes  
toward  the back su r face ,  l a r g e  s c a l e  p las t ic  yielding o c c u r s  in  
f r o n t  of the  c rack .  When the  plast ic  zone (Zry) in f ront  of the  f l aw 
p e n e t r a t e s  the th ickness  of the plate, the effect of this zone i s  
a l t e r e d .  At th is  point the development  of the c r a c k  f ron t  p las t i c  
zone i s  l imi ted  by the fact  that  the avai lable  a r e a  in the  c r a c k  f r o n t  
i s  bounded by the back su r face .  As a  r e su l t ,  the  back s u r f a c e  e f fec t  
m a y  be  t runcated  when th is  t rans i t ion  occurs .  The m e c h a n i c s  of 
c r a c k  growth in this  c a s e  a r e  uncertain.  One possibi l i ty i s  tha t  
f r a c t u r e  will b e  control led by the  s t r e s s  in tens i ty  a t  o r  n e a r  the  
m a j o r  ax i s  of the semi -e l l ipse .  In o the r  words ,  the  s u r f a c e  f law 
would behave like a  through- the- th ickness  c rack .  As a  l imi t ing  
c a s e ,  the r e s idua l  s t r eng th  for  such a  s p e c i m e n  configurat ion o r  
s t r u c t u r a l  component  can  b e  es t imated  by this  approach.  C o n s i d e r  
that  the a r e a  between the  f law and the  back s u r f a c e  is undergoing 
p las t i c  yielding; the  load applied to  the g r o s s  a r e a  is  equal  t o  
r t i m e s  2 c t ,  and the  m a x i m u m  load applied to  the ne t  a r e a  is 
approximated by F t y  t i m e s  ( 2  c t  - rrac/2). With a c o m p a r i s o n  of 
t h e s e  two loads ,  a  c r i t e r i o n  for  the cutoff point can  be  e s t i m a t e d  by  

w h e r e  a e t  is defined t o  b e  the  f law dep th  f o r  a  f law equivalent  t o  
t h e  through- the- th ickness  c r a c k .  F o r  a  c r a c k  dep th  l a r g e r  t h a n  
t h i s ,  t h e  s t r e s s  intensi ty m a y  b e  computed by the  through- the-  
th ickness  c r a c k  fo rmula .  Equation (18) w a s  ini t ial ly de r ived  by 
G.  V r o m a n  a s  d e s c r i b e d  i n  Section 4. 3 of Volume 11. F o r  t h e  
fa t igue  c r a c k  propagation c a s e ,  o the r  t r ans i t ion  c r i t e r i a  c a n  b e  
used,  s u c h  a s  those  p roposed  in  Chap te r  4 of Volume 11. It  c a n  b e  
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cxpected tha t  t h e  h a r k  f a c e  y ie ld ing  b e h a v i o r  would b e  e x t r e m e l y  
s igni f icant  f o r  the  th in  s h e e t .  Many inves t iga t ions  have  b e e n  c o n -  
ducted to e x p l o r e  t h i s  p r o h l e m  ( e .  g. , R e f e r e n c e s  51,  52 ,  and 531. 
I-Iowevcr, a unified a n a l y s i s  p r o c e d u r c  i s  ye t  t o  b e  developed. 

7 .  F o r  a  s u r f a c e  c r a c k  in a  f i n i t e  widtl l  p la te ,  a g a i n  wi th  u s e  of t h c  
p l a s t i c  zone  s i z e  r e l a t i o n  of Equat ion  ( 6 )  and wi th  n  = 4 fl f o r  
p lane  s t r a i n ,  t h e  p l a s t i c i t y  c o r r e c t i o n  f a c t o r ,  Mp, r e p r e s e n t i n g  
t h e  point of m a x i m u m  dep th  in  F i g u r e  2-21A i s  

S imi l a r ly ,  t h e  p las t ic i ty  c o r r e c t i o n  f a c t o r  r e p r e s e n t i n g  t h e  point  
on t h e  s u r f a c e  (wi th  n  : 2 f o r  p l a n e  s t r e s s )  in  t he  c o n f i g r ~ r a t i o n  
shown in F i g u r e  2-21R i s  

For t he  sha l low flaw c a s e  ( a  .c t / 2 ) ,  I rw in  ( R e f e r e n c e  43)  h a s  
a s s u m e d  tha t  t he  combined  e f f e c t s  of t he  f r o n t  and the  back  s u r f a c e s  
would b e  a p p r o x i m a t e l y  I 0  p e r c e n t .  With th i s  a s  sumpt ion ,  M I  . M 2  
= 1. 1 ,  Equat ion (19)  r e d u c e s  t o  

and t h e  quant i ty  i n s i d e  t h e  s q u a r e  root  i s  t he  so -ca l l ed  "Q" 
f r e q u e n t l y  a p p e a r i n g  in  t h e  l i t e r a t u r e .  



8. Many back  s u r f d c e  f a c t o r s  a r e  avai lable .  These  back s u r f a c e  
f a c t o r s  w e r e  developed e i the r  by a n a l y s i s  o r  by exper imen t s  
( e . g . ,  Refe rences  40, 48, 54, 55, and 56) .  T h e  m o s t  r e p r e -  
sen ta t ive  one i s  tha t  given in R e f e r e n c e  40. F o r  0. 1 5 a / 2 c i  0. 5, 
b a c k  s u r f a c e  fac to r  can  be e x p r e s s e d  by (Refe rence  50) 

T h e  ca lcula ted  c u r v e s  shown in F i g u r e  2 -26  a r e  incorpora ted  with 
t h i s  back s u r f a c e  fac to r .  It  is s e e n  tha t  th is  back s u r f a c e  fac to r ,  
i n  connection with the  c u r r e n t  p red ic t ive  ana lys i s  p rocedure ,  
c o r r e l a t e s  wel l  with da ta  examined.  

9. A c r a c k  a t  one c o r n e r  of a  q u a r t e r  infini te  solid (Type  3 c r a c k  in 
F i g u r e  2-13 o r  F i g u r e s  2-21C and 2-21B without the  f in i te  
boundar ies )  c a n  b e  cons idered  a s  a  s u r f a c e  flaw having two f ron t  
s u r f a c e s ,  one located a t  the  8 = 0' posi t ion and the  o the r  a t  the  
8 = 90" position. Any point on the p e r i p h e r y  of the Type c  c r a c k  
c o r r e s p o n d s  t o  a  r e c i p r o c a l  point on t h e  Type d  c rhck .  In  o the r  
w o r d s ,  the  f r o n t  s u r f a c e  c o r r e c t i o n  f a c t o r s  f o r  both Type c  and 
T y p e  d c r a c k s  a r e  iden t i ca l . .  At  any orientat ion,  (3, t h i s  f a c t o r  
c a n  b e  defined a s  a  product  of two s e p a r a t e  f ron t  s u r f a c e  f a c t o r s ,  
n a m e l y  M; (P) and M ;  ( n l 2  - p). If F1 = n [M; (PI  . M; ( n l 2  - p) /@I2  
i s  defined, Equation ,(l7) b e c o m e s  

T h e  values  of F' v e r s u s  a / ,  r a t i o s  a r e  plotted i n  F i g u r e  2-27 .  
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F i g u r e  2 - 2 7 .  F r e e  Surface  Cor rec t ion  Fac to r  fo r  C o r n e r  F l a w  



2. 3. 3. 3 C r a c k  o r  C r a c k s  Emanating F r o m  a C i r cu l a r  IIole 

Since B. Ki rsch  in 1898 showed that the local  s t r e s s  a t  the edge of a 
c i r c u l a r  hole ( i n  a thin,infinitely wide shee t )  was t h r ee  t imes  that  of the 
applied s t r e s s ,  many  investigations have been conducted on s t r e s s  d i s t r i -  
butions in tht. vicini ty of the hole. Information i s  available regarding hole 
configuration,  s t r uc tu r a l  configuration, and lvading condition, with o r  with - 
out c r a c k s  emanating f r o m  a holc, c r ack  propagation approaching a hole, o r  
in te rac t ion  of c r a c k s  a t  adjacent  holes ,  etc. Thc c r a c k  configurations 
cons idered  h e r e  a r e  those givtm in F igu re  2-28. These  c r a c k  geomet r ies  
a r e  s i m i l a r  t o  those  shown in F i g u r e  2 - 2 1  and, the re fore ,  i t  i s  a s sumed  
that  s o m e  of the previously presented geometr ic  fac to rs  a r e  a l s o  applicable 
he r e .  The  approximate  s t r e s s  intensity express ions  for  these  c r a c k  
geome t r i e s  m a y  be expressed  a s  

f o r  a n  el l ipt ical  c o r n e r  c rack  a t  edge of a hole and 

f o r  a n  el l ipt ical  c r ack  a t  the edge of a hole. Here  pa r ame t r i c  cu rve s  f o r  
M; /@ have been given in F igure  2-24. The pa r ame t r i c  c u r v e s  f o r  M/@ a r e  
p resen ted  in F i g u r e  2-29. R i s  the Bowie's f ac to r  accounting fo r  t he  
influence of the  c i r cu l a r  hole (Refe rence  57, F igure  2 - 3 0 )  and has  a f a c to r  
f o r  the  f r e e  su r f ace  of the  hole within it .  It i s  a  function of the  r a t i o s  of the 

d i s tance  f r o m  the  edge of the hole t o  the c rack  tip, L, and the  rad ius  of the  
hole, r. Since L va r i e s  between ze ro  and c ,  the B fac to r ,  a s  well a s  the  
s t r e s s  intensity,  va r i e s  along the c r ack  per iphery.  

Eventually these  c r acks  will become through-the-thickness c r a c k s  (a t  
the  edge of a hole)  such a s  those shown a s  Case  4 in F igu re  2-13. Mere both 
M ; / @  and MI@ approach unity s o  that Equations (25 )  o r  (261 r educe  to  

The  application of the Bowiels  fac to r  i s  not s t ra ightforward.  The  
Bowie 's  f a c to r  is fo r  an  e las t ica l ly  loaded open hole in an  infinitely wide 

shee t .  It can b e  considered a spec ia l  c a s e  of the s t r e s s  concentra t ion factor ,  

Kt. It is commonly known that the values f o r  e las t ic  Kt a r e  affected by t he  
f in i t e  d imension of the plate. Th is  f ini te width effect on Kt of the  hole (with- 
out a c r a c k )  might in te rac t  with the f ini te width effects  normal ly  imposed on. 
the c rack .  F u r t h e r m o r e ,  if the applied s t r e s s  exceeds  one- thi rd  of the  
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F i g u r e  2 -29 .  F l a w  Shape  Fac to r  M / @  
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m a t e r i a l  t e n s i l e  yield s t r e n g t h ,  t he  a r e a  ad jacent  to  t he  edge of the  hole  
d e f o r m s  p l a s t i ca l ly .  T h e  s i z e  of t h e  loca l  yield zone a t  t h e  edge of t hc  holc  
i n c r e a s e s  a s  t h e  appl ied  s t r e s s  i n c r e a s e s .  For ;i c r a c k  s m a l l e r  than  t h e  
l o c a l  p l a s t i c  zone  of a y ie lded  hole ,  t h e  c r a c k  ex tens ion  behavior  \xfould not 
be t h e  s a m e  a s  p red ic t ed  by  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s .  An a n a l y s ~ s  
p r o c e d u r e  h a s  been  p roposed  tha t  u s e s  N e u b c r ' s  s t r e s s  and s t r a i n  c o n c e n t r a -  
t i on  f a c t o r s  t o  accoun t  f o r  t h e  p l a s t i c  behavior  on ( R e f e r e n c e s  58 and 5'4) 
and the J - i n t e g r a l  t o  hand le  c r a c k  t i p  p l a s t i c i t y  ( R e f e r  t o  Volume I1 f o r  t h c  
J - i n t e g r a l  concep t ) .  

O t h e r  i m p o r t a n t  c l a s s e s  of yielded -hole  p r o b l e m s  a r e  c a s e s  t ha t  
h a v e  r e s i d u a l  s t r e s s e s  a round  t h e  hole  induced by cold xorl.ring thc  hole  
wi th  an  o v e r s i z e d  m a n d r e l  o r  by employing a n  i n t e r f e r e n c e  f i t  f a s t e n e r .  
Some s t r e s s  i n t ens i ty  f a c t o r s  f o r  t h e s e  c a s e s  have b e e n  developed (Refer- 

e n c e s  60 and 61 ) .  

2. 3.  3 . 4  Spec ia l  C a s e s  

T w o  c a t e g o r i e s  of c r a c k s  commonly  of c o n c e r n  a r e  pin -loaded ho le s  
and c r a c k s  a t  t h e  roo t  of a n  ang le  ( e .  g . ,  a t  s t i f f e n e r - s h e e t  i n t e r s e c t i o n ) .  
F o r  a pin- loaded hole,  c o n s i d e r  t h e  r i v e t  load in  a  s h e e t  and the  pin- loaded 
lug. In e i t h e r ,  un i fo rm s t r e s s  i s  appl ied on one s i d e  of the hole  i n  tht: sl1c:et 
( o r  i n  t h e  shank  of t h e  l u g ) ,  and a  concen t r a t ed  f o r c e  is applied on t h e  
oppos i te  s i d e  of t h e  hole .  Th i s  concen t r a t ed  f o r c e  c a u s e s  1,jode 1 a s  we l l  a s  
Mode 2 s t r e s s  i n t ens i ty  f a c t o r s .  Example  so lu t ions  f o r  p a r t i c u l a r  ~ ~ r o b l e m s  
a r e  g iven  in  F i g u r e s  2-31 and 2 - 3 2 ,  r e spec t ive ly .  T h e  ca lcu la ted  va l t i cs  fo r  
KZ i n  t h e s e  two c a s e s  a r e  v e r y  s m a l l ;  t h e r e f o r e ,  only rhe K1 component  i s  
r epo r t ed  in  t h e  f i g u r e s .  Note tha t  t h e s e  two f i g u r e s  a r c  not g e n e r a l  and 
should not b e  used  f o r  o t h e r  g e o m e t r i e s .  

T y p i c a l  g e o r n e t r i c s  f o r  c r a c k s  a t  the  root  of a s t i f f ene r  a r c  C a s e s  7 and 
8, i l l u s t r a t ed  i n  F i g u r e  2 - 1 3 .  A s t r e s s  in tens i ty  solut ion i s  not ye t  ava i l ab l e  
f o r  C a s e  8 .  S ince  t h e  load i s  usua l ly  p a r a l l e l  t o  t h i s  kind of c r a c k  s r ~ r f a c e ,  i t  
i s  an t ic ipa ted  t h a t  t h e  s t r e s s  in tens i ty  f a c t o r  ~ o u l d  b e  negligibly s n l a l l .  Fo r  
C a s e  7, a n  eng inee r ing  a p p r o a c h  is t o  c o n s i d e r  tha t  t h e  c r a c k  i s  t h r e e -  
f o u r t h s  of a n  e l l i p s e .  T h e  s t r e s s  in tens i ty  f a c t o r  c a n  be  obtained by i n t e r -  
polating be tween  a  fu l l  e l l i p s e  and an  one-ha l f  e l l i p se .  Ano the r  spec i a l  c a s e  
f o r  a c o r n e r  c r a c k  \sfould b e  the  c r a c k  r igh t  a t  t he  ang le  of a  coun te r sunk  
f a s t e n e r .  In t h i s  c a s e  t h e  s t r e s s  in tens i ty  f a c t o r  c a n  b e  in te rpold ted  be tween 
a ha l f - e l l i p t i ca l  c r a c k  and  a  9 0 - d e g r e e  c o r n e r  c r a c k .  
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F i g u r e  2 - 3 1 .  S t r e s s  Intensi ty F a c t o r  V e r s u s  C r a c k  L e n g t h  f o r  a Lug  
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F i g u r e  2 - 3 2 .  Stress  I n t e n s i t y  Fac to r  f o r  a P in -Loaded  1Iole ( R e f e r e n c e  6 1 )  



2 .  3 .  4 C r a c k  A r r e s t  S t r u c t u r e  

T h e  bas i c  t echn iques  f o r  des igning  t h i s  c l a s s  of s t r u c t u r e  i s  to e m p l o y  
a n  e f fec t ive  b a r r i e r  to r e t a r d  f a s t  p ropagat ion  of a  c r a c l i  u n d e r  n o r m a l  o p e r -  
a t ing  condi t ions .  T h e s e  b a r r i e r s ,  o r  r e i n f o r c e m e n t s ,  r e d i s t r i b u t e  the  s t r e s s  
f ie ld  in the v ic in i ty  o f  the c r a c k  t ip  ( i .  e . ,  they  p rov ide  a  r e g i o n  of l o w - s t r e s s  
i n t ens i ty  in the path of t he  advancing c r a c k  f r o n t ) .  T h e  b a r r i e r s  can  be 
a t t ached  s t i f f e n e r s  o r  the r i s e r  in  a n  i n t eg ra l ly  s t i f fened  plank.  T h e  
a t t ached  s t i f f e n e r s  a r e  n o r ~ m a l l y  s t r i n g e r s  o r  f l a t  s t r a p s  r i v e t e d  onto the 
s h e e t  sk in .  F l a t  s t r a p s  adhes ive ly  bonded onto s h e e t  skin ( p r o v i d e d  that  the  
bond h a s  suff ic ient  f lexibi l i ty)  a r e  a l s o  c o n s i d e r e d  to be a t t ached  s t i f f e n e r s .  
In e i t h e r  one of t hese  c a s e s ,  the i dea  i s  to d e t e r m i n e  the  p a t t e r n  of c r a c k  t i p  
s t r e s s  in tens i ty  a t  v a r i o u s  loca t ions  r e s p e c t i v e  to the s t i f f e n e r  posi t ion.  
F a t i g u e  c rac l i  g rowth  a n a l y s i s  c a n  be p e r f o r m e d  b y  us ing  t h i s  p a t t e r n  to 
mod i fy  the  c r a c k  t ip  s t r e s s  in tens i ty  s o  that  the s a f e - c r a c k - g r o w t h  per iod  

c a n  be  e s t i m a t e d  f r o m  the m a t e r i a l  fa t igue  c r a c k  p ropaga t ion  r a t e  c u r v e  
( d a / d N  v e r s u s  A K c u r v e ) .  T h e  r e s i d u a l  s t r e n g t h  ( c a n  be i n t e r p r e t e d  in t e r m s  
of f a i l - s a f e  load leve ls )  f o r  the s t i f fened panel  can  a l s o  be e s t i m a t e d  by us ing  
the s a m e  type of c r a c k  t i p  s t r e s s  in tens i ty  a n a l y s i s .  The  m e t h o d s  of a n a l y s i s  
f o r  e i t h e r  type of the craclc  a r r e s t  s t r u c t u r e s  a r e  d i s c u s s e d  in t he  following 
p a r a g r a p h s .  

2 .  3 .  4. 1 Attached S t i f f ene r  

F i g u r e  2 - 3 3  shows  a  typ ica l  conf igura t ion  f o r  the a t t ached  s t i f f ene r  
s t r u c t u r e .  F o r  th i s  type of s t r u c t u r a l  a r r a n g e m e n t ,  the s t r e s s  in tens i ty  
f a c t o r  l eve l  d e c r e a s e s  a s  the c r a c k  a p p r o a c h e s  the r e i n f o r c e m e n t  and s ig -  
n i f icant ly  d e c r e a s e s  when the c r a c k  t i p  i s  r i g h t  a t  the  v ic in i ty  of the 
r e i n f o r c e m e n t .  The K va lue  wi l l  i n c r e a s e  aga in  a s  the  c r a c k  p r o p a g a t e s  
p a s t  t h e  r eg ion  w h e r e i n  the  r e i n f o r c e m e n t  i s  e f fec t ive .  T h i s  t e m p o r a r y  
r educ t ion  of c r a c k  tip s t r e s s  in tens i ty  i s  due to the  r e a c t i o n  of the r i v e t  
f o r c e s  ( i .  e . ,  a  port ion of skin load i s  t r a n s m i t t e d  th rough  the  f a s t e n e r  and 
wi l l  be c a r r i e d  by the s t i f f e n e r ) .  Consequent ly ,  the g e n e r a l  s t r e s s  in tens i ty  
f a c t o r  f o r  th i s  c a s e  wi l l  c o n s i s t  of two t e r m s ,  the  t e r m  involved  with the 
o v e r a l l  s t r e s s  act ing on the skin ( b a s e d  on u n i f o r m  s t r e s s  and  c r a c k  length 
only)  and  the  t e r m  involved with the t r a n s m i t t e d  load  in the  r e i n f o r c e m e n t .  
F o r  a n  inf ini te ly wide panel ,  the  K e x p r e s s i o n  c a n  be w r i t t e n  a s :  

W h e r e  Fj i s  the  f a s t e n e r  load of the  j th  f a s t e n e r ,  the  m i n u s  s i g n  r e f e r s  to 
the r e d u c e d  c r a c k  t ip  s t r e s s  in tens i ty  due to  the e f f e c t  of the r e i n f o r c e m e n t  
( t h e  r i v e t  f o r c e s  a r e  ac t ing  in t he  oppos i te  d i r e c t i o n  r e s p e c t i v e  to  the  appl ied 
l o a d ) .  A typica l  e x a m p l e  of t h i s  type of a n a l y s i s  i s  s c h e m a t i c a l l y  p r e s e n t e d  
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in F i g u r e  2 - 3 4 .  H e r e  the  v a r i a t i o n s  in I( due  to  the  e f f e c t  of r e i n f o r c e m e n t  
(dot ted  l i n e s )  a r e  c o m p a r e d  with the  n o r m a l  v a l u e s  of K f o r  the  p la in  s h e e t  
a lone  ( s o l i d  l i nes )  in two a r b i t r a r y  chosen  s t r e s s  l e v e l s .  

2 .  3 .  4.  2 T h e  Analy t ica l  and  P h y s i c a l  Aspec t s  of S k i n - S t r i n g e r  S t r u c t u r e  

T h e r e  have  been m a n y  inves t iga t ions ,  both ana ly t i ca l  and  e x p e r i m e n t a l ,  
involving the  d a m a g e  t o l e r a n c e  of  r e i n f o r c e d  f l a t  p a n e l s .  Only a few of t h e s e  
inves t iga t ions  have  a t t e m p t e d  to s y s t e m a t i c a l l y  s t u d y  the e f f e c t  of con f igu ra -  
t ion and m a t e r i a l  v a r i a b l e s .  T h e  r e f e r e n c e s  l i s t e d  h e r e  ( R e f e r e n c e s  6 3  to  71)  
a r e  t hose  p e r t i n e n t  to the  p r e s e n t  s tudy .  T h r e e  ana ly t i ca l  i nves t iga t ions  
( R e f e r e n c e s  63 -66) ,  mode l ing  a n  inf ini te  l i n e a r l y  e l a s t i c  c r a c k e d  p l a t e  wi th  
l i n e a r l y  e l a s t i c  r e i n f o r c e m e n t s  and r ig id  a t t a c h m e n t s ,  have  e s t a b l i s h e d  the 
e f f ec t  of e l a s t i c  m a t e r i a l  p r o p e r t i e s  and g e o m e t r i c  v a r i a b l e s .  T h e  r e s u l t  of 
P o e ' s  a n a l y s i s  ( R e f e r e n c e  66) i s  g iven  in F i g u r e s  2 - 3 5  and 2 - 3 6 .  In t h e s e  
i l l u s t r a t i o n s ,  the s t r e s s  i n t ens i ty  modi f ica t ion  f a c t o r ,  C, i s  e s s e n t i a l l y  the 
rat io of t he  s t r e s s  i n t ens i ty  f a c t o r  f o r  t he  s t i f fened  pane l  ( E q u a t i o n  28) to  the 
s t r e s s  i n t ens i ty  f a c t o r  f o r  t he  plain s h e e t  (wi thout  s t i f f e n e r ,  the f i r s t  t e r m  in 
Equat ion  2 8 ) .  H e r e  the C f a c t o r  i s  i n t e r p r e t e d  to  be the funct ion of the  fo l low-  
ing v a r i a b l e s :  

1.  A t t achmen t  spac ing  ( r i v e t  pi tch) ,  p. 

2 .  R e i n f o r c e m e n t  spac ing ,  B. 

3 .  A r e l a t i v e  s t i f f n e s s  p a r a m e t e r ,  p, which  i s  def ined as: 

Where  E i s  the  Young's  m o d u l u s  f o r  the shee t ,  E s  i s  t h e  Young ' s  m o d u l u s  f o r  
t he  s t i f f ene r ,  t  i s  t h e  s h e e t  t h i c k n e s s  and Ae i s  t h e  e f f ec t ive  c r o s s  s e c t i o n a l  
a r e a  of t he  s t i f f ene r .  F o r  a f l a t  s t r a p ,  Ae i s  a p p r o x i m a t e l y  e q u a l  to  t he  ac tua l  
s i z e  ( g r o s s  a r e a )  of t he  s t r a p .  F o r  the  c a s e  of a s t r i n g e r ,  a c c o r d i n g  t o  
R e f e r e n c e  70, 

Where  A i s  the  c r o s s - s e c t i o n a l  a r e a  of the s t r i n g e r ,  y i s  the d i s t a n c e  f r o m  
the  i n n e r  s u r f a c e  of the  s h e e t  to  t he  c e n t r o i d  of t h e  s t r i n g e r ,  and  p i s  t h e  
r a d i u s  of g y r a t i o n  of the s t r i n g e r .  



F i g u r e  2-34. S t r e s s  In tens i ty  Analysis  of Unstiffened and Stiffened S t r u c t u r e  



Figure 2-35 .  S t ress  Intensity Fac tor  for  C r a c k  Extending Equa l ly  on Both 
Sides of Point Midway Between Two Str ingers  (NASA TR R-358) 



F i g u r e  2-36. S t r e s s  In tens i ty  F a c t o r  for C r a c k  Extending Equal ly  on Both 
Sides  of S t r i n g e r  ( N A S A  T R  R - 3 5 8 )  



A plot  of p a s  a  funct ion of A, to  (Bxt)  r a t i o  f o r  s e v e r a l  typ ica l  sk in  
and s t i f f ene r  m a t e r i a l  combina t ions  i s  p r e s e n t e d  in F i g u r e  2 - 3 7 .  

In ac tua l  app l i ca t ions ,  the  s a f e - c r a c k  growth  pe r iod  can  be c o m p u t e d  by 
modifying the c r a c k  t i p  s t r e s s  i n t ens i ty  f a c t o r  with a  s e r i e s  of  a p p r o p r i a t e  C 
f a c t o r s  given in F i g u r e s  2 - 3 5  and 2 - 3 6  ( in t e rpo la t ion  o r  ex t r apo la t ion  a s  
r e q u i r e d ) .  The  g e n e r a l  s t r e s s  i n t ens i ty  f a c t o r  thus  h a s  the  forrn:  

W h e r e  a i s  the  a p p r o p r i a t e  f a c t o r  account ing  f o r  the s t r u c t u r a l  g e o m e t r y  and  
c r a c k  morphology.  

Fa t igue  c r a c k  propagat ion  t e s t s  on s k i n - s t r i n g e r  p a n e l s  conducted  by 
P o e  ( R e f e r e n c e  67)  h a v e  c o n f i r m e d  the  appl icabi l i ty  of t h e s e  s t r e s s  i n t ens i ty  
modi f ica t ion  f a c t o r s .  F a t i g u e  c r a c k  p ropaga t ion  t e s t s  conducted  on p a n e l s  
having  adhes ive ly  bonded f l a t  s t r a p s  ( R e f e r e n c e  68) ind ica ted  tha t  t he  l i fe  of 
t he  s t r a p  w a s  g r e a t l y  a f fec ted  by the  nonuniformn and v e r y  h i g h - s t r e s s  g r a d i e n t  ' 

building up  on the s t r a p  a t  the  advancing  c r a c k  f r o n t  ( c r a c k  on the sk in ) .  
T h e r e f o r e ,  i t  w a s  s u g g e s t e d  t h a t  both the , low-  cyc le  fa t igue  p r o p e r t y  o f  the  
s t i f f e n e r  m a t e r i a l ,  and  p robab ly  t h e  bonding p r o c e d u r e ,  should be c o n s i d e r e d  
to  e n s u r e  tha t  the  r e i n f o r c e m e n t  wi l l  be e f fec t ive  f o r  a r e a s o n a b l e  length  of 
t i m e .  

F o r  e s t i m a t i n g  the  r e s i d u a l  s t r e n g t h  of a  r e in fo rced  s t r u c t u r e ,  t he  
m e c h a n i s m  of c r a c k  g r o w t h  and f r a c t u r e  of t he  r e i n f o r c e d  panel ,  u n d e r  
monotonica l ly  i n c r e a s i n g  load, m u s t  be  unde r s tood .  In addi t ion,  o t h e r  v a r -  
i ab l e s ,  t ha t  migh t  be  s igni f icant ly  a f fec t ing  the  r e i n f o r c e m e n t  e f f ic iency  h a v e  
to be c o n s i d e r e d  and p r o p e r l y  accoun ted  f o r  in the  s t r e s s - i n t e n s i t y  
ca l cu la t ions .  

R e f e r r i n g  back  t o  F i g u r e s  2 -  1 2 A  and 2  -34 ,  f o r  an  u n r e i n f o r c e d ,  c e n t e r  
c r a c k e d  panel  (monol i th ic  s t r u c t u r e ) ,  the s t r e s s  in tens i ty  K a t  the c r a c k  t i p  
i n c r e a s e s  l i n e a r l y  wi th  the  v a l u e  of n o r m a l  s t r e s s  componen t  ac t ing  on the  
panel .  As  the  K leve l  i n c r e a s e s ,  s o m e  poin t  wi l l  be r e a c h e d  a t  which  t h e ,  
c r a c k  wil l  s t a r t  to  i n c r e a s e  in  length .  A s  i l l u s t r a t e d  in F i g u r e  2 -12A,  a 
c r a c k  in s h e e t  m a t e r i a l  wi th  suf f ic ien t ly  h igh -  f r a c  t u r e  t oughness  w i l l  ex t end  
g r a d u a l l y  a s  the load con t inues  to i n c r e a s e ,  un t i l  r each ing  t h e  c r i t i c a l  s i z e  
a t  which  r a p i d  f r a c t u r e  o c c u r s .  F o r  t he  r e i n f o r c e d  s t r u c t u r e  (dot ted  l i ne  in  
both f i g u r e s ) ,  i t  can b e  i n t e r p r e t e d  f r o m  F i g u r e  2 - 3 4  t h a t  t he  s t r e s s  in tens i ty  
l e v e l  a t  the  v ic in i ty  o f  the  r e i n f o r c e m e n t  i s  d r a s t i c a l l y  r e d u c e d  s o  tha t  t he  
c r a c k  wi l l  not ex tend  unt i l  a  h i g h e r  l oad  l e v e l  i s  r e a c h e d .  If the c r a c k  in a 
s h e e t  wil l  n o r m a l l y  g r o w  to f a i l u r e  a t  a f ina l  s t r e s s  l eve l  ul, a c r a c k  of the  
s a m e  s i z e  in a  r e i n f o r c e d  pane l  w i l l  g r o w  ( u n d e r   non no tonically i n c r e a s i n g  
load) ,  wi l l  s low down ( K  r educed ,  s e e  F i g u r e  2 -  34),  and  wi l l  be capab le  of 
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Figure 2 - 3 7 .  Stiffener St i f fness  Pa rame te r  as a F u n c t i o n  of Effective 
Stiffener Area 



taking up  m o r e  load unt i l  the r e i n f o r c e m e n t  h a s  r e a c h e d  i t s  l i m i t  of e f f e c t i v e -  
n e s s  ( e .  g , m a y  he a t  a s t r e s s  l eve l  of u 2 ) ;  then the c r a c k  wil l  ex t end  aga in ,  
and p r o b a l ~ l y  rap id  f r a c t u r e  wil l  follow i m m e d i a t e l y .  T h e r e f o r e ,  t he  e f f e c t  of 
the r e i n f o r c e m e n t  on the r e s i d u a l  s t r e n g t h  i s  to  i n c r e a s e  t h e  c r i t i c a l  f a i l u r e  
c u r v e  ( cons t an t  Kc c u r v e ,  c, v e r s u s  a) f o r  the  stifferled panel  o v e r  t he  s h e e t  
a lone .  The  f a i l -  s a f e  capabi l i ty  ( t h e  r e s i d u a l  s t r eng th )  f o r  the s t i f fened  pane l  
can  be  e s t i m a t e d  s i m p l y  by applying a  r e i n f o r c e m e n t  e f f ic iency  f a c t o r ,  Y ,  on to  
the l ~ a s i c  a l lowable  s t r e s s ,  a,-, f o r  the plain s h e e t ;  i .  e .  , the  r e s i d u a l  s t r e n g t h  
f o r  t he  r e in fo rced  panel  i s :  

W h e r e  U, K c /  

F o r  a l l  de s ign  p u r p o s e s  the c r a c k  length,  1 ,  can  be taken  a s  the  d i s t a n c e  
between two in tac t  s t i f f e n e r s .  

T h e  va lue  of Y f o r  any type of r e i n f o r c e m e n t  ( e .  g . ,  any A, o r  p v a l u e s )  
can  be developed by e x p e r i m e n t s ,  by a n a l y s i s ,  o r  both. F o r  the  e x a m p l e  j u s t  
d i s c u s s e d  in F i g u r e  2-12A,  Y = 02 /al and U, = a]. 

111 the ana ly t i ca l  c a s e  ( F i g u r e s  2-'12A, 2 - 3 5 ,  and 2 - 3 6 ) ,  the  c r a c k  i s  
u sua l ly  a r r e s t e d  a t  t he  v ic in i ty  of the  r e i n f o r c e m e n t  w h e r e  the  K v a l u e  i s  
r e d u c e d  to a m i n i m u m  ( t h e  m a x i m u m  capab i l i t y  f o r  the r e i n f o r c e m e n t ) .  In 
o r d e r  to h a v e  f a i l u r e  a t  the  s a m e  Kc va lue  in both c a s e s  ( r e i n f o r c e d  a n d  not 
r e i n f o r c e d ,  s e e  F i g u r e  2-12A), a s s u m i n g  t h a t  t he  e r r o r s  a t t r i b u t e d  to  t he  
s low s t a b l e  t e a r  behav io r  in t h e s e  c a s e s  a r e  insignif icaqt ,  i t  i s  r e q u i r e d  tha t  
u l  .= u 2 .  C m i n , w h e r e  C,in i s  t he  C  va lue  f o r  the point a t  the  bo t tom of t he  
valley. in t he  C v e r s u s  a / R  c u r v e .  

0 2  - 1  y - - - -  
u1 m i n  

A s  an example ,  a  s e t  of the Y v e r s u s  p c u r v e s  i s  r e d u c e d  f r o m  P o e '  s  
w o r k  ( F i g u r e  2-35)  and i s  p r e s e n t e d  in  F i g u r e  2 -38 .  Only the  Y v a l u e  f o r  the 
f i r s t  p a i r  of s t i f f e n e r s  i s  p r e s e n t e d  in  t h e  i l l u s t r a t i on  b e c a u s e ,  in t h e  m o n o -  
ton ic  i n c r e a s i n g  loading c a s e ,  o n c e  the  c r a c k  s t a r t s  to g r o w  aga in  t h e  s e c o n d  
p a i r  of s t i f f e n e r s  a r e  not l ike ly  t o  s top  the f a s t  running c r a c k .  

F o r  an  a i r f r a m e  s t r u c t u r e ,  c r a c k  o r  c r a c k s  would m o s t  l i ke ly  in i t i a t e  
f r o m  a f a s t e n e r  hole .  Ini t ia l ly  the  c r a c k  o r  c r a c k s  would b e  developed  o n  the  
sk in  but, not on the  s t i f f ene r .  Then,  u n d e r  n o r m a l  fa t igue  loading cond i t i ons  
and  a s s u m i n g  the  c r a c k  wi l l  p r o p a g a t e  s a f e l y  and be  a r r e s t e d  at t h e  nex t  
s t i f f ene r ,  t h e  s a f e - c r a c k - g r o w t h  p e r i o d  c a n  be  e s t i m a t e d  by  us ing  t h e  s t r e s s  
i n t ens i ty  modi f ica t ion  f a c t o r s  g iven  in F i g u r e  2 - 36.  To e s t i m a t e  t h e  r e s i d u a l  



Figure 2-38. Stiffener Efficiency Fac tor  f o r  a One-Bay Crack as a Function 
of Stiffener Stiffness P a r a m e t e r  



s t r e n g t h  fo r  the s a m e  r e i n f o r c e d  pane l ,  t h e r e  a r e  two p o s s i b i l i t i e s :  (1)  At t he  
t i m e  the monotonic  i n c r e a s i n g  loads  a r e  appl ied  onto  the  s t r u c t u r e ,  the  c r a c k  
t ip  i s  e i t h e r  r e m o t e  f r o m  the second  a d j a c e n t  s t i f f e n e r  ( c l o s e  to the  c e n t e r  
s t i f f e n e r ) ;  o r  ( 2 )  the c r a c k  t i p  i s  c l o s e  to the second  s t i f f e n e r  ( r e m o t e  f r o m  
the c e n t e r  s t i f f e n e r ) .  F r o m  F i g u r e  2 -  16,  i t  i s  r e a s o n a b l e  tha t  t he  m i d - b a y  
l o c a t i o ~ l  Ije chosen  as the cutoff point f o r  t h e s e  two c a s e s ,  1)ecause a t  the 
c e n t r a l  por t ion  of the I ~ a y  the  s t l - e s s  i n t ens i ty  m o d i f i c a t i o ~ ~  f a c t o r s  a r e  
( a l l ~ l o s t )  a cons t an t .  T h e  f i r s t  c a s e  i s  f o r  a  c r a c k  h a v i ~ ~ g  a length  s h o r t e r  t han  
one -ha l f  of a I ~ a y .  'The r e i n f o r c e t n e n t  e f f i c i ency  f a c t o r ,  Y ,  c an  he developed  
h y  c:ollvertillg the C f a c t o r s  a t  the m i d - p o i n t  of the hay g iven  in F i g u r e  2 - 3 6 .  
At t h i s  locat ion,  the e f f ic iency  f o r  the c e n t e r  s t i f f e n e r  i s  m a x i m u m ,  and the  
e f f i c i e ~ i c y  for  the second  s t i f f e n e r  a h e a d  of the c r a c k  i s  neg1igit)le. T h e  Y 
f a c t o r s  f o r  th i s  c a s e  a r e  plot ted in F i g u r e  2 -  39.  

F'c)l- the second s i tua t ion ,  s i n c e  the  c r a c k  i s  so  long, the c e n t e r  s t i f f e n e r  
migh t  be b roken  while  the  p a ~ i e l  i s  u n d e r  l oad .  T h e  loads  ill the I ~ r o k e n  s t i f f -  
e n e r  would h a v e  to be  fed back  illto the  c r a c k e d  s h e e t .  111 addi t ion,  e x p e r i -  
m e n t s  conducted  or1 a wide c l a s s  of s t i f f e n e r  conf igura t ion  ant1 m a t e r i a l  
v a r i a t i o ~ l s  iiidicatetl t ha t  f o r  s t i f f e ~ ~ e r s  having  s m a l l  c r o s s - s e c t i o n a l  a r e a ,  t he  
e f f i c i e l ~ c y  of the r e i l l f o r c e ~ n e l ~ t  would be l i r~l i ter l  by the o c c u r r e n c e  of r e i n -  
f o r c e m e n t  yielding ( R e f e r e l i c e  6 8 ) .  

A s c h e r r ~ a t i c  i l l u s t r a t i on  or1 the r e i n f o r c e m e n t  yielding e f f e c t s  is p r e -  
s e ~ l t e d  in F i g u r e  2 - 4 0 .  T h e  r e i n f o r c e m e n t  e f f ic iency ,  1 ,  i s  p lo t ted  a s  a 
function of the  r a t i o  of t he  g r o s s  appl ied  s t r e s s  (u) in the pane l  to the  t e n s i l e  
yield s t r e n g t h  o f  the r e i n f o r c e m e t ~ t  t n a t e r i a l  ( F t y ) .  T h e  h o r i z o n t a l  po r t ion  of 

the c u r v e s  r e f l e c t  t he  s i m p l e  f a c t  t ha t  unt i l  the r e i i ~ f o r c e m e n t s  a c t u a l l y  begin  
to yield,  the yield s t r e s s  d o e s  not play a r o l e .  T h e  r ap id  d r o p  in  e f f ic iency ,  
o n c e  the r e i n f o r c e m e n t  s t a r t s  to y ie ld ,  i s  c l e a r  ev idence  of the  i m p o r t a n c e  
o f  t h i s  e f f ec t .  Although th i s  h a s  not been  p r o v e n  by e x p e r i m e n t s ,  s t i f f e n e r  
yielding m a y  not be a p r o b l e m  f o r  the s h o r t - c r a c k  c a s e  ( t h e  c a s e  involved 
only wi th  the c e n t e r  s t i f f ene r )  1)ecause t h e  Y v a l u e s  a r e  r e l a t i v e l y  s m a l l  
( i .  e . ,  v e r y  l i t t l e  e x t r a  loads  wi l l  be t r a n s f e r r e d  to ( added  onto) t h e  c e n t e r  
s t i f f e n e r ) .  

T h e r e f o r e  a t  t h i s  point,  i t  i s  i m p o r t a n t  to  c o n s i d e r  t h r e e  add i t i ona l  
v a r i a b l e s  which  would s igni f icant ly  a f f e c t  t h e  e f f i c i ency  of t he  r e i n f o r c e m e n t  
(both  the  C and the Y v a l u e s ) .  T h e s e  v a r i a b l e s  a r e :  

1 .  Broken  s t i f f ene r ,  

2 .  R e i n f o r c e m e n t  yielding, a n d  

3 .  St i f fnes s  of the a t t a c h m e n t .  
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To d i s c u s s  these  a s p e c t s ,  the p rob lem cons ide red  by C r e a g e r  and Liu 

, ( R e f e r e n c e  69)  should be studied.  The r e s u l t  of the i r  problem i s  shown in 
F i g u r e  2 -41 .  They computed the s t r e s s  intensi ty fac.tor fo r  the c a s e s  

d e s c r i b e d  a s  in the following p a r a g r a p h .  

T h e r e  a r e  two pane l s  1 .  2 m e t e r s  (48 inches)  wide and 2 .  5 m e t e r s  
(100 inches)  long. The pane l s  w e r e  r e in fo rced  with seven flat s t r a p s  having 
o n e  s t r a p  located  a t  the cen te r l ine  of the  panel (pa ra l l e l  to loading d i rec t ion) .  
T h e  remain ing  s t r a p s  w e r e  placed s y m e t r i c a l l y  on e i t h e r  s ide o f  the c e n t e r -  
l i n e  s t r a p .  T h e  s t r a p  spacing w a s  15 .  24 c e n t i m e t e r s  ( 6  inches) .  The  c r a c k  
w a s  a t  the midd le  length of the  panel  (between two r ive t s )  with the c e n t e r l i n e  
s t r a p  broken ( 1 = 3 0 . 4 8  c e n t i m e t e r s  (12 inches ) ) .  The  c r o s s - s e c t i o n a l  a r e a  
f o r  e a c h  of the  s t r a p s  in one  of the pane l s  was  two- and one-half  t i m e s  l a r g e r  
than those  in the  o t h e r  panel .  The  th ickness  of the skin in e a c h  c a s e  w a s  
ad jus ted  to ba lance  the  d i f fe rences  in the  s t r a p  a r e a  so  that  the g r o s s  weight  
and the g r o s s  a r e a  s t r e s s  of both pane l s  will  be the s a m e .  

I t  w a s  a l s o  a s s u m e d  tha t  f lexible r i v e t s  w e r e  used in the pane l s  ( r i v e t  
s t i f fness  w a s  approximate ly  equal  t o  700 x lo6  Newtons p e r  m e t e r  (4  x  10  6 
pounds p e r  inch)  of def lec t ion  p e r  inch of shee t  thickness) .  The s t r e s s  
in tens i ty  f a c t o r s  in the  vicini ty of the  f i r s t  p a i r  of intact  s t i f f ene r s  w e r e  
ca lcula ted  wi th  the  effect  of s t r a p s  yielding,  included (dotted l ines ) ,  and 
ignored  (sol id  l ines) .  The  h igher  c r a c k  t ip  s t r e s s  intensity in the  r e in fo rced  
s h e e t  a t  the  c e n t e r  r eg ion  o f  the  panel  w a s  p r i m a r i l y  a t t r ibuted  t o  the  d a m a g -  
ing ef fec t  of the  b roken  c e n t e r  s t i f fener .  The resu l t an t  s t r e s s  in tens i ty  modi-  
f i ca t ion  f a c t o r ,  C, i s  plot ted l i n e s  a s  dotted l i n e s  in F i g u r e  2-42. The  K 
ca lcula t ions  i n  F i g u r e  2-41 a l s o  indica te  the  following: 

1 .  In t h i s  p a r t i c u l a r  example ,  if the e f f e c t s  of r e in fo rcement  yielding 
a r e  ignored and the  intact  s t r a p s  a r e  a s s u m e d  to r e m a i n  e l a s t i c ,  
the  effect  of s t r a p  c r o s s -  sec t ional  a r e a  on res idual  s t r e n g t h  of the 
panel  i s  insignif icant .  The fac t  that  the gain in r e d u c t i o ~ ~  i n  K ( i n  
the  effect ive region of the  in tac t  s t r a p )  obtained by inc reas ing  the  
s i z e  of the s t r a p  i s  negligible, i s  due in p a r t  to the broken c e n t e r  
s t r a p .  Inc reas ing  the  s i z e  of the broken s t r a p  c a u s e s  h igher  loads  
t o  b e  t r a n s f e r r e d  to the c r a c k  t ip  vicini ty and, consequently,  t ends  
to  i n c r e a s e  the  s t r e s s  intensi ty f ac to r .  Had a  l e s s  r e a l i s t i c  con-  
f igurat ion,  without a broken c e n t e r  s t r a p  been cons ide red ,  a 
g r e a t e r  e f fec t  of r e i n f o r c e m e n t  a r e a  would be evident  ( the  so l id  
l i n e s  shown in F i g u r e  2-42, a s s u m e d  the c e n t e r  s t r a p  did not 
exis t )  . 

2.  When the e f fec t s  of re inforcemet l t  yielding a r e  included, it  i s  seen  
tha t  the d i f f e r e n c e  in r e in fo rcement  efficiency between the two 
s i z e s  of s t r aps t s tud ied  i s  v e r y  signif icant .  
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3. K - c u r v e s  f o r  the pane l  having  a  l a r g e r  s i z e  of  s t r a p  a r e  a l m o s t  
the s a m e  f o r  the  e l a s t i c  and the  p l a s t i c  c a s e s .  T h e r e f o r e ,  in t h i s  
p a r t i c u l a r  p r o b l e m ,  i t  i s  not n e c e s s a r y  to des ign  a s t r a p  a r e a  
l a r g e r  than tha t  s i z e .  

T h e  e a s i e s t  way to  c o n s t r u c t  a s e t  of p a r a m e t r i c  des ign  c u r v e s  f o r  the  
c a s e  having  a two-bay  c r a c k  wi th  a c e n t e r  s t i f f ene r  broken  i s  by s u p e r i m p o s i -  
t ion of two s e p a r a t e  c a s e s ;  i. e . ,  the  c a s e  wi thout  a c e n t e r  s t i f f e n e r  ( F i g -  
u r e  2 - 35) and the c a s e  involved wi th  a b r o k e n  s t i f f e n e r  a lone .  T h e  ana ly t i ca l  
r e s u l t  f o r  the s t r e s s  in tens i ty  mod i f i ca t ion  f a c t o r  f o r  the b r o k e n  s t i f f e n e r ,  
Cb, taken  f r o m  R e f e r e n c e  63, i s  p r e s e n t e d  in  F i g u r e  2 - 4 3 .  An e x a m p l e  of 
the r e s u l t  of s u c h  s u p e r i m p o s i t i o n s  i s  p r e s e n t e d  in F i g u r e  2 - 4 4 .  It  should be  
noted t h a t  s i n c e  the  load  c a r r i e d  by  a s t i f f e n e r  i s  p ropor t iona l  to i t s  a r e a ,  the  
ful l  s t i f f e n e r  a r e a  w a s  u s e d  to obta in  t h e  C b  v a l u e s  f r o m  F i g u r e  2 - 4 3 .  

T h i s  type  of des ign  c u r v e  p r o v i d e s  v e r y  impor t an t  i n fo rma t ion  f o r  

des ign  cons ide ra t ion .  F o r  e x a m p l e ,  c o n s i d e r  the  c a s e  of p / B  = 116 in 
F i g u r e  2-44;  t h i s  c u r v e  ind ica t e s  t h a t  a r e i n f o r c e d  s t r u c t u r e  c a n  b e  des igned  
having  t h e  r e l a t i v e  s t i f fnes s  p a r a m e t e r  p. equa l  0 . 4 5  o r  0 .  7 6  to ob ta in  the  s a m e  
Y v a l u e  ( r e i n f o r c e m e n t  e f f ic iency  p a r a m e t e r )  of 2 .  0 .  (See  F i g u r e  2-37  .) If t h e  
pane l  i s  m a d e  up  of a l u m i n u m  sk in  an$ t i t a n i u m  s t i f f ene r s ,  t he  r e q u i r e d  A, 
v a l u e s  cor resp 'onding  t o  t he  p. val u e s  of 0 . 4 5  and  0 . 7 6  a r e  0 . 4 1  (Rxt )  and 
2 .  05 (Bxt), r e s p e c t i v e l y .  If the  r e i n f o r c e m e n t s  a r e  f l a t  s t r a p s  ( i .  e . ,  Ae = A) ,  
i t  would m e a n  a to ta l  d i f f e r e n c e  of  500 p e r c e n t  in  weight  f o r  the s t i f f e n e r  
m a t e r i a l .  

T h e  p r e v i o u s  e x a m p l e s  c l e a r l y  d e m o n s t r a t e d  the  i m p o r t a n c e  of des ign  
c o n s i d e r a t i o n s  and  the  n e c e s s a r y  i n f o r m a t i o n  f o r  imp lemen t ing  t h e m  in r e g a r d  
t o  s t r u c t u r a l  des ign  opt imiza t ion ,  t r adeo f f ,  and  weight  s a v i n g s .  

2 .  3 . 4 .  3 E x p e r i m e n t a l l y  Developed  D e s i g n  C u r v e s  

D i s c u s s i o n s  i n  t he  p r e v i o u s  s e c t i o n  h a v e  pointed out  t h a t  the r e i n f o r c e -  
m e n t  e f f i c i enc i e s ,  e s p e c i a l l y  y, a r e  dependen t  upon m a n y  v a r i a b l e s ,  both 
p h y s i c a l  and  g e o m e t r i c a l .  It would t a k e  a g r e a t  d e a l  of e f f o r t  to  deve lop  a 
s a t i s f a c t o r y  p a r a m e t r i c  a n a l y s i s  p r o c e d u r e  which  would p r o p e r l y  accoun t  f o r  
the  e f f e c t s  of t h e s e  v a r i a b l e s .  A f t e r  a s a t i s f a c t o r y  p r o c e d u r e  h a s  been  deve l -  
oped, s u c c e s s f u l  c o r r e l a t i o n  wi th  a c t u a l  t e s t  d a t a  would still b e  r e q u i r e d .  At  
Lockheed  ( R e f e r e n c e  70) ,  a s e t  of d e s i g n  c u r v e s  h a s  b e e n  c o n s t r u c t e d  b a s e d  
on r e i n f o r c e d  f l a t  pane l  t e s t  d a t a  a v a i l a b l e  in t h e  l a t e  1950 ' s  and  e a r l y  1960 ' s .  
Th i s  set of des ign  c u r v e s ,  p r e s e n t e d  i n  F i g u r e  2-45 ,  c o r r e l a t e s  t h e  r e i n -  
f o r c e m e n t  e f f ic iency  p a r a m e t e r ,  y , and  a l u m p e d  st i f fening p a r a m e t e r  

w h e r e  t  i s  the  s k i n  t h i c k n e s s .  



F i g u r e  2-43 .  The Effect of Broken Stiffener on the S t r e s s  Intensity F a c t o r  



R I G I D  ATTACHMENTS 
ELASTIC STIFFENERS 

F i g u r e  2-44. S t i f fener  E f f i c i ency  F a c t o r  fo r  a Two-Bay C r a c k  With  a C e n t e r  
B r o k e n  St i f fener  



Figure 2 - 4 5 .  Design Curves for Reinforced Flat Panels 



According to the reasoning d i scussed  in the previous  sect ion ( i .  e . ,  if 
the re inforcement  a r e a  i s  smal l ,  a s  in the c a s e  of a  f la t  s t r ap ) ,  the f r a c t u r e  
p roce s s  wil l  take place in the plas t ic  range  of the s t r a p  ma te r i a l .  If, how- 

ever ,  the re inforcement  i s  re la t ively  l a rge  ( e .  g . ,  a  heavy s t r i nge r ) ,  the 
re inforcement  ma t e r i a l  might  r ema in  the the e l a s t i c  s t r e s s -  s t r a i n  range  
throughout the en t i re  f r a c tu r e  p r o c e s s .  There fore ,  the re in forcement  
effective a r e a  can be approximated by the following: 

f o r  a  f l a t  s t r a p  where  F tys  i s  the t ens i l e  yield s t rength  for  the s t r a p  m a t e r i a l  
and Fty i s  the tens i le  yield s t reng th  fo r  the skin ma te r i a l .  

F o r  the c a s e  of a  s t r i nge r  

where  E s  and E a r e  the Young's modulus fo r  the s t r i nge r  and skin m a t e r i a l s ,  
respect ively ,  A, i s  computed by Equation 30 .  The C sign in ~ A e / t  s t ands  f o r  
the s u m  of the intact  s t i f feners  which contr ibute  the stiffening effects  to the 
cracked a r e a .  F o r  example, the C will  be 1  fo r  the c a s e  shown in F i g u r e 2 - 3 9  
and C will  be 2  fo r  the c a s e  shown in F igu re  2 -44 .  

. This  s e t  of pa r ame t r i c  c u r v e s  can be used fo r  any kind of re in forced  
panels (a t tached s t i f feners  only, r iveted o r  bonded). The analys is  f o r  the 
t h r ee  c a s e s  shown in F igu re s  2-38,  2-39,  and 2-44 will depend on whether :  
(1)  The re inforcement  br idges  the c r a c k  ( c a s e  in F igu re  2 - 3 9 ) ,  r e i n fo r ce -  
men t  considered effective if I cB,  assuming  I = B for  analys is ;  (2)  the ends  
of the c r ack  a r e  n e a r  the re inforc2ment  ( c a se s  in F igu re s  2-38 and 2-44), 
r e in forcement  considered effective if B /2  I 1 C B f o r  the one-bay c r a c k  c a s e  
and if B 5 1 5  2B for  the two-bay c r a c k  case ,  a ssuming  P = B and I =  2B, 
respect ively  f o r  analysis;  and (3) the  c r a c k  t ips a r e  remote  - f r o m  the r e i n -  
fo rcement  ( c a s e  in F igu re  2-38 w i t h l < ~ / 2 ) ,  a ssuming  C A, = 0, i .  e .  , 
Y = 1 . 0 .  

Checkout of the above ana lys i s  p rocedure  w a s  a l so  repor ted  in Re fe r -  
ence  1 7 .  The t e s t  data  used  w e r e  those  recent ly  developed a t  Lockheed ( a l s o  
repor ted in Reference 17).  Although the ma jo r i t y  of the da ta  was  developed 
f r o m  panels  having thin sheet  of 2024-T3 a luminum (0.15 c m  s t  r 0.2 cm)  
( 0 . 0 6  inch ,< t s 0. 08 inch), and only one panel  of 0. 558 cen t imete r  (0.22 inch) 
thick 7075-T7651 aluminum was tes ted ,  a wide range  of re in forcement  a r e a  
to shee t  th ickness  ra t ios  (0 .  8 < C Ae/t < 11 .0)  w a s  included. The t e s t  pane l s  



w e r e  e i t h e r  1 .  01 o r  1 . 2  m e t e r s  (40  o r  48 inches)  wide with s t r i n g e r s  o r  f la t  
s t r a p s  r ive ted  o r  adhes ively  bonded onto the skin.  The c r a c k  s i z e s  w e r e  
25 .  4  t o  50. 8 c e n t i m e t e r s  ( 1 0  to 20 inches)  long with o r  without broken st i ff-  
e n e r  at the  c e n t e r l i n e  of the  panel ( c a s e s  shown in F i g u r e s  2 - 3 8  and 2 - 4 4 ) .  
T h e  c o r r e l a t i o n  between predict ion and t e s t  r e s u l t s  h a s  shown that  the e r r o r s  
in the  p r e d i c t i o n s  f o r  t h e s e  24 t e s t s  w e r e  l e s s  than f 2 O  pe rcen t .  

2. 3 . 4 .  4 In tegra l ly  Stiffened Pane l  

Although the  load t r a n s f e r  behavior  f o r  the in tegra l ly  stiffened panel i s  
s i m i l a r  to tha t  f o r  the  sk in -  s t r i n g e r - t y p e  s t r u c t u r e ,  fo r  the c a s e  of a panel 
wi th  t h e  r e i n f o r c e m e n t  r ive ted  o r  adhes ively  bonded onto the skin, the skin 
c r a c k  g r o w s  u n d e r  the  s t i f fener .  However ,  f o r  the  c a s e  of the  panel  with 
i n t e g r a l  r i s e r s ,  t h e  c r a c k  will  advance through the  in tegra l  s t r i n g e r  a s  well  
as the  s h e e t  i t se l f .  To develop the  stress intensi ty modificat ion fac to r s  ( t h e  
C f a c t o r s )  f o r  t h i s  type  of s t r u c t u r a l  configurat ion,  the  s a m e  analyt ical  t ech-  
nique c a n  be  u s e d  a s  those  used by P o e  f o r  the  sk in -  s t r i n g e r  configurat ion.  
An e x a m p l e  ( t aken  f r o m  Refe rence  67) of the C f a c t o r s  i s  shown i n  

F i g u r e  2 -46  f o r  a s t i f fness  p a r a m e t e r  (p) value  of 0 .  22.  As pointed out by 
P o e ,  t h i s  C v e r s u s  a / B  c u r v e  was  ca lcula ted  by assuming  a  v e r y  c lose  a t t ach-  
m e n t  spac ing  and p r o p e r l y  accounting f o r  the ef fec ts  of the pa r t i a l ly  damaged 
i n t e g r a l  s t r i n g e r  a s  the  c r a c k  b ranches  and p r o c e e d s  simultaneousIy through 
the  s h e e t  and t h e  in teg ra l  r i s e r .  F a i r  c o r r e l a t i o n s  between ana lys i s  and  
fa t igue  c r a c k  growth t e s t  r e s u l t s  w e r e  a l s o  repor ted  ( R e f e r e n c e  67) .  The 
c r a c k  a r r e s t  capab i l i t i e s  (under  monotonic inc reas ing  load) f o r  th is  type of 
s t r u c t u r e  a r e  not wel l  unders tood and t e s t  da ta  of th is  type a r e  not avai lable.  
T h e r e f o r e ,  a  r e c o m m e n d a b l e  r e s idua l  s t r e n g t h  ana lys i s  p r o c e d u r e  cannot be  
developed a t  the  p r e s e n t  t i m e .  

2. 3 .  5 Multiple E l e m e n t  S t r u c t u r e  

Many s t r u c t u r a l  des igns  lend t h e m s e l v e s  to part i t ioning in the i n t e r e s t  
of f a i l - s a f e  d a m a g e  t o l e r a n c e  with l i t t le  o r  no i n c r e a s e  in cos t ,  weight, o r  
compl ica t ions .  E x a m p l e s  include longerons  m a d e  of back- to -back  channels  
in p lace  of I - b e a m s ,  back- to -back  ang les  in p lace  of T - s e c t i o n s ,  and panel-  
iza t ion  of wing s u r f a c e s .  T h e s e  m u l t i m e m b e r  redundant  s t r u c t u r e s ,  any 
s ing le  m e m b e r  of which m a y  be comple te ly  severed ,  r e q u i r e  only s ta t ic  
s t r e n g t h  p r i n c i p l e s  to p r e d i c t  al lowable s t r e n g t h s .  Fa t igue  a n a l y s i s  o r  fat igue 
tests m a y  be  r e q u i r e d  t o  d e t e r m i n e  the  s a f e  inspect ion  in te rva l s  a f t e r  one 
m e m b e r  i s  broken.  A s p e c i a l  kind of mul t ip le  e l e m e n t s  s t r u c t u r e  i s  the skin 
panel  m a d e  u p  of s e v e r a l  l a y e r s  of th inner  s h e e t s  adhes ively  bonded together  
t o  obta in  the  to ta l  d e s i r e d  th ickness  to  c a r r y  the  des ign loads .  

F o r  back- to -back  m e m b e r s ,  the  s t r u c t u r e  m u s t  be  able  to  suppor t  f a i l -  
s a f e  loading condi t ions  wi th  one m e m b e r  broken.  There fo re ,  f o r  th is  type of 
s t r u c t u r a l  a r r a n g e m e n t ,  s t a t i c  s t r e n g t h  a n a l y s i s  can  be used  by consider ing  



Figu re  2-46,  Rela t ionship  Between S t r e s s  Intensi ty F a c t o r  and Crack Length 
fo r  Pane l  With In tegra l  S t i f f ene r s  



the  r ed i s t r ibu t ion  of loads  due to the broken e l e m e n t .  F o r  the  mult iplank 
des ign  c a s e ,  the r e s idua l  s t r eng th  of the s t r u c t u r e  i s  d e t e r m i n e d  assuming 
tha t  a  c r a c k  extends  comple te ly  a c r o s s  the  width of one- sk in  plant.  Because  
the  r ive ted  spl ice  joint provides  a g e o m e t r i c  discontinuity to s e r v e  as an 
ef fec t ive  m e a n s  to i n t e r r u p t  c r a c k  propagation,  i t  i s  not n e c e s s a r y  to apply 
f r a c t u r e  mechan ics  theory  to p red ic t  r e s idua l  s t r e n g t h s  f o r  the  remaining 
s t r u c t u r e .  However,  the  f a i lu re  of one- sk in  plank wil l  c a u s e  an  e la s t i c  con-  
cen t ra t ion  of loading in the  adjacent  p lanks .  Th i s  i s  bas ica l ly  a  load r e d i s -  
t r ibut ion  o r  " s h e a i  lag" problem.  The fat igue c r a c k  propagation and 
monotonic l o a d - c a r r y i n g  c h a r a c t e r i s t i c s  f o r  t h e s e  two types  of s t r u c t u r e s  
w e r e  previous ly  i l lus t r a t ed  in F i g u r e s  2 - 14 and 2 - 15B. Unlike the c r a c k  
a r r e s t  s t r u c t u r e s ,  the propagation of the fat igue c r a c k  i s  a  continuous 
p r o c e s s  and i t s  sa fe -c rack-growth  per iod  can  be e s t i m a t e d  by knowing the 
v a r i a t i o n s  in c r a c k  t ip  s t r e s s . in tens i ty .  However,  in the mul t ip le  e l e m e n t s  
s t r u c t u r e  c a s e s ,  especia l ly  fo r  the Case of mu l t i l oad -pa th -dependen t  design 
( e .  g . ,  mult iplank sk ins ) ,  the remaining life in the  adjacent  unbroken m e m b e r  
is v e r y  diff icul t  to  e s t i m a t e  because  i t  involves such  p r o b l e m s  a s  reini t iat ion 
of the  fat igue c r a c k ,  o r  pre-exis t ing  fat igue c r a c k s  in the adjacent  e l ements ,  
e t c .  T h e r e f o r e ,  only the res idual  s t r eng th  predic t ion  methods  wi l l  be d i s -  
c u s s e d  h e r e .  

F o r  the mul t ip le- laminated  s h e e t s  c a s e ,  i t  i s  eve,ntually a  monolithic 
s t r u c t u r e  if the c r a c k  i s  a l l  the way through al l  the l a y e r s  of the shee t s ,  o r  
a mul t ip le -e lement  s t r u c t u r e  (multiload-path-independent) if the c r a c k  i s  in 
one  of the s h e e t s  only. 

2 .  3. 5.  1 Multiple Plank S t ruc tu re  

In the  mult i load-path-dependent design,  the f a i l - s a f e  l o a d - c a r r y i n g  
capabi l i ty  in the  remaining s t r u c t u r e  a f t e r  f a i lu re  of one m a j o r  s t r u c t u r a l  
e l e m e n t  r e l i e s  on the load'-redistr ibution c h a r a c t e r i s t i c s  of the s t r u c t u r a l  
s y s t e m .  One way to handle th is  type of p r o b l e m  i s  to adopt  the  Kuhnls  t h r e e -  
s t r i n g e r  mode l  f o r  cutouts  (Reference  72).  An exce l l en t  example  p rob lem w a s  
given in Refe rence  1 w h e r e  this method had been applied to model  the  broken 
sk in  plank in the  v e r t i c a l  s t ab i l i ze r  of the  B-9U Shutt le  b o o s t e r .  In th i s  
sec t ion ,  an  a l t e rna te  ana lys i s  procedure ,  ca l led  the  Cr ich low ' s  "effective 
width" method (Refe rence  73), is d i scussed  in  the  following p a r a g r a p h s .  

Suppose a sp l iced  panel i s  made  up of t h r e e  planks a s  shown in F i g -  
u r e  2-47,  and a s s u m e  tha t  the middle plank h a s  comple te ly  s e v e r e d ,  the 
f a i l - s a f e  c r i t e r i o n  f o r  th is  configuration i s :  

(a + fwe) < Ftu, fa i l -  safe  

(34) 

r Ftu, not f a i l - s a f e  



a .  T E S T  PANEL C O N F I G U R A T I O N  

b.  S E C T I O N  A-A 

ASSUMED STRESS 
D I S T R I B U T I O N  

ACTUAL STRESS 
D l  S T R l  B U T I O N  

c. STRESS D I S T R I B U T I O N  ACROSS S E C T I O N  A-A 

(REFERENCE 73) 
Figure  2-47.  S t r e s s  ~ i s t r i b i t i o n  Across  a  Three-Plank Fail-Safe Tes t  Panel  

With the Middle Plank Broken 



Ftu i s  the  t e n s i l e  ultirriate s t r e n g t h  of the s i d e  p lanks ,  a i s  the  appl ied  s t r e s s ,  
and fwe i s  the addi t iona l  s t r e s s  picked up  by the s i d e  p lanks  due  to f a i l u r e  of  
the  m i d d l e  plank. I t s  n ~ a g n i t u d e  i s  e s s e n t i a l l y  equiva len t  to the  c u t  load,  

PCut, d iv ided  by the  t o t a l  e f fec t ive  s h e e t  a r e a  of the ad j acen t  p l anks  which i s  
capab le  of picking u p  the  addi t iona l  load,  i.  e . ,  

f P /2Al  
w e  c u t  

w h e r e  P = u . W  t  
c u t  m m 

t s '  
and 

A1 i s  the e f f e c t i v e  s h e e t  a r e a  on e a c h  s ide  of t h e  ad j acen t  p lanks ;  i t s  va lue  
h a s  to be d e t e r m i n e d  expe r in l en ta l ly .  S ince  the  s h e e t  t h i ckness ,  ts ,  i s  a 
known va lue ,  only the  va lue  f o r  the e f f ec t ive  width, we,  h a s  to be developed .  
F i g u r e  2 - 4 8  shows  t h a t  the  e f fec t ive  width, we, i s  a function of the s h e e t  
m a t e r i a l s ,  the a t t a c h m e n t  s h e a r  s t r eng th ,  the  a t t a c h m e n t  spac ing  and the 
a t t a c h m e n t  load-  def lec t ion  c l i a r a c t e r i s t i c s .  It should be  noted tha t  the  we 
v a l u e s  in F i g u r e  2 - 4 8  w e r e  e m p i r i c a l l y  g e n e r a t e d  f r o m  t e s t  d a t a  of s t r u c t u r e  
and f a s t e n e r s  typ ica l  of the  Lockheed E l e c t r a  a i r c r a f t ,  thin a l u m i n u m  s h e e t s  
with 0 .  101  cm 5 ( t s  = tm) 5- 0 .  203  c m  (0. 04 inch  5 ( t S  = t,) 5 0 .  08 inch) ,  and 
PA v a l u e s  r ang ing  f r o m  4450.0 to  8900. 0  Newtons (1000 t o  2000 pounds).  
E x t r a p o l a t i o n s  to  o t h e r  s h e e t  m a t e r i a l s  o r  the  s a m e  m a t e r i a l  having  cons id -  
e r a b l y  t h i c k e r  g a g e s  a n d / o r  d i f f e r en t  a t t a c h m e n t  s y s t e m s  should be done with 
care. In addi t ion,  it should  be r e a l i z e d  t h a t  a t  t he  inc ip ien t  of t he  sudden  
f a i l u r e  of a n e a r l y  p r i m a r y  e l e m e n t ,  i t  would h a v e  c r e a t e d  a  c o n s i d e r a b l e  
magn i tude  of d y n a m i c  e f f e c t s  onto the  ad j acen t  s e c o n d a r y  e l e m e n t .  P r e s e n t  
F e d e r a l  Aviat ion Agency r e q u i r e m e n t s  inc lude  a f ac to r  of 1 5  p e r c e n t  on  the 
o v e r a l l  s t a t i c  load ( i .  e .  , 1. 1 5 ~ ) .  However ,  in  R e f e r e n c e  17, a f t e r  going 
through a lengthy  e x e r c i s e  and  d i scuss ion ,  including the c o n s i d e r a t i o n  of 
load r e d i s t r i b u t i o n  and  l o c a l  yielding, they  h a v e  concluded tha t  a f a c t o r  of 
1 .  1 on  the  c u t  l oad  a l o n e  would be adequa te  f o r  des ign  p u r p o s e s ,  e x c e p t  
w h e r e  a  d y n a m i c  f a c t o r  m a y  be p a r t i c u l a r l y  i n t ense .  In o t h e r  w o r d s ,  t h e  
f a i l - s a f e  c r i t e r i o n  e x p r e s s e d  in Equat ion  (34) m a y  be r e w r i t t e n  a s  

f o r  t h e  m a r g i n a l  c a s e ,  if i n s e r t i o n  of  a dynamic  f a c t o r  i s  s o  d e s i r e d .  



= CUT LOAD OVER THE CRACK ( l b )  NEUONS 

= ATTACHMENT ALLOWABLE LOAD ( l b )  NEWTONS 

p = ATTACHMENT SPACING ( I N . )  CENTIMETERS 

= LENGTH REQUIRED FOR ATTACHMENTS TO 

I I I I I I 1 ---I . I !  
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F i g u r e  2-48. Effective Width in  Side P l a n k s  for F l a t  P a n e l s  wi th  Long i tud ina l  Splices 



2 .  3 .  5. 2 Multiple Laminated Sheets  

A laminated panel  m a d e  up of s e v e r a l  p l i e s  of s h e e t s  o r  p la tes  can  be 
c lass i f i ed  in e i t h e r  one of the following ca tegor ies :  

1 .  A monoli thic s t r u c t u r e  if i t  contains a through- the-  to ta l -  th ickness  
c rack ,  

2. A mul t i -  e l ement  (mul t i load-  path- independent) s t r u c t u r e  if i t  con- 
t a ins  a c r a c k  o r  c r a c k s  i n  only one ( m a y  b e  m o r e  than one but not 
al l)  of the  p l ies .  

In e i t h e r  c a s e ,  the advantage f o r  lamination i s  tha t  the fat igue c r a c k  
growth and f r a c t u r e  behavior for  any c racked  p l i e s  in the  panel would be 
d e t e r m i n e d  by the fatigue c r a c k  growth and f r a c t u r e  toughness p r o p e r t i e s  f o r  
t h e  individual s h e e t  alone. An effec t  which i s  r a t h e r  f a m i l i a r  i s  tha t  both the 
fat igue c r a c k  growth r a t e  and f r a c t u r e  toughness a r e  a function of m a t e r i a l  
t h i c k n e s s e s .  F o r  example,  if a wing skin plank is s i zed  to have a th ickness  
of 1. 27 c e n t i m e t e r s  (1  /2 inch) in o r d e r  to m e e t  the s t a t i c  s t r eng th  and fatigue 
r e q u i r e m e n t s .  Utilizing the d i f ference  in Kc va lues  between a 0. 2 5 - c e n t i m e t e r  
(0. 1 inch) thick s h e e t  and a 1 . 2 7 - c e n t i m e t e r  (0 .  5 inch) thick p la te ,  the  wing 
skin  plank can  be designed by making up of five p l ies  of 0. 254-cen t imete r  
( 0 .  1 - inch) thick shee t  ( in the f r a c t u r e  mechan ics  point of view only) .  In th i s  
design,  a substant ia l ly  l a r g e r  c r a c k  can be to le ra ted  because  the  f r a c t u r e  
toughness  in  the 0 .254-cen t imete r  (0.  1-inch) thick s h e e t  i s  m u c h  h igher  than 
the  f r a c t u r e  toughness in the  1 .27  - c e n t i m e t e r  { 1 /2 - inch) thick p la te .  F u r t h e r -  
m o r e ,  the  laminated shee t  design would exhibit a much  longer  fa t igue  c r a c k  
growth l i fe  because  the fat igue c r a c k  growth r a t e  i s  lower  in the th inner  shee t  
(usually) ,  and the c r i t i c a l  c r a c k  length i s  l a r g e r  ( t akes  m o r e  c y c l e s  to  g row 
the  c r a c k  to a l a r g e r  c r a c k  s i ze )  as determined by Kc. 

2.  3 .  6 F a i l u r e  Under Complex Loading Conditions 

T h i s  sec t ion d i s c u s s e s  what  m u s t  be done to analyze s i tua t ions  w h e r e  
uniaxial  t ens i l e  loading conditions are not predominant .  Although t ens i l e  
loadings are by f a r  the m o s t  usua l  and m o s t  damaging case ,  i t  is not the only 
c a s e  tha t  m u s t  be considered.  There fo re ,  avai lable  informat ion t o  analyze  f o r  
shear ,  bending, and biaxial  loadings  wil l  be d i scussed .  

2 . 3 . 6 . 1  S h e a r  

F o r  a th rough-c rack  in  a pla te- l ike  s t r u c t u r e  subjected  t o  combined 
tens ion and s h e a r  loadings, both Mode I and Mode I1 s t r e s s  in tens i ty  f a c t o r s  
a r i s e  a t  the  c r a c k  tip. This  p r o b l e m  is d i scussed  in some de ta i l  in  Sec- 
t ion 1 of Volume 11. (Note tens ion m e a n s  loads  pe rpend icu la r  to the  plane of 
c r a c k  and s h e a r  m e a n s  loads p a r a l l e l  to the c r a c k . )  Loads  a t  a n  angle to the  
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c r a c k  p lane  will  a l s o  c a u s e  Mode I  and Mode I1 s t r e s s  intensi ty f a c t o r s  as 
d i s c u s s e d  in Volume 11. F a i l u r e  load predic t ions  a r e  m a d e  by us ing Mode I  - 
Mode I1 in te rac t ion  c u r v e  a s  shown in F i g u r e  2 - 4 9  and d e s c r i b e d  in Volume 11. 
The  in te rac t ion  c u r v e  i s  genera ted  f r o m  combined load t e s t s .  F o r  fa t igue  
c r a c k  g rowth  ca lcula t ions ,  a reasonab le  a s sumpt ion  ( R e f e r e n c e  74) i s  tha t  the  
c r a c k  t u r n s  and propagates  perpendicular  to the  pr inc ipal  s t r e s s  d i rec t ion .  
Under th i s  a s sumpt ion ,  fatigue c r a c k  propagation a n a l y s i s  i s  c a r r i e d  out 
in  the n o r m a l  m a n n e r ,  although it  may be difficult to e s t i m a t e  the s t r e s s  
in tens i ty  f a c t o r s  fo r  th is  c a s e .  

T h e  c a s e  of par t - through c r a c k s  under  combined loading i s  m o r e  c o m -  
p lex  s i n c e  Mode I, Mode 11, and Mode 111 s t r e s s  intensi ty f a c t o r s  a r e  p r e s e n t .  
In te rac t ion  c u r v e s  m a y  be used f o r  t h i s  c a s e  a l so .  P r e s e n t l y ,  no t e s t  d a t a  
a r e  avai lable  in the  technical  l i t e r a t u r e .  S t r e s s  in tens i ty  f a c t o r s  a r e  ava i l ab le  
in R e f e r e n c e s  7 5  and 7 6 .  

2 .  3 .  6 . 2  Bending 

L i t t l e  exper imen ta l  da ta  and analys is  e x i s t  f o r  the p rob lem of a through-  
c r a c k  in a s t r u c t u r e  subjected to ou t -o f -p lane  bending loads .  Out-of-p lane  
bending m e a n s  loads  that  have a  m o m e n t  v e c t o r  component  pe rpend icu la r  to 
the  c r a c k  f ron t .  The  analyt ic  p r o b l e m s  a r e  l a r g e  fo r  a  p rob lem of t h i s  type 
f o r  m a n y  r e a s o n s .  F i r s t ,  under  bending, por t ions  of the c r a c k  s u r f a c e  m a y  
c o m e  into con tac t  and the  extent  of tha t  contac t  i s  unknown. F o r  the c a s e  of 
a t h r o u g h - c r a c k  in a  plate, th is  r e s u l t s  in an e la s t i c  t h r e e - d i m e n s i o n a l  con-  
t a c t  p r o b l e m  which i s  beyond the  c u r r e n t  s t a t e  of the a r t  of ana lys i s  c a p a -  
bi l i ty.  If i t  i s  a s s u m e d  tha t  suff ic ient  tension loadings a r e  applied to k e e p  the  
c r a c k  open a t  a l l  points ,  the contac t  a spec t  of  the  p r o b l e m  i s  r e m o v e d  and a  
m u c h  s i m p l e r  p r o b l e m  r e s u l t s .  However,  to a c c u r a t e l y  analyze  th is  s i m p l e r  
p rob lem,  the  u s e  of a s i x t h - o r d e r  bending theory  ( s u c h  a s  a  R e i s s n e r  theory)  
i s  r e q u i r e d .  The s i m p l e r  f o u r t h - o r d e r  Kirckoff theory  g ives  an i n c o r r e c t  
a n s w e r  f o r  the  s t r e n g t h  of the e l a s t i c  s i ~ l g u l a r i t y  ( i .  e . ,  the  s t r e s s  in tens i ty  
f a c t o r ) .  F u r t h e r m o r e ,  the solut ion i s  dependent  on the  th ickness ;  and the  
th ickness  dependency i s  d i f ferent  f o r  d i f ferent  p lana r  g e o m e t r i e s .  Only a few 
s i m p l e  g e o m e t r i e s  have  been analyzed.  (Refe rence  77)  

F r o m  s o m e  exper imen ta l  w o r k  on fat igue c r a c k  propagation,  R o b e r t s  
( R e f e r e n c e  78) concluded tha t  f o r  thin p la tes ,  modificat ion of the s t r e s s  
in tens i ty  f a c t o r  developed f r o m  the s i m p l e r  Kirckoff  t h e o r y  ( f o r  which m a n y  
solu t ions  e x i s t )  by a f a c t b r  X equal  to 1 / 2  gave  cons i s t en t  fatigue c r a c k  p r o p -  
agation p red ic t ions .  Th i s  f ac to r  of 1 / 2  i s  a l s o  cons i s t en t  with the  w o r k  of 
H a r t r a n f t  and Sih ( R e f e r e n c e  77)  w h e r e  the  f a c t o r  f o r  thin p la te s  v a r i e s  
a p p r o x i m a t e l y  between 0 . 4  and 0 .  6 .  According to t h e i r  work,  a  p la te  wi l l  b e  
sufficiently'  thin f o r  Rober t s '  approximat ion  if the t h i c k n e s s  divided by "a" i s  
l e s s  than 1. T h e i r  ana lys i s  ind ica tes  tha t  for a th ick  p la te  ( th ickness  divided 
by "a" i s  g r e a t e r  than 10) h should b e  1. 0.  T h i s  is all p red ica ted  on the  f ac t  
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that  the c r a c k  r e m a i n s  open. Refe rence  7 9  shows e x p e r i m e n t a l  c o r r e l a t i o n  
with the  Sih-  H a r t r a n f t  work f o r  the predic t ion  of ca tas t roph ic  f r a c t u r e  when 
the c r a c k  r e m a i n s  open a t  f r a c t u r e .  

The bending of s t r u c t u r e s  with pa r t - th rough  c r a c k s  can be  handled 
using the analys is  of Shah and Kol~ayash i  which is p r e s e n t e d  in F i g u r e  2-22 
in Section 2 of Volume 11. This  ana lys i s  h a s  beet1 conf i rmed  by e x p e r i m e n t a l  
work pe r fo rmed  h y  Schroedl  and Smith  ( R e f e r e n c e  80).  

2 .  3. 6 .  3 Biaxial i ty 

The effect  of biaxial loadings on fat igue c r a c k  propagation r a t e s  h a s  
been invest igated in Refe rence  81.  When the s t r e s s  p a r a l l e l  to the c r a c k  w a s  
0 .  78 t i m e s  the  s t r e s s  perpendicular  to the c r a c k ,  the c r a c k  growth r a t e  w a s  
o b s e r v e d  to be l e s s  than half that  of the uniaxial  r a t e .  However,  the  a u t h o r s  
s t a t e  ". . . the exist ing da ta  a r e  not suff iciently exhaust ive  and the  d i f fe rences  
o b s e r v e d  a r e  not sufficiently l a r g e  to  d r a w  any quanti tat ive conclus ions .  I '  

T h e r e f o r e ,  f o r  the ana lys i s  of a  cen t ra l  c r a c k  i n  a  shee t ,  the  ef fec t  of 
biaxial i ty can be ignored.  I-Iowever, i t  should be noted tha t  if a  c r a c k  i s  corn- 
ing out  of a  hole in a  plate,  c o m p r e s s i v e  loading pa ra l l e l  to the c r a c k  can 
c a u s e  t ens i l e  Mode I s t r e s s  intensi ty f a c t o r s .  The value  of th is  s t r e s s  
intensi ty fac tory  can be developed f r o m  the  uniaxia l  and b iaxia l  solut ions of 
Rowie (Refe rence  57) as shown in F i g u r e  2 - 5 0 .  

2 .  3 . 7  F a i l u r e  of P r e s s u r e  V e s s e l s  and She l l s  

The  m e c h a n i s m  of p r e s s u r e  v e s s e l  f a i l u r e s  and the  c u r r e n t  f r a c t u r e  
m e c h a n i c s  technology fo r  handling th i s  p r o b l e m  h a v e  been d i s c u s s e d  in 
R e f e r e n c e  19 and a l s o  in Volume I1 of th is  r e p o r t  ( A s s e s s m e n t  of F r a c t u r e  
Mechanics  Technology f o r  Space  Shutt le  Applicat ions) .  In t h e s e  d i scuss ions ,  
only one p rob lem h a s  been cons ide red .  It c o n c e r n s  the c a s e  of a p a r t - t h r o u g h -  
c r a c k  emanat ing  f r o m  one s ide  ( s u r f a c e )  of the  p r e s s u r e  v e s s e l  wall .  In t h i s  
c a s e ,  if the  c r a c k  length on the su r face ,  2c,  i s  s m a l l  c o m p a r e d  to the m e a n  
r a d i u s  of c u r v a t u r e ,  R, of the v e s s e l ,  and the c r a c k  depth i s  a l s o  s m a l l  
c o m p a r e d  to the wall  th ickness  of the  v e s s e l ,  p las t ic  yielding would be 
r e s t r i c t e d  t o  the c l o s e  neighborhood of the c r a c k  pe r iphery ,  and the  s t a t e  
of s t r e s s e s  around the leading edge of the  c r a c k  i s  approx imate ly  plane 
s t r a i n .  T h e  res idua l  s t r eng th  and the  fat igue c r a c k  propagation r a t e  behavior  
can  be e s t i m a t e d  b y  applying s t r e s s  in tens i ty  f a c t o r s  such  a s  those  developed 
by I rwin  ( R e f e r e n c e  43) f o r  the  e l l ip t ica l  c r a c k s .  Although s o m e  uncer t a in t i e s  
a r i s e  concerning the  p rob lem such a s  back s u r f a c e  yielding ( o r  b reak  through) 
in the  c a s e  of a  deep  flaw and the  s low s tab le  c r a c k  growth phenomenon 
exhibi ted in re la t iveIy  high toughness  m a t e r i a l s ,  c o r r e l a t i o n  between e x p e r i -  
men ta l  d a t a  and ana lys i s  h a s  been success fu l .  
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F o r  the  c a s e  o f  a t h r o u g h - t h e - t h i c k n e s s  c r a c k  in a  r e l a t i v e l y  th in-wal led  
she l l ,  t he  p r o b l e m  i s  r a t h e r  compl i ca t ed .  A w e l l - r e c o g n i z e d  f a c t  i s  t ha t  t he  
c r a c k  t i p  s t r e s s  i n t ens i ty  i s  d r a s t i c a l l y  i n c r e a s e d  ( a s  c o m p a r e d  to  a  f l a t  p la te  
conta in ing  a  c r a c k  of  the  s a m e  s i ze )  s o  tha t  the  c r a c k e d  s h e l l  m i g h t  fa i l  a t  a 
s u b s t a n t i a l l y  l o w e r  load o r  exhib i t  a c o n s i d e r a l ~ l y  h i g h e r  fa t igue  c r a c k  g rowth  
r a t e .  It  i s  c o m m o n l y  a g r e e d  tha t  s u c h  i n c r e a s e s  in s t r e s s  i n t ens i ty  o r  
d e c r e a s e s  in b u r s t  s t r e n g t h  a r c  p a r t l y  a t t r i bu ted  t o  i n t e rac t ion  of the  s t r u c t u r a l  
g e o m e t r y  ( c r a c k  s i z e ,  t h i ckness ,  c u r v a t u r e ,  e t c .  ) ,  with  the  i n h e r e n t  p r o p e r -  
t i e s  of the  m a t e r i a l  and the e f f ec t  of bulging a t  the  c r a c k  tip,  which  i s  c a u s e d  
by i n t e r n a l  p r e s s u r e .  In t yp ica l  app l i ca t ions ,  the  s h e l l s  o r  c y l i n d e r s  migh t  be  
a n  a i r p l a n e  fuse l age ,  a  s u b m a r i n e  hul l ,  a  p r e s s u r e  v e s s e l ,  a p r e s s u r e  tube 
in  a n u c l e a r  r e a c t o r ,  o r  n a t u r a l  g a s  p ipe l ines .  T h e s e  s t r u c t u r e s  c o v e r  a  wide  
r a n g e  of  c o m b i n a t i o n s  in s t r u c t u r a l  g e o m e t r i e s ,  s i z e ,  and m a t e r i a l s .  Con-  
s equen t ly ,  a v a r i e t y  of f a i l u r e  m o d e s  i s  p o s s i b l e  and i t  m i g h t  be qui te  d i f f e r -  
e n t  f o r  e a c h  c l a s s  of g e o m e t r y - m a t e r i a l  combina t ions .  T h e o r i e s  ( R e f e r e n c e s  
82 and  83) h a v e  been  p r o p o s e d  to c l a s s i f y  t he  poss ib i l i t y  of f a i l u r e  m o d e s  in  
c y l i n d r i c a l  s h e l l s  containing a n  ax ia l  c r a c k  and  to deve lop  f a i l u r e  c r i t e r i a  
s u i t a b l e  to  e a c h  c l a s s  of f a i l u r e  mode .  In t h e s e  t h e o r i e s ,  the g e o m e t r y  
v a r i a b l e s  c o n s i d e r e d  w e r e  c r a c k  length  (2c )  and  a g e o m e t r y  p a r a m e t e r  
a /  mt w h e r e  R and  t a r e  the l a d i u s  and the  t h i c k n e s s  of the she l l ,  r e s p e c -  
t i ve ly .  T h e  m a t e r i a l  v a r i a b l e s  c o n s i d e r e d  w e r e  the  flow s t r e s s  (z), the p l a s t i c  
zone ,  and t h e  f r a c t u r e  t oughness  i nd ices  e i t h e r  m e a s u r e d  by c r a c k  length and  
f a i l u r e  load (Kc) ,  o r  by  c r a c k  opening d i s p l a c e m e n t  (COD).  

T h e  P a r i s  c r i t e r i o n  ( F i g u r e  2-51)  s t a t e s  t ha t  f o r  a c r a c k e d  s h e l l  having  
a c e r t a i n  g e o m e t r y ,  ( s a y ,  a /  f i t ) ,  if the  m a t e r i a l  c r i t i c a l  p l a s t i c  zone s i z e  
( d e t e r m i n e d  by Kc andi7)  i s  l a r g e  a s  c o m p a r e d  to  mt the she l l  will  fa i l  by a 
"p l a s t i c  zone  ins tab i l i ty"  m e c h a n i s m  s o  t h a t  t he  l i n e a r  f r a c t u r e  m e c h a n i c s  
t y p e  of f a i l u r e  a n a l y s i s  wi l l  no t  be  app l i cab le .  However ,  a s  dep ic t ed  in F i g -  
u r e  2 - 5 1 ,  if t h e  c r a c k  s i z e  i s  l a r g e  ( f o r  the s a m e  g e o m e t r y  and  m a t e r i a l  
combina t ion ) ;  i .  e . ,  a /  m t  i n c r e a s e s ,  t h e  c r a c k  migh t  unde rgo  a  Kc- type  of 
f a i l u r e  m e c h a n i s m .  

T h e  P a r i s  c r i t e r i a  can  b e  d e s c r i b e d  by an  e x a m p l e  a s  fol lows:  C o n s i d e r  
a  t y p i c a l  f u s e l a g e  having  a r a d i u s  of 2 . 2  m e t e r s  ( 9 0  inches )  and s h e e t  th ick-  
n e s s  of 0 .  254  c e n t i m e t e r  ( 0 .  1 inch) .  T h e  m a t e r i a l  i s  2024-  T 3  a l u m i n u m  a l loy  
wh ich  n o r m a l l y  exh ib i t s  a  Kc o v e r  y ie ld  ( o r  K,/C) r a t i o  of 2 .0  ( a p p r o x i m a t e l y ) .  
T h e r e f o r e ,  a v a l u e  of 0 .  213 i s  ob ta ined  f o r  t he  p a r a m e t e r  on  the  o r d i n a t e .  
T h i s  v a l u e  c o r r e s p o n d s  to  a n  a /  v a l u e  of a p p r o x i m a t e l y  0.  33 o n  the  
d iv id ing  l i ne  in  F i g u r e  2-51 .  Subs t i tu t ing  v a l u e s  f o r  R and  t  i n d i c a t e s  t he  
r e q u i r e m e n t  f o r  a K c - t y p e  f a i l u r e  in t h i s  c a s e  would b e  2 a  ? 5. 08  c e n t i m e t e r s  
( 2 .  0 i n c h e s ) .  
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H a h n ' s  t h e o r y  ( F i g u r e  2 - 5 2 )  i s  s i m i l a r  t o  t h a t  p r o p o s e d  by P a r i s .  In 
F i g u r e  2 -52 ,  Hahn hypo thes i zes  t h r e e  c a t e g o r i e s  of f a i l u r e  m o d e s .  T h e y  a r e :  

C a t e g o r y  1  - l i n e a r  e l a s t i c  behav io r  

C a t e g o r y  2  - non l inea r  e l a s t i c  behav io r  

C a t e g o r y  3 - p la s t i c  ins tab i l i ty  behav io r  

The dividing c r i t e r i o n  be tween  t h e s e  c a t e g o r i e s  i s  in t e r m s  o f t h e  p a r a m -  
e t e r  ( K c / F t y )  Z l a .  (Note,  h e r e  he  c o m p a r e s  t he  c r i t i c a l  p l a s t i c  zone  s i z e  w i th  
the  c r a c k  length  in s t ead  of the  she l l  g e o m e t r y . )  T h e y  a r e  ( K C / F ~ ~ ) ~  5 1.  2  (a) 
f o r  C a t e g o r y  1, ( K , / F ~ ~ ) ~  be tween 1 . 2  (a) and  7 (a) f o r  C a t e g o r y  2, and 
( K , / F ~ ~ ) ~  > 7 ( a )  f o r  C a t e g o r y  3. 

G e n e r a l l y ,  the  c r a c k e d  s h e l l s  t ha t  u n d e r g o  C a t e g o r y  1  f a i l u r e  m o d e  c a n  
be  handled  by  a l i n e a r  e l a s t i c - f r a c t u r e - m e c h a n i c s - t y p e  o f  a n a l y s i s  w h e r e a s  
f o r  s h e l l s  t h a t  belong in C a t e g o r y  2 f a i l u r e  m o d e s  a p l a s t i c - z o n e  c o r r e c t e d  
a n a l y s i s  p r o c e d u r e  would be  r e q u i r e d .  F o r  v e r y  tough m a t e r i a l  c o m b i n e d  
w i t h  s h o r t  c r a c k s  ( C a t e g o r y  3),  t he  f a i l u r e  m e c h a n i s m  would b e  c o n t r o l l e d  by 
the  f low s t r e s s  (Fty < Z <  Ftu) of t h e  m a t e r i a l .  

T h e  app l i ca t ions  of F i g u r e  2-52  c a n  be  i l l u s t r a t e d  wi th  the  s a m e  a i r -  
p l ane  f u s e l a g e  e x a m p l e s  p r o b l e m .  H e r e ,  b a s e d  o n  F i g u r e  2 -52 ,  t h e  c r a c k  
length  (2a )  h a s  to be  l a r g e r  than  2 .  89 c e n t i m e t e r s  ( 1 .  14  inches )  to avoid  t h e  
flow s t r e s s  con t ro l l ed  m o d e  of f a i l u re .  Now c o n s i d e r  a n  a i r p l a n e  f u s e l a g e  
conta in ing  a 20.  32 - c e n t i m e t e r  (8- inch)  c r a c k .  T h e  ( K , / F ~ ~ ) Z / ~  p a r a m e t e r  
a p p r o x i m a t e l y  e q u a l s  to 1 .  0 .  T h e r e f o r e ,  t he  c r a c k  should  e x h i b i t  a C a t e -  
g o r y  1  f a i l u r e  and thus  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s  a n a l y s i s  i s  a p p l i -  
c a b l e .  However ,  a s u p p l e m e n t a r y  r e q u i r e m e n t  out l ined  in  F i g u r e  2  - 52 
i n d i c a t e s  t h a t  a  c r a c k  opening d i s p l a c e m e n t  (COD) type  of  f r a c t u r e  i ndex  
( s e e  R e f e r e n c e  8 3  f o r  COD defini t ion)  would b e  p r e f e r r e d  f o r  c a r r y i n g  out t h e  
c a l c u l a t i o n s  b e c a u s e  K c / F t y  i s  g r e a t e r  t han  1 .  5 f o r  2024-  T3 a l u m i n u m .  

Now if the c r a c k  i s  only 10.  16 c e n t i m e t e r s  (4 i n c h e s )  i n  t o t a l  length,  
t h i s  conf igura t ion  would be C a t e g o r y  2  in  F i g u r e  2 -52 .  On the  o t h e r  hand ,  
a c c o r d i n g  to  F i g u r e  2-51,  t h i s  conf igura t ion  would a l s o  be  a Kc-  t y p e  f a i l u r e .  
I t  should  be  noted h e r e  t ha t  in P a r i s ' s  c r i t e r i a  t h e r e  i s  no s u c h  th ing  a s  
C a t e g o r y  1 .  T h e  dividing l i ne  in  F i g u r e  2 - 5 1  s i m p l y  d i v i d e s  t he  f a i l u r e  
m e c h a n i s m s  into two f a i l u r e  m o d e s  - e i t h e r  f low- s t r e s s  c o n t r o l l e d  o r  K 
con t ro l l ed .  In t he  K - c o n t r o l l e d  a r e a ,  p l a s t i c i t y  c o r r e c t i o n s  a r e  a l w a y s  
preferred in  all t he  ca l cu la t ions .  
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F i g u r e  2 -52 .  Hahn's F a i l u r e  C r i t e r i a  f o r  Cyl indr ica l  P r e s s u r e  V e s s e l s  With 
Axial  Through-  t h e -  Thickness  C r a c k  



I n  s u m m a r y ,  i t  i s  r ecommended  that  in any a t t e m p t  to conduct  a f a i l u r e  
. ana lys i s  in s h e l l s  one  should a lways  check the  ant ic ipa ted  f a i l u r e  mode  f o r  

the shel l  u n d e r  cons idera t ion .  The method i s  s i m p l e  and outl ined in the  
following: 

1 .  E s t a b l i s h t h e v a l u e s o f a l l  shel l  p a r a m e t e r s .  T h e g e o m e t r y ,  the  
m a t e r i a l ,  the v a r i a b l e s  R, t, Kc, KIEJ FtrJ FtuJ and the  appl ied  
s t r e s s  l eve l  ( r e f e r  to  Section 2 .  3 .  8 f o r  de inition of KIE). 

2 .  Calcula te  set and a c r  fo r  a s u r f a c e  flaw using KIE. 

3 .  If a c r  r aet, r eca lcu la te  2 a c r  fo r  a th rough- the - th ickness  c r a c k ,  
using Kc. 

4 .  Calcula te  a c r /  m w h e r e  a c r  i s  obtained f r o m  s t e p  No. 3 .  

5 .  Calcula te  ( K ~ / ~ ) ~ / ~ T  a t  w h e r e  C =  ( F ~ ~  + F ~ ~ ) / L  

6 .  Check the poss ib le  f a i l u r e  mode  us ing F i g u r e  2 -  51. T h e  P a r i s  
c r i t e r i o n  i s  p r e f e r r e d  because  i t  accounts  for  a l l  the  g e o m e t r i c  
v a r i a b l e s ,  R, t, and 2a .  (Note t ee  Hahn ' s  c r i t e r i a  only accoun t  
f o r  2a.) 

A f t e r  the  f a i l u r e  mode  i s  de te rmined ,  the  r e s idua l  b u r s t  s t r e n g t h  f o r  
the  she l l  c a n  be e s t i m a t e d  by us ing the  avai lable  va lues  of Kc o r  C, whichever  
i s  appropr ia t e .  F o r  fat igue c r a c k  propagation,  s ince  the  applied K l e v e l  i s  

. usual ly  low and thus  the co r respond ing  p las t ic  zone s i z e  i s  smal l ,  i t  can  be  
a s s u m e d  tha t  the c r a c k  extens ion m e c h a n i s m  i s  a lways  cont ro l led  by the  
c u r r e n t  c r a c k  t ip  s t r e s s  in tens i ty  f ac to r ,  which i s  only a function of applied 
s t r e s s  l eve l  and g e o m e t r y  ( including c r a c k  length) .  The methods  f o r  c a l c u -  
lating the  r e s i d u a l  b u r s t  s t r e n g t h  and the fa t igue  c r a c k  propagat ion  rates in 
s h e l l s  wi l l  b e  d i s c u s s e d  in the  subsequent  sec t ions .  F o r  the c a s e s  which 
involve s u r f a c e  f law f a i l u r e s ,  the  bas ic  f r a c t u r e  m e c h a n i c s  technology h a s  
been d i s c u s s e d  in Volume I1 i n  de ta i l .  A s u m m a r i z e d  d i scuss ion  concern ing  
genera l i zed  des ign  p r o c e d u r e s  wi l l  be given in Section 2 .  3 .  7 . 4 .  

2. 3 .  7. 1 S t r e s s  In tens i ty  F a c t o r s  f o r  Curved  P l a t e s  o r  Shel ls  

F o r  a th rough- the - th ickness  c r a c k  in  a  shal low shell ,  the  e x t e r n a l  loads  
applied to t h e  c r a c k e d  she l l  c a u s e  two types  of s t r e s s  s ingu la r i t i e s  at the  
c r a c k  t ip.  T h e  c r a c k  t ip  s t r e s s  in tens i ty  f a c t o r  in the  she l l  i s  thus  m a d e  up  
of  two components :  One accoun t s  f o r  the loca l  c r a c k  t ip  m e m b r a n e  stress 
and the o t h e r  accounts  f o r  the  l o c a l  c r a c k  t ip  bending s t r e s s ;  i. e. , 



f o r  the  c r a c k  opening d i sp lacement  mode (Mode I) and 

f o r  the  c r a c k  sl iding mode  (Mode II). H e r e  t  i s  the th ickness  of the curved  
shee t ,  Z is m e a s u r e d  f r o m  the neutra l  ax i s  of the sheet  with the  posi t ive  
d i rec t ion  toward  the  ins ide  of the shell ,  and subsc r ip t s  m and b, r e spec t ive ly ,  
r e f e r  to the m e m b r a n e  and the bending components in the local  c r a c k  t ip  
s t r e s s  field. K 1  and K 2  a r e  a s  defined in F igure  1 - 5  of Volume I1 fo r  Mode I 
and Mode I1 s t r e s s  intensi ty fac to r s ,  respect ively ,  in f l a t  s h e e t s  o r  p la tes ;  
I .  e. , 

w h e r e  u and T a r e  the applied f a r  field tensional  and s h e a r  s t r e s s e s ,  r e s p e c -  
t ively.  In the  shel l ,  the applied tensional  s t r e s s  could e i t h e r  be  the  axia l  
s t r e s s ,  No ( e .  g . ,  the p R / t  o r  the pR/2t  s t r e s s e s ) ,  o r  the M c / I  stress, which- 
e v e r  is appropr ia te .  

Consequently, if the coeff ic ients  A, and Ab ( f o r  tension) and Bm and Bb , 

( f o r  s h e a r )  c a n  be  determined,  the s t r e s s  intensi ty fac to r  in the she l l  ( o r  
c u r v e d  sheet)  c a n  be e s t i m a t e d  in t e r m s  of the s t r e s s  in tens i ty  f a c t o r  avai lable  
f o r  the  f l a t  plate.  In o t h e r  words  the fat igue c r a c k  growth r a t e  behav io r  and 
the  res idua l  s t r eng th  f o r  the shel l  can  be  es t ima ted  by using the  m a t e r i a l  
p r o p e r t i e s  de te rmined  f o r  the  f la t  p la te .  

Much analyt ica l  work h a s  been conducted in an  a t t e m p t  to obtain t h e s e  
c u r v a t u r e  ef fec t  coefficients  f o r  va r ious  combinations in s t r u c t u r a l  configu- 
r a t i o n s  and loading condit ions ( R e f e r e n c e s  84 to 100). The s t r u c t u r a l  configu- 
r a t i o n s  cons ide red  w e r e :  

1. An axia l  c r a c k  in a cyl indr ica l  shel l  

2 .  A c i r c u m f e r e n t i a l  c r a c k  in a cyl indr ica l  she l l  

3 .  A mer id iona l  c r a c k  in a s p h e r i c a l  shel l  

The Mode I  c u r v a t u r e  ef fec t  coefficients  (P4, and Ab) f o r  t h e s e  c r a c k s  
u n d e r  tension load only (No # 0, M = 0) and under  bending'moment only 
(No = 0, M # 0),  taken f r o m  R e f e r e n c e s  84, 87, and 88, are p r e s e n t e d  in 
F i g u r e s  .2 - 53 and 2 -54. The Mode I1 c u r v a t u r e  effect  coeff ic ients  Bm and Bb 
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Figure  2 -53 .  C u r v a t u r e  Effect Coefficients in Symmetr ical ly  Loaded Shells 
(No # 0, M = 0, Reference 84) 



C Y L I N D R I C A L  
A X I A L  CRACK 

2 4 x 6  8 

C Y L I N D R I C A L  C I R C .  CRACK 
(A, = 0 FOR A L L  A )  

(a)  MEMBRANE COMPONENT 

1 . 2  - SPHERICAL SHELL C Y L I N D R I C A L  C I R C . C R A C K  
( A ~  = 1.0 FOR A L L A )  

1 . 1  - 

1 . o  2 4 A 6  8 

Ab 0 .9 . -  

0.8 

O.7 - C Y L I N D R I C A L  A X I A L  
CRACK 

0.6 - 

- (b) BENDING COMPONENT 

Figure 2-54.  Curvature Effect Coefficients in Symmetrically Loaded Shells 
(No = 0, M # 0,  Reference 84) 



f o r  t h e s e  c r a c k s  ( t aken  f r o m  R e f e r e n c e s  84, 85, and 90) a r e  g i v e n  in  
F i g u r e  2  - 55. T h e s e  c u r v a t u r e  e f f e c t  coef f ic ien ts  a r e  plot ted as the  funct ion 
of a g e o m e t r i c  p a r a m e t e r ,  X , w h e r e  X - 112 ( I  - v 2))  . ( a  ) F o r  
v z 0 .  33, A 0 . 9 0 5  ( 2 a /  m. 

Note the  c u r v a t u r e  e f f ec t  coe f f i c i en t s  d e t e r m i n e d  by o t h e r  i n v e s t i g a t o r s  
a r e  m u c h  s i m i l a r  to t hose  d e r i v e d  by E r d o g a n  e t  a l .  As a n  e x a m p l e ,  the  A, 
f a c t o r s  f o r  an ax ia l  c r a c k  in a c y l i n d r i c a l  she l l  d e r i v e d  by Copley  and S a n d e r s  
(Reference  97) and F o l i a s  ( R e f e r e n c e  94) and  E r d o g a n  and  K i b l e r  ( R e f e r e n c e  
88) publ i shed  in t h r e e  d i f f e r en t  s o u r c e s  of r e f e r e n c e s  a r e  c o m p a r e d  in F i g -  
u r e  2 -56 .  It i s  s e e n  t h a t  the  r e s u l t s  of F o l i a s  a r e  i den t i ca l  to  t h o s e  r e p o r t e d  
in F i g u r e  2 - 5 3 .  In the  r a n g e  hav ing  a h i g h e r  va lue  of X, t he  Am v a l u e s  
d e r i v e d  by Copley  and  S a n d e r s  a r e  s o m e w h a t  h ighe r .  

One  can def ine  a s t r e s s  i n t ens i ty  r a t i o  p a r a m e t e r  

which, f r o m  Equa t ion  37, r e s u l t s  in  o s  = [Am - 2 Z / t  . Ab]. If CYS i s  
plot ted v e r s u s  t he  g e o m e t r y  p a r a m e t e r ,  2 a /  a, then  s i n c e  R and  t a r e  
c o n s t a n t s  f o r  e a c h  individual  c a s e ,  a s  w o r k s  ju s t  l ike  a  s t r e s s  i n t ens i ty  
modi f ica t ion  f a c t o r  f o r  ca l cu la t ing  the fa t igue  c r a c k  p ropaga t ion  r a t e  ( a s  a 
funct ion of c r a c k  length)  a s  the  c r a c k  p r o g r e s s e s .  S i m i l a r i l y ,  

1 _ =shell ,  c r i t i c a l  - 
Qs u c  

c o r r e l a t e s  the  b u r s t  s t r e n g t h  f o r  t h e  she l l ,  =shell ,  c r i t i c a l ,  and the f l a t  p l a t e  
a l lowable  s t r e s s ,  (ac) p r e d i c t e d  by  the  p r e d e t e r m i n e d  m a t e r i a l  p r o p e r t y  ( K c ) .  

F i g u r e  2-57 p r e s e n t s  a  p l o t  of the  t h e o r e t i c a l  u s  v a l u e s  f o r  t h e  c a s e  of 
c y l i n d r i c a l  s h e l l  conta in ing  an  a x i a l  c r a c k  sub jec t ed  to  i n t e r n a l  p r e s s u r e .  
Avai lab le  e x p e r i m e n t a l  d a t a  on t h e  b u r s t  s t r e n g t h  of a l u m i n u m  c u r v e d  p a n e l s  
and  t i t an ium c y l i n d e r s  and  c u r v e d  p a n e l s  a r e  plot ted in  t h e  same f i g u r e  f o r  
c o m p a r i s o n .  I t  i s  s e e n  in  F i g u r e  2 -57  t h a t  the  r e l a t i o n s h i p  be tween  t h e  
c r i t i c a l  s t r e s s  i n t ens i ty  f a c t o r  f o r  a f l a t  s h e e t  and t h e  c r i t i c a l  s t r e s s  in 
p r e s s u r i z e d  s h e l l s  i s  s t r o n g l y  dependen t  upon m a t e r i a l s .  It shou ld  be  noted 
t h a t  t he  ca l cu la t ed  p l a s t i c  z o n e  p a r a m e t e r ,  ( K C  / ~ ) 2 / 2  TW, i s  e q u a l  o r  l e s s  
t han  0. 2 5  f o r  a l l  t h e  2 0 2 4 - T 3  a l u m i n u m  pane l s .  A c h e c k  us ing  P a r i s  c r i t e r i a  
def ined  in  F i g u r e  2-51 r e v e a l e d  t h a t  t h e  m i n i m u m  r e q u i r e d  s t r u c t u r a l  shape  
p a r a m e t e r ,  a /  m, would be  0 .  5. The s h a p e  parameter f o r  the a l u m i n u m  
p a n e l s  w a s  2 . 2 5  o r  l a r g e r  ( F i g u r e  2-57) .  M o r e o v e r ,  i t  c a n  a l s o  be shown 
tha t  t h e s e  p a n e l s  s a t i s f y  H a h n l s  C a t e g o r y  1 r e q u i r e m e n t .  T h e  r e l a t i v e  p l a s t i c  
zone  index, Kc 15, f o r  the  2024 -T3 a l u m i n u m  i s  a p p r o x i m a t e l y  e q u a l  to 2 . 0 .  
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F i g u r e  2-55. Curvature  Effect Coefficients in  Shells  Under Torsion 

(Reference  84) 
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ANALYS 1 S (REFERENCE 88) 
0 

M I D - T H I C K N E S S  

LEGEND 

4 - 0 T i ,  8AI- IMo- IV,  OA, CURVED PANELS 
t = 0.076 CM (0.03 I N ) ,  R = 83.8 Cn 
(!3 IN )  OR 177.8 cn ( 7 0  IN) 

0 T I ,  8AI- lMo- IV,  DA, CYLINDESS 
t = 0.127 CM (0 .05  I N ) ,  4 = 38.1 CM 
(15 IN)  
7075-T6, CURVE0 PANELS 
t = 0.102 CM (0.04 I N ) ,  R = 175.3 CM 

3 - (69 IN)  
2024-13, CURVED PANEL 
t = 0.46 CM (0.18 I N ) ,  R = 298 .5  cn 
(117.5 IN )  
2024-T3 CURVED PANELS 
t = 0.102 cn (0.04 IN ) ,  R = 175 3 cn 
(69 IN)  

ALUMINUM DATA 
(REFERENCES 73 AND 102) 

/ K--- 

0 1.25 2.5 3.75 5.0 6.25 7.5 8.75 10.0 
1- 

a/m 

F i g u r e  2-57.  S t r e s s  In tens i ty  Mul t ip l ica t ion  F a c t o r  fo r  Axially Cracked  
Cyl indr ica l  Shel l  



The  K c / J  va lues  f o r  t i tanium and 7075-Th a luminum a r e  both  a p p r o x i m a t e l y  
equal t o  1 .  0, and, t h e r e f o r e ,  i t  can  b e  concluded tha t  Kc f a i l u r e s  w e r e  
attended in a l l  the  t e s t s ,  and t h e  corresponding (I., values w e r e  a p p a r e n t l y  
valid. 

F i g u r e  2- 58 p r e s e n t s  c o m p a r i s o n s  of the ana ly t i ca l  r e s u l t s  f o r  c i r c u m -  
fe ren t i a l  c r a c k  and fat igue c r a c k  propagation t e s t  d a t a  on 2014-T4 c y l i n d e r s  
under uni form axial  tens ion s t r e s s e s .  It  is s e e n  tha t  the  ac tua l  i n c r e a s e  of 
c r a c k  t ip  s t r e s s  intensi ty in the  cy l inder  t e s t s  i s  a l s o  l e s s  s e v e r e  than t h o s e  
predicted by ana lys i s .  

2 .  3 .  7 .  2 P l a s t i c  Zone Instabil i ty F a i l u r e  of P r e s s u r e  V e s s e l s  

When the  re s idua l  b u r s t  s t r e n g t h  of the p r e s s u r e  v e s s e l  i s  expected t o  
be control led by the  p las t ic  zone instabil i ty f a i l u r e  m e c h a n i s m .  T h e  f a i l u r e  
s t r e s s  would s imply  be ,  accord ing  to Hahn ( l t e f e r e n c e  83) ,  

where  us could b e  the  analy t ica l  Am value taken f r o m  Fig 'ure  2-57 and 7 
might b e  the  a v e r a g e  of the  m a t e r i a l  t ens i l e  yield s t r e n g t h  and u l t i m a t e  
s t rength .  In a  p a r t i c u l a r  c a s e ,  Hahn has  de te rmined  the  value  f o r  t h e  low- 
s t r eng th  s t r u c t u r a l  s t e e l s  t o  b e  1. 04 Fly plus 6 .  9 M N / ~ ~  (10 k s i ) .  

On t h e  o t h e r  hand, a n  equation has  been de r ived  *by P a r i s  f o r  ca lcula t ing  
the p las t ic  zone ins tabi l i ty  s t r e n g t h  in she l l s .  The  P a r i s  equation is 

when a s  i s  the  s lope  a t  the  a p p r o p r i a t e  point on the  crs v e r s u s  a / m  c u r v e  
( F i g u r e  2-571. Using t h e  analy t ica l  A, values  of Erdogan  and K i b l e r ,  P a r i s  
has plotted Equation (42)  in  a  c u r v e  ( F i g u r e  2-59) .  T h i s  kind of p a r a m e t r i c  
c u r v e  can  b e  used f o r  quick ca lcula t ion  of the  U p i  va lues  f o r  any  s h e l l  c o n -  
f igura t ions .  The  a p i  va lues  developed based  on Equation (41)  wi th  u s e  of  the  
analy t ica l  va lues  and t h e  da ta  f o r  a luminum curved t e s t  panels  a r e  a l s o  shown 
in F i g u r e  2-59. F i g u r e  2-59 ind ica tes  tha t  the P a r i s  Equation is c o n s e r v a t i v e  
a s  c o m p a r e d  t o  Equation (41).  I t  is anticipated tha t  a  r e a s o n a b l e  e s t i m a t e  of 
the  rp i ,  va lues  c a n  b e  a t ta ined with u s e  of Equation (42)  i n  coopera t ion  wi th  t h e  
a s  va lues  d e t e r m i n e d  by exper imen ta l  r e s u l t s  f o r  a  spec i f i c  m a t e r i a l  (i. e . ,  
obtain a  c u r v e  f o r  e a c h  m a t e r i a l ) .  



FATIGUE CRACK GROWTH DATA (REF. 103) 
2014-T4 CYLINDER 
R = 4 OR 5 I N .  

10.16 OR 12.7 CM 

2 * o  t t = 0.036 IN.  
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F i g u r e  2 - 5 8 .  Stress Intensi ty Mul t ip l ica t ion  F a c t o r  f o r  C i r c u m f e r e n t i a l l y  
C r a c k e d  Shell 



F i g a r e  2 - 5 a .  P l a s t i c  Zone Ins tabi l i ty  Fa i lu re  Strenr th  of P r e s s u r e  Vessels 



2. 3 .  7 .  3 Fa i lu r e  of Reinforced Shells . 

The  re inforcements  in a shell  a r e  f rames ' and  longitudinal s t r i n g e r s  
e i t he r  pa ra l l e l  o r  perpendicular  to the c r ack  depending on the di rect ion the 
c r a c k  i s  oriented.  F o r  a c i rcumferen t ia l  c r ack ,  the horizontal  s t r i n g e r s  
might  a c t  a s  c r ack  s toppers .  F o r  a longitudinal crack,  the f r a m e s  might 

a c t  a s  c r a c k  s toppers .  Only cine paper  (Reference 9 9 )  has  t r ea ted  the rein-  

f o r ced  shel l  by analys is .  At p resen t  i t  i s  anticipated that  the re inforcement  

ana lys i s  fo r  f la t  shee t  (d iscussed in Section 2 .  3. 4) can  a l so  be applied here .  

When the re in forcements  a r e  pa ra l l e l  to the crack,  the re in forcements  
help reduce  the c r a c k  bending intensity. They help in such a way that the  
re in forcements  r e s i s t  bending by the load applied perpendicular  to  it and 
thus  help the c r ack  r ema in  closed (o r  open up to a l e s s  degree) .  Since th i s  
i s  not a load t r a n s f e r  problem,  pure  analys is  would be difficult. Cer ta inly ,  
s emi - emp i r i c a l  cu rve s  can be developed with t es t  data available f r o m  
Re fe r ences  73, 101, and 102. However,  the scope of th i s  effort  i s  outs ide  
of  the  bounds of the  p r e sen t  study. 

2 .  3.7.4 Damage Tolerance Analysis  f o r  P r e s s u r e  Ves se l s  

I t  i s  poss ible  t o  use f r a c tu r e  mechanics  to design a p r e s s u r e  v e s s e l  
initially. F o r  example,  design cu rves  relat ing wall th ickness  to  de s i r ed  
l i fe  such  a s  depicted in F igure  2-60 could be  constructed with the  use  of 
f r a c t u r e  mechanics  and appropr ia te  damage to lerant  design c r i t e r i a .  
However ,  mos t  s t r u c t u r e s  will be initially sized on the ba s i s  of a r b i t r a r y  
des ign f a c t o r s  f o r  fatigue and s ta t ic  s t rength ,  and f r ac tu r e  mechan ics  and 
damage- to le ran t  r equ i r emen t s  a r e  usually applied only to ver i fy  the des ign 
by providing an  acceptable o r  nonacceptable decis ion c r i t e r i a .  The i nco r -  
porat ion of f r a c tu r e  mechanics  concepts into design methodology h a s  not 
p rog re s sed  to the s tage  of providing a rat ional  means  fo r  se lect ion of s ta t ic  
s t reng th  and fatigue marg ins  on the ba s i s  of ma t e r i a l  toughness and  c r ack  
propagation cha rac t e r i s t i c s .  Accordingly, f r a c tu r e  c r t i e r i a  a r e  not 
cu r r en t l y  introduced into p re l iminary  des ign t r ade  studies,  and p a r a m e t r i c  
ana ly se s  a r e  not conducted over  wide ranges  of s t r e s s  levels  and s t r uc tu r a l  
configurations.  The p r i m a r y  ro le  of f r a c tu r e  mechanics  is to ut i l ize 
informat ion regard ing  proof loads,  NDE capability, design s t r e s s e s ,  and 
m a t e r i a l  p roper t i es  to validate o r  r e j e c t  a  given design on the b a s i s  of a 
safe-crack-growth life requirement .  

In  genera l  t h e r e  a r e  a number of ra t ionale  paths that  may  b e  followed 
to  m e e t  a safe-crack-growth l i fe  requ i rement  fo r  a p r e s s u r e  ve s se l .  
Basical ly  the d i f fe rences  depend upon whether the  responsibil i ty f o r  initial 
f law s i ze  i s  placed on NDE o r  a proof t e s t  ( o r  both) and whether  t he  respon-  
sibi l i ty f o r  determining c r i t i ca l  c r ack  s i z e  is based upon complete  c a t a s -  
t roph ic  fa i lu re  o r  upon leakage. A var ie ty  of combinations i s  possible.  The 
following is a br ief  outline of the p rocedures  fo r  utilizing s ta te-of- the-ar t  
f r a c t u r e  mechanics  t o  analyze the  damage  to lerance of a p r e s s u r e  vessel .  



In Section 5 of Volume 11, p roof - t e s t  logic i s  d i s c u s s e d  i n  g r e a t  depth .  
Included in that sec t ion  a r e  desc r ip t ions  of impor tan t  phenomena a s s o c i a t e d  
with NDE,  proof tes t ing ,  and l i fe  ca lcu la t ions .  It i s  pointed out  tha t  c u r r e n t  
s t a t e  of the  a r t  cannot  exactly account  f o r  a l l  t hese  phenomena.  T h e r e f o r e  
a t  p r e s e n t  i t  i s  n e c e s s a r y  to build s o m e  a r b i t r a r i n e s s  i n  the  o v e r a l l  l i fe  
ca lcula t ions .  T h e s e  assumpt ions  follow those  made  i n  the  e x a m p l e  on  
page 5-19 of Volume 11. These  assumpt ions  a r e :  

l.(a) l l s e  of a  fIaw surv iva l  s t r e s s  in tens i ty ,  Ks,  when proof t e s t ing  is  
conside red. 

l.(bl Use of approximate  s i z e  l imi ta t ions  on NDE capabi l i ty .  

2. 1;se o f  a  p a r t i c u l a r  c r a c k  growth model (with o r  without  r e t a rda t ion) .  

3. 1 - s e  of the approximate-breakthrough c r i t e r i o n .  

4. Use of a  c r i t i c a l  s t r e s s  in tens i ty  f ac to r  f o r  ca tas t roph ic  f a i l u r e .  

I t e m  1 ( a  and h )  i s  concerned with de te rmina t ion  of the  in i t ia l  f law s i z e  
t o  be  used  in the ana lys i s .  In g e n e r a l ,  in a design si tuat ion,  t h e r e  a r e  four  
ways  the  ini t ial  flaw to  b e  cons ide red  can be es tabl i shed:  

I .  NDE 

2. P r o o f t e s t  

3 .  By definition 

4. Combinations of the f i r s t  t h r e e .  

In F i g u r e  5- 1 of Volume I1 a r e  e x a m p l e s  of the r e l a t ionsh ips  tha t  m a y  
be  es t ab l i shed  between s u r f a c e  f law length and s u r f a c e  f law depth  when NDE 
e s t a b l i s h e s  the in i t ia l  flaw s i ze .  A s i m i l a r  re la t ionship  i s  e s t ab l i shed  through 
the  u s e  of Equation 29 in Section 2  of Volume 11, when K s  i s  used t o  e s t a b l i s h  
the  f laws s c r e e n e d  out by proof tes t ing .  When a  p r e s s u r e  v e s s e l  i s  t o  be 
p roof - t e s t ed  and inspected  hy NDE p r o c e d u r e s ,  a  compos i t e  f i g u r e  s u c h  a s  
F i g u r e  2-61 should be  used t o  e s t ab l i sh  the  va lues  of the  f laws tha t  m a y  
r e m a i n  in the v e s s e l .  Note that  in the example  p r e s e n t e d  N D E  s e r v e s  to  s e t  
in i t ia l  f law s i z e s  f o r  the shal low f laws,  and proof s t r e s s  s e t s  the  in i t i a l  flaw 
s i z e s  f o r  the d e e p e r  f laws.  Note a l s o  tha t  a - t  i s  a n a t u r a l  l i m i t  t o  the  extent  
of poss ib le  flaw depth,  hut tha t  t h e r e  i s  no  na tu ra l  l i m i t  on p o s s i b l e  f law 
length.  F o r  p r a c t i c a l  r easons  and f o r  additional r e a s o n s  d i s c u s s e d  in Sec-  
t ion 5 of Volume 11, the  l i fe  ana lyses  a r e  cons idered  within the  l i m i t s  
a / 2 c  = 0. 1, a / 2 c  z 0. 5 o r  a A t. As  a l s o  pointed out ,  i t  i s  n e v e r  c l e a r  
a t  the  outse t  which of t h e s e  l i m i t s  wi l l  b e  the  c r i t i c a l  l i m i t  (i. e .  which  



ONE CASE 

Figure 2 - 6 0 .  Thickness Versus Design Life 
(Generalized Illustration) 
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Figure 2 - 6 1 .  Initial Flaw Size Determination 



ini t ial  f law shapcx will  have, t h r  s h o r t e s t  lifc.). It 1s t h e r e f o r e  n e c e s s a r y  to  
~ x s r f o r n l  thcs ana lys i s  for  thc  two m o s t  oxtremc, flaw shapes .  Thc>sc a r c  

indicatc~tl by  thc. circles in Figure. 2-61. O c c ~ s i o n a l l y ,  dt.pcnding upon thc  
c o m h i ~ ~ a t i o n  of s t r e s s ,  matc.ria1, and t h i c k n t ~ s s ,  the  w o r s t  c a s e  m a y  bc the  
onc having an in t r , rn~cd ia t t .  in i t ia l  f l a w  shapc.; it1 this casca, a  complt , te  

survcly should bv conductc.d. 

Before  thc  l i fc  i s  ca lcu la ted ,  the end point of that  ca lcula t ion  n lus t  b e  
es tabl i shed ( o r  ;I method of decicling when th(b end of l i f e  h a s  becn  reachcd) .  
A p a r t i c u l a r  loacl i s  used t o  e s t a b l i s h  the  flaw s ize  a t  the  end of l i fe .  F o r  
cons tant  ampli tude loading,  it i s  usually t aken  to be  the  cons tant  ampl i tude  
load. F o r  s p e c t r u m  l o a d s ,  i t  i s  usual ly  taken to be the ~n:ixitllum spcct ru l l l  
load o r  s o m e  higher  load spccifivd by a  cont rac tual  ag reement .  In any event ,  
u se  of that load and a  c r i t i c a l  va lue  of the  s t r e s s  intensi ty f a c t o r  e s t a b l i s h e s  
a re la t ionship  bctwcen s u r f a c c  f l < ~ w  length  and depth of  a pa r t - th rough  c r a c k ,  
a s  in F i g u r c  2-62. In addit ion,  the  c r a c k  length for  f a i lu re  a s  a  th rough  
c r a c k  m u s t  be es tabl i shed.  This  i s  il1ustratt.d schemat ica l ly  by the  X in 
F i g u r e  2-62.  Note tha t  if the  flaw s i z e  i s  at 1  when the  p a r t  f a i l s  a s  a  p a r t -  
through c r a c k ,  thi,n the  s u r f a c e  length  wil l  be  sufficient t o  c a u s e  f a i l u r e  a s  
a  through c rack .  However ,  if the  f law s i z e  i s  a t  2 when i t  f a i l s  a s  a  p a r t - .  
through c r a c k ,  addit ional  l i f e  will  b e  l e f t  a s  the  c rack  g r o w s  out  to  the  length  
requ i red  f o r  f a i lu re  a s  a through c rack .  

Before  the  l i fe  c ;~ lcu la t ion  i s  m a d e ,  the  applied s t r e s s  in tens i ty  
f a c t o r  a s  a  function of c r a c k  length  and shape  mus t  be  es tabl i shed.  Note tha t  
f o r  a  pa r t - th rough  c r a c k  i t  i s  n e c e s s a r y  to  do  th is  a t  the  depth  and a t  the  
su r face .  E x p r e s s i o n s  fo r  t h e s e  s t r e s s  intensi ty f a c t o r s  a r c  given in  Sect ion  
2. 3. 3 and in Volume 11. A subjec t  s i m i l a r  t o  th i s  i s  the  t r a n s i t i o n  c r i t e r i a ,  
s ince  a  t r ans i t ion  c r i t e r i o n  (how a  c r a c k  g r o w s  f r o m  a  pa r t - th rough  c r a c k  t o  
a  th rough  c r a c k )  can  be thought of a s  a  re la t ionship  between the  applied s t r e s s  
intensi ty f a c t o r s  and geomet ry .  F o r  example ,  the  s imple  t r a n s i t i o n  c r i t e r i o n  
of  assurning that  when a  t 2ry = t ,  o r  a,t r t ,  whichever  c a s e  i s  a p p r o p r i a t e ,  
the  s u r f a c e  length 2c  of t h e    art-through c r a c k  becomes  the  length  of a  
through c r a c k  and can  b e  thought of a s  the  s t r e s s  intensi ty r e l a t i o n s  given in  
F i g u r e  2-63. S i m i l a r  c u r v e s  could r e p r e s e n t  the  r e l a t ionsh ips  f o r  Kbackside 
(which i s  actual ly a  t r a n s i t i o n  c r i t e r i o n )  given in Section 4 of Volume  11. 

One m u s t  now e s t a b l i s h  the fa t igue  c r a c k  propagation r a t e  r e l a t ionsh ip  
tha t  i s  t o  be  used. I t  i s  a p p r o p r i a t e  to  use  one  of the  equation f o r m s  given 
in Section 3 of Volume 11, with the  c o r r e c t  m a t e r i a l  constants .  Equal ly  
accep tab le  i s  the  use  of points  tha t  r e p r e s e n t  the  r a t e  da ta  and in terpola t ion  
between t h e s e  points  ( F i g u r e  2-64). 

Now, f o r  e a c h  in i t ia l  flaw t o  b e  examined,  a n  in teg ra t ion  of d a / d N  
(and dc /dN)  i s  p e r f o r m e d ,  taking into account  changes in a  and c  which af fec t  
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Figure 2 - 6 2 .  Initial and Critical Flaws 

a c 

Figure , 2 -63 .  Typical Transition Criteria 



F i g u r e  2-64. Fa t igue  C r a c k  Propaga t ion  Ra te  Represen ta t ions  

t h e  s t r e s s  in tens i ty  f a c t o r  a s  the c r a c k  grows.  Th i s  i s  i l lu s t r a t ed  in  
Figure 2-65 where: 

Block 1 :  The in i t ia l  c r a c k  d imens ions  a r e  s e t .  Th i s  is done by 
s e l e c t i n g  the  points  defined in F i g u r e  2-62.  

Block 2: The s t r e s s  in tens i ty  reIa t ionships  (and t r a n s i t i o n  c r i t e r i a )  
a r e  used  t o  ge t  AK1 and AK2 (e .  g . ,  F i g u r e  2 - 6 3 ) .  

Block 3 :  The fat igue c r a c k  propagat ion  r a t e  law is u s e d  t o  g e t  t h e  
a p p r o p r i a t e  r a t e s  ( e .  g. , F i g u r e  2-64). 



Block 4: A n  increment of cycles A N  i s  chosen, and increments of 
Aa and Ac a r e  calculated for that number of cycles. Note 
that for a spectrum of loads AN could be all the loads 
applied at a par t icular  level in the spectrum. It is impor- 
tant that AN must be chosen sufficiently small  such that 
a and c d o  not cause the new s t r e s s  intensity factor (cal-  
culated on the next pass  through the lvop) tu change s i g -  
nificantly (say - 1 percent) .  

Block 5: The new values of a,  c ,  and N a r e  calculated. 

Block 6: A comparison of the new crack  size and the crit ical  crack 
size i s  made. If the new crack  i s  equal to o r  exceeds the 
crit ical  crack size,  the c rack  growth calculation i s  com- 
plete, and the cycles attained thus f a r  a r e  the life. If 
the crit ical  crack size is  not exceeded, the entire pro- 
cedure (loop) i s  repeated for  another cycle increment. 
Note that for spectrum loading a new s t r e s s  level may be 
used at  this point. 

It should be noted that there a r e  many other ways to compute the 
increment  of crack lengths and cycles (Blocks 4 and 5).. F o r  instance, the 
required AN may be calculated for a selected value of Aa and then Ac rr1a.y be 
computed, which corresponds to the s a m e  AN. It is  a lso noteworthy that 
the  flow diagram of Figure 2-65 is,  f o r  the most  part ,  generally applicable 
f o r  a l l  c r ack  growth calculations and with minor  modifications could be 
used in conjunction with s t ructures  other than p res su re  vessels .  

Fo r  each of the two cases considered (the circled points of Figure 2-62),  
a life (cycles) is  established. The shortest  of these i s  the life that must be 
compared to the minimum life specified in the safe-crack-growth life require-  
ment. If the calculated life is  grea ter  than that required, then the p res su re  
v e s s e l  i s  deemed acceptable, and the damage tolerance analysis task i s  
complete. If the calculated life i s  l e s s  than that required, then one of the 
remedies  described in Section 5 of Volume I1 must be taken and a new 
analysis performed. 
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2 .  3 .  8 R e q u i r e d  M a t e r i a l  P r o p e r t y  Data  f o r  Space  Vehicle  F r a c t u r e  Mechan ic s  
A n a l y s i s  

M a t e r i a l  p r o p e r t y  d a t a  f o r  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s  a n a l y s i s  
c a n  b e  s e p a r a t e d  i n t o  t h r e e  g e n e r a l  c l a s s i f i c a t i o n s :  t hose  u s e d  f o r  p r e d i c -  
t i v e  a n a l y s i s  of fa t igue  c r a c k  growth ,  t h o s e  used  in  proof  t e s t  logic ,  and 
t h o s e  u s e d  f o r  s t a t i c  a n a l y s i s  to p r e d i c t  the  r e s i d u a l  s t r e n g t h  of a  s t r u c t u r e  
conta in ing  a f law.  

2 .  3. 8. 1 P r e d i c t i v e  Ana lys i s  uf F a t i g u e  C r a c k  Growth .  

F a t i g u e  c r a c k  g rowth  r a t e s  a r e  m o s t  convenient ly  r e p r e s e n t e d  b y  s o m e  
func t iona l  e x p r e s s i o n  re la t ing  c r a c k  g rowth  r a t e ,  da /dN,  t o  the appl ied s t r e s s  
i n t e n s i t y  e x c u r s i o n ,  AK. A s  d i s c u s s e d  in  de t a i l  i n  Volume 11, s e v e r a l  m a t h -  
e m a t i c a l  r e l a t i o n s h i p s  a r e  ava i lah le  t h a t  adequate ly  r e p r e s e n t  m e a s u r e d  
c r a c k  g r o w t h  r a t e  behav io r .  F o r  Space  Shutt le  appl ica t ions ,  i t  i s  intended 
t h a t  f a t i gue  c r a c k  g r o w t h  r a t e s  be  d e s c r i b e d  by the  C o l l i p r i e s t  equat ion  
( r e f e r  t o  V o l u m e  II), which r e q u i r e s  f o u r  " m a t e r i a l  p a r a m e t e r s "  p l u s  t h e  
m a x i m u m  and m i n i m u m  applied s t r e s s  i n t e n s i t i e s  t o  p r e d i c t  the a t t endan t  
c r a c k  g r o w t h  rate. T h e s e  p a r a m e t e r s  a r e :  

Kc - t he  c r i t i c a l  value of the  m a x i m u m  applied s t r e s s  i n t ens i ty  
c o r r e s p o n d i n g  to  a n  inf in i te  fa t igue  c r a c k  g r o w t h  r a t e  
r e su l t i ng  in  f r a c t u r e  

AKo - t h e  appl ied  th re sho ld  s t r e s s  i n t ens i ty  r ange  below which  
f a t igue  c r a c k  g rowth  i s  p r e s u m e d  not t o  o c c u r  

n  - the  g r o w t h  r a t e  exponent  c o r r e s p o n d i n g  t o  t he  m i d  r a n g e  of a 
log-log p lo t  of da /dN v s .  AK ( m a x i m u m  s t r e s s  i n t ens i ty  m i n u s  
m i n i m u m  s t r e s s  i n t ens i ty )  

C - T h e  g rowth  r a t e  coef f ic ien t  c o r r e s p o n d i n g  t o  t he  m i d - r a n g e  
c r a c k  g rowth  r a t e  s l o p e  ex t r apo la t ed  t o  a  uni ty va lue  of AK 

W h e r e  a s p e c i a l  dependency upon load r a t i o  ( t he  m i n i m u m  l o a d l t h e  
m a x i m u m  load)  h a s  been  ident i f ied,  addi t iona l  g rowth  r a t e  shaping  p a r a m e t e r s  

m a y  b e  r e q u i r e d .  

P r e s e n t l y  t h e r e  i s  no publ i shed  s t a n d a r d  f o r  m e a s u r i n g  fa t igue  c r a c k  
g r o w t h  r a t e s ,  and  t h e  env i ronmen ta l  and  g e o m e t r i c  e f f ec t s  on  the  g r o w t h  
r a t e  " m a t e r i a l  p a r a m e t e r s "  have no t  b e e n  r i g o r o u s l y  ident i f ied.  T h e r e f o r e ,  
f o r  S p a c e  Shut t le  appl ica t ions ,  c r a c k  g r o w t h  r a t e  d a t a  (and t h e  c o r r e s p o n d i n g  
m a t e  rial p a r a m e t e r s )  w i l l  b e  publ i shed  a s  nomina l  v a l u e s  c o r r e s p o n d i n g  t o  



each a l loy  s y s t e m ,  t e m p e r ,  product  f o r m ,  envi ronment ,  and loading 
d i rec t ion .  Dependency upon th ickness  and t e m p e r a t u r e  wi l l  be  e x p r e s s e d  by 
v a r i a t i o n  of a  m i n i m u m  n u m b e r  of the  m a t e r i a l  p a r a m e t e r s .  F o r  e x a m p l e  
va r i a t ion  of growth r a t e  with th ickness  m a y  s o m e t i m e  b e  accommodated  by 
identifying a th ickness  dependency with Kc without r e q u i r i n g  changing the 
va lues  of the  r e m a i n i n g  m a t e r i a l  p a r a m e t e r s .  Also ,  d is t inc t ions  m u s t  be 
m a d e  between published values  f o r  c r i t i c a l  s t r e s s  in tens i t i e s  f o r  s u r f a c e  
f l aws  and t h r o u g h - c r a c k s  due t o  the  d i f ferent  s t r e s s  s t a t e s  a s s o c i a t e d  with 
the  two de fec t  g e o m e t r i e s  a n d / o r  anisot ropy.  

Since  nominal  va lues  of c r a c k  growth r a t e s  m a t e r i a l  p a r a m e t e r s  wi l l  
be used  in sa fe - l i f e  analys is ,  confidence in the  analys is  r e s u l t s  wil l  be s e c u r e d  
by applicat ion of an appropr ia t e  s c a t t e r  f ac to r  to the s a f e - l i f e  a n a l y s i s  r e s u l t s .  

2 .  3 .  8. 2 Proof  T e s t  Logic Data  

S o m e  m e a s u r e  of m a t e r i a l  toughness  i s  r equ i red  t o  p red ic t  the  m a x i m u m  
d e f e c t  s i z e  tha t  could possibly su rv ive  a proof load. A s  d i s c u s s e d  in Volume 11; 
u s e  of lower  bound Klc- type  toughness  va lues  in proof t e s t  Iogic ca lcu la t ions  
can  lead  to an underes t ima te  of the  flaw s i z e  that  might  be s c r e e n e d  by a 
proof t e s t ,  which could lead to an unconservat ive  sa fe -  l i fe  ana lys i s .  T h e r e -  
fo re ,  f o r  proof t e s t  logic applicat ions,  a  su rv iva l  toughness  value (Ks)  wi l l  
be published that  wil l  accommoda te  s t ab le  c r a c k  growth p r i o r  to f r a c t u r e .  
K, i s  a  m e a s u r e  of the s t r e s s  in tens i ty  a t  the  f a i lu re  s t r e s s  ca lcula ted  by 
us ing the  flaw s i z e  a t  f r a c t u r e .  T h i s  va lue  can  a l t e rna te ly  be d e t e r m i n e d  by 
caIcula t ions  tha t  u s e  c r a c k  growth r e s i s t a n c e  c u r v e s  ( i f  avai lable f o r  the 
m a t e r i a l  being analyzed) and the  s t r e s s  intensi ty ana lys i s  of the s t r u c t u r e  
and de fec t  g e o m e t r y  of concern .  

T h e  su rv iva l  toughness va lue  wi l l  a l so  be published a s  a nominal  va lue  
unti l  a  s t a t i s t i c a l  da ta  base  b e c o m e s  available and sens i t iv i ty  s tud ies  c o n c e r n -  
ing the  e x a c t  e f fec ts  of  using upper  bound va lues  fo r  m a x i m u m  ini t ia l  flaw 
s i z e  p r e d i c t i o n s  have  been comple ted .  

2 .  3. 8. 3 Sta t ic  Analys is  Data  

A m e a s u r e  of f r a c t u r e  toughness  i s  r e q u i r e d  to evaluate  the flaw s i z e  
tha t  wi l l  p rec ip i t a t e  f r a c t u r e  a t  des ign  o r  l i m i t  load condit ions.  The  s i z e  of  

the s t r u c t u r e  and the type of c o n s t r a i n t  ant icipated a t  the  c r a c k  t ip  wi l l  
d i c t a t e  the  type of m a t e r i a l  p r o p e r t y  da ta  to b e  ut i l ized.  In any c a s e ,  how- 
e v e r ,  s t a t i s t i ca l ly  t r ea ted  lower  bound n u m b e r s  a r e  appropr ia t e  f o r  s t a t i c  
f r a c t u r e  toughness  n u m b e r s  used  in r e s i d u a l  s t r eng th  ana lys i s .  



P l a n e  s t r a i n  f r a c t u r e  t oughness  v a l u e s  wil l  be m e a s u r e d  to  t he  ASTM 
s t a n d a r d  E-399-72.  Where  idea l  p lane  s t r a i n  condi t ions  wil l  not p r e v a i l ,  
o t h e r  m e a s u r e s  of t oughness  m u s t  be  u t i l i zed .  S u r f a c e  f law toughness  v a l u e s  
c a l c u l a t e d  f r o m  i n i t i a l  f law s i z e  and  f a i l u r e  s t r e s s  (KIE)  a r e  a l s o  a p p r o p r i a t e  
f o r  d e t e r m i n a t i o n  of the  c r i t i c a l  f law s i z e  t ha t  migh t  c a u s e  f a i l u r e  o n  the  next  
l o a d  c y c l e .  Th in  s h e e t  f r a c t u r e  p r o p e r t i e s  m a y  be  g e n e r a t e d  in  the f o r m  of 
Kc  v a l u e s  with s p e c i m e n s  of s i z e  n e a r l y  equiva len t  t o  the  s t r u c t u r e  be ing  
a n a l y z e d  o r ,  m o r e  g e n e r a l i z e d .  in  t he  f o r m  of a  c r a c k  growth  r e s i s t a n c e  
c u r v e .  T h e  Kc d a t a  (computcd  f r o m  the  findl i l aw s i z e  and  the  f a i l u r e  s t r e s s )  
should  inc lude  a m e a s u r e  of the a p p a r e n t  t oughness  (computed  frorri the  i n i t i a l  
f l a w  s i z e  and  the  f a i l u r e  s t r e s s )  to f ac i l i t a t e  a n a l y s i s  of the  c r i t i c a l  i n i t i a l  
f l a w  s i z e  that {n ight  c a u s e  f r a c t u r e .  

S i tua t ions  in which  a g g r e s s i v e  e n v i r o n m e n t s  r e d u c e  the f r a c t u r e  s t r e s s  
w i l l  r e q u i r e  a s s e s s m e n t  of an  env i ronmen ta l  t h r e s h o l d  s t r e s s  intensi ty ,  Kth, 
above  wh ich  s ign i f i can t  c r a c k  ex tens ion  wil l  o c c u r  without  a  c o r r e s p o n d i n g  
i n c r e a s e  in  s t r e s s  in tens i ty .  Spec ia l  c a r e ,  however ,  m u s t  be taken  to avoid 
t h e  u s e  of a r t i f i c a l l y  tow th re sho ld  v a l u e s  t ha t  s i m p l y  r e f l e c t  the s t a b l e  f law 
g r o w t h  e x p e r i e n c e d  dur ing  monotonic loading.  

F o r  ' the 'Space Shutt le  P r o g r a m ,  i t  wi l l  b e  p r e s u m e d  tha t  accommoda t ion  
of s u s t a i n e d  load c r a c k  growth,  da /d t ,  which o c c u r s  a t  s t r e s s  in tens i ty  l eve l s  
above  Kth, i s  beyond the c u r r e n t  s t a t e  of  the a r t  o f  f r a c t u r e  m e c h a n i c s  d a t a  
a c q u i s i t i o n  and a n a l y s i s  techniques .  With s u c h  a  p re sumpt ion ,  Kth m u s t  
t h e n  c o r r e s p o n d  to  the  c r i t i c a l  s t r e s s  in tens i ty  which  m a y  not be exceeded  
u n d e r  s t a t i c  loading dur ing  the  s e r v i c e  l ife of the s t r u c t u r e .  

2. 3 . 9  R e c o m m e n d a t i o n s  on  F r a c t u r e  Mechan ic s  R e s e a r c h  and Development  

B a s e d  upon the  p reced ing  d i s c u s s i o n s ,  a n u m b e r  of f r a c t u r e  m e c h a n i c s  
a r e a s  wh ich  should  be  developed i s  ev ident .  T h e  fol lowing i s  a l i s t ing  of 
s u g g e s t e d  top ic s  f o r  deve lopment  of f r a c t u r e  m e c h a n i c s  a n a l y s i s  p r o c e d u r e s .  

1. Develop  d a t a  and a n a l y s i s  p r o c e d u r e s  to  hand le  the back  s u r f a c e  
magni f ica t ion  f a c t o r ,  back  s u r f a c e  yielding,  and loca l  e c c e n t r i c  
bending phenomena  in the  p a r t -  th rough-  c r a c k  p r o b l e m .  

2 .  Develop  d a t a  and a n a l y s i s  p r o c e d u r e s  wh ich  adequate ly  accoun t  
f o r  t he  e f f ec t s  of  loca l  yielding a t  a hole .  

3 .  Develop  s t r e s s  in tens i ty  f a c t o r s  and  fa t igue  c r a c k  g rowth  rate 
d a t a  f o r  p in- loaded  lugs.  



4 .  Develop a n a l y s i s  p r o c e t l u r e s  f o r  s k i n - s t r i ~ i g e r  s t r u c t u r e  which 
adequate ly  a c c o ~ i ~ ~ t  for  the e f f ec t s  of reinfoi-c-ement  yielding,  
broke11 s t r i t l g e r s ,  a n d  the s t i f f n e s s  of the f a s t e n e r  s y s t e m .  

5 .  Develop  d a t a  and adequdte  a n a l y s i s  p r o c e d u r e  f o r  i n t eg ra l ly  
s t i f fened  s t r u c t u r e .  

6. Develop  d a t a  to e s t a l ) l i sh  f a i l u r e  c r i t e r i a  for  conii)itled t ens ion  
and s h e a r .  

7 .  Develop  d a t a  to e s t a h l i s h  f a i l u r e  c r i t e r i a  f o r  c ,or~ibined hending and  
t ens ion .  

. Develop fat iguc c r a c k  g r o w t h  r a t e  and  r e s i d u a l  s t r e n g t h  d a t a  f o r  
s h e l l s .  

. Develop  d a t a  ant1 a n a l y s i s  m e t h o d s  to accoul l t  f o r  the i n t e r a c t i o n  
e f f ec t s  of load secluence, envirc>rltnent,  and hold t in ie .  

10. Although many  i t ~ v e s t i g a t i o n s  have  heen  c o r ~ c l ~ ~ c t e t l  to d e t e r m i n e  
the  s i z e  and shape  of the c r a c k  t ip  p l a s t i c  zolle, none of t h e s e  
i t ivest igat ions ( e x c e p t  R e f e r e n c e  82) a t t e m p t s  to def ine  the r o l e  
of the c r a c k  tip p l a s t i c  zone  in s t r u c t u r a l  compo~le r i t  f a i l u r e s .  
R e s e a r c h  in th i s  a r e a  i s  u r g e d .  

2 . 4  N O N D E S T R U C T I V E  E V A L U A T I O N  

'The i m p a c t  of applying f r a c t u r e  mechar l ics  t o  t h e  d e s i g n  and  a n a l y s i s  

of f a i l - s a f e  and s a f e - l i f e  s t r u c t u r e s  h a s  led  to a r ecogn i t i on  of  t he  need f o r  
a  knowledge of c r a c k  de tec t ion .  Consequent ly ,  t he  capabi l i ty  of v a r i o u s  
nondes t ruc t ive  eva lua t ion  t echn iques  m i g h t  i m p o s e  a r e s t r i c t i o n  on  p e r f o r m -  
ing the  l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s  a n a l y s i s .  F r a c t u r e  c o n t r o l  d e s i g n  
me thod  f u r t h e r  r e c o g n i z e s  tha t  t h e r e  a r e  spec i f i c  l i m i t a t i o n s  f o r  the i m p l e -  
men ta t ion  of nondes t ruc t ive  eva lua t ion  flaw de tec t ion  m e t h o d s  wi th  s e n s i t i v i t i e s  
capab le  of r e l i a b l y  a s c e r t a i n i n g  c r a c k - l i k e  f l aws  and p reven t ing  s t r u c t u r a l  
d a m a g e  a s s o c i a t e d  with the in i t ia t ion  o r  p ropaga t ion  of t h e s e  f laws .  T h e  

r e l i a b l e  de t ec t ion  of d a m a g e  b e f o r e  a c t u a l  o c c u r r e n c e  is of c o n s i d e r a b l e  
i m p o r t a n c e ,  and the  a p p r o a c h  b e c o m e s  o n e  of dec id ing  how, when, and  w h e r e  

the nondes t ruc t ive  eva lua t ion  s h a l l  be p e r f o r m e d .  

T h e  NDE t echn iques  s e l e c t e d  f o r  f r a c t u r e  c o n t r o l  des ign  inc lude  s u r f a c e  
examina t ion  m e t h o d s  capab le  of de t ec t ing  s u r f a ~ e - c o n n e c t e d  o r  n e a r - s u r f a c e  
f l aws  And p e n e t r a t i o n  r ad ia t ion  m e t h o d s  f o r  i n t e r n a l  f l aws .  T h e  l iqu id  

f l u o r e s c e n t  me thod  d e t e c t s  s u r f a c e -  connec ted  f l a w s  and  p e r f o r m s  w e l l  o n  
both m a g n e t i c  and  nonmagnet ic  m e t a l l i c  m a t e r i a l s .  T h e  m a g n e t i c  p a r t i c l e  
inspec t ion  m e t h o d  i s  u sed  exc lus ive ly  o n  m a g n e t i c  m e t a l l i c  m a t e r i a l s  f o r  



d e t e c t i n g  s u r f a c e - c o n n e c t e d  f l a w s .  Another  app l i cab le  s u r f a c e  examina t ion  
t echn ique  i s  t he  eddy  c u r r e n t  me thod ,  wh ich  is c a p a b l e  of flaw de tec t ion  in 
m e t a l l i c  e l e c t r i c a l  conduc t ive  m a t e r i a l .  T o  d e t e c t  i n t e r n a l  f laws ,  any s o u r c e  
of r a d i a t i o n  c a p a b l e  o f  p e n e t r a t i n g  the v o l u m e  of m e t a l l i c  m a t e r i a l  can  be 
u s e d .  U l t r a s o n i c  a n d  X - r a y  m e t h o d s  c a n  be u s e d  to p e r f o r m  the n e c e s s a r y  
de t ec t ion  of i n t e r n a l  f l aws .  T h e  p r i n c i p l e s  and  technologies  a s s o c i a t e d  with 
t h e s e  N D E  t e c h n i q u e s  a r e  d e s c r i b e d  in  C h a p t e r  5 of Volume 11. 

A s  a s t a r t i n g  point,  t he  p r e s e n t  s t a t e - o f - t h e - a r t  NDE t echn iques  w e r e  
c o n s i d e r e d ,  and  Rockwe l l  In t e rna t iona l  Corpora t ion ,  Space  Divis ion,  Qual i ty  
C o n t r o l  Spec i f i ca t ion  MQ0501-008, Rev i s ion  C ,  Nondes t ruc t ive  Inspec t ion  
R e q u i r e m e n t s  f o r  M a t e r i a l s  and  P r o c e s s e d  P a r t s ,  p rov ided  a b a s i c  r a t i o n a l e  
f o r  t he  N D E  app l i ca t ion  du r ing  m a t e r i a l  p r o c u r e m e n t  and product ion  l ine  
o p e r a t i o n s  f o r  the  s e l e c t e d  cand ida t e  s t r u c t u r a l  e l e m e n t s .  E s s e n t i a l l y ,  the 
a p p l i c a b l e  NDE t echn iques  d e t e r m i n e  t h a t  r a w  m a t e r i a l s  c o n f o r m  to  E n g i n e e r  - 
ing r e q u i r e m e n t s  and  t h a t  r e l i a b l e  d a t a  a r e  provided  wi th  r e s p e c t  to the s i z e ,  
l oca t ion ,  a n d  c h a r a c t e r  of  t h e  f law type induced  du r ing  a  p a r t i c u l a r  f ab r i ca t ion  
o p e r a t i o n ,  inc luding  fo rming ,  machin ing ,  and  t h e r m a l  p r o c e s s i n g .  T h e  r a w  
m a t e r i a l  p r o d u c t  f o r m s ,  s u c h  as forg ing  p la te ,  tubing, and e x t r u s i o n s ,  
c o n s i d e r e d  f o r  r e f e r e n c e  s t r u c t u r a l  e l e m e n t s  f ab r i ca t ion ,  a r e  wi thout  l i m i t a -  
t i o n s  a l l  1 0 0 - p e r c e n t  i n s p e c t a b l e  i t e m s  by a p p r o p r i a t e  NDE m e t h o d s .  How- 
e v e r ,  a f t e r  s ign i f i can t  mach in ing ,  fo rming ,  welding,  diffusion bonding, 
a d h e s i v e  bonding,  b r a z i n g ,  o r  m e c h a n i c a l  f a s t en ing ,  t he  c h a n g e s  in m a t e r i a l  
g e o m e t r y  a n d  s u r f a c e  condit ion m a y  r e d u c e  the  sens i t i v i ty  of t h e  nondes t ruc t ive  
eva lua t ion  t e c h n i q u e s .  NDE f law de tec t ion  c a p a b i l i t i e s  a r e  f u r t h e r  r educed  
o r  l i m i t e d  a f t e r  t he  s t r u c t u r a l  a s s e m b l y  is c o m p l e t e d  and  the v e h i c l e  s t r u c t u r e  
i s  i n -  s e r v i c e .  T h e r e f o r e ,  t he  following f ive  p h a s e s  a r e  c o n s i d e r e d  f o r  
app l i ca t ion  of n o n d e s t r u c t i v e  in spec t ions :  

1 .  R a w  m a t e r i a l  i n spec t ion  

2. In spec t ion  o n  a f in i shed  p a r t  

3 .  In spec t ion  a f t e r  a s s e m b l y  

4 .  In spec t ion  a f t e r  p roo f  t e s t  (when appl icable)  

5. In-  s e r v i c e  in spec t ion  

F i r s t ,  t h e  c o n f i g u r a t i o n s  of f l aws  o r  c r a c k s  c o m m o n l y  found in 
s t r u c t u r a l  c o m p o n e n t s  a r e  c o n s i d e r e d .  T h e s e  f law g e o m e t r i e s  a r e  t hose  
shown in F i g u r e  2-13.  T h e y  a r e  ident i f ied by a n  a s s i g n e d  n u m b e r ,  e. g . ,  a  
T y p e  4 c r a c k  c o r r e s p o n d s  to  a c r a c k  f r o m  a f a s t e n e r  ho le  t h rough  the  
t h i c k n e s s .  Then,  t h e  m o s t  p r o b a b l e  t y p e s  of f l aws  o r  c r a c k s  t h a t  m i g h t  be 



p r e s e n t  in a given s t r u c t u r a l  e lement  a r e  considered,  e. g . ,  a n  in tegra l ly  
stiffened skin  (thin sheet)  migh t  have c r a c k s  a t  the  roo t  of the in tegra l  
s t i f fener  ( types  7 and 8), c r a c k s  a t  the edge of a f a s t e n e r  hole ( types  4 and 5), 
and c r a c k s  on the shee t  ( types  1 and 2 ) .  The m o s t  a p p r o p r i a t e  NDE method 
( o r  methods)  f o r  detect ing these  kinds of c r a c k s  are de te rmined .  Tab les  2 - 3  
to 2 -  11 a r e  l i s t ings  of the se lec ted  s t r u c t u r a l  e l e m e n t s ,  the  probable  c r a c k  
g e o m e t r i e s  in each par t ,  and the c r a c k  detec t ion techniques  applicable to 
t h e s e  loca l  geomet r i es ,  m a t e r i a l ,  and p roduc t  f o r m .  The  NDE methods  a r e  
de te rmined  separa te ly  f o r  each  phase  of inspection.  

The flaw s i z e  detec tabi l i t ies  f o r  e a c h  type of the NDE techniques a r e  
l i s ted  in Tab le  2 - 12. The va lues  given in Tab le  2 - 12 f o r  radiographic ,  
penet rant ,  u l t rasonic ,  and eddy c u r r e n t  techniques  w e r e  developed under  
two study c o n t r a c t s  (NAS9- 12276 and NAS9-12326, R e p o r t  SD 73-SH-0239).  
Data  ana lys i s  emphas ized  the s t a t i s t i ca l  approach  and the  speci f ic  flaw 
p a r a m e t e r s ,  such  a s  lengths, depth, o r  area, c h a r a c t e r i z e d  by e a c h  p a r -  
t i c u l a r  NDE technique. The probabil i ty of detec t ion w a s  e x p r e s s e d  as 90 p e r -  
cen t  probabil i ty of detect ion with 9 5  p e r c e n t  confidence level .  T h e s e  values  
a r e  cons ide red  m o s t  appropr ia te  for  the  fabr ica t ion  p h a s e s  of inspection.  
"Fabr ica t ion"  r e f e r s  to the finished p a r t  and, to  s o m e  extent ,  t h e  a s s e m b l e d  
p a r t ,  depending or1 the  complexity of the  s t r u c t u r a l  configurat ion.  Data  
re levan t  to NDE sensi t iv i t ies  in o the r  p h a s e s  of inspect ion are not available 
a t  th i s  t ime ;  th i s  i s  a continuing e f fo r t  of the S p a c e  Division Quali ty Assurance  
organizat ion.  

Access ib i l i ty  f o r  i n - s e r v i c e  inspection i s  dependent  upon the  thorough 
rev iew of prospect ive  design to include p rov i s ions  f o r  making n e c e s s a r y  
nondest ruct ive  inspection of se lec ted  s t r u c t u r a l  e l e m e n t s .  Information 
per ta in ing to s t r u c t u r a l  a c c e s s  w a s  obtained by the  rev iew of drawing 
VL72 -00007 1 A, Shuttle- Maintenance A c c e s s  and Penetrat ions-Baseline 
(MCR 0200, Revision 1, dated 16 May 1 9 7 3 ) ,  which d i sc losed  tha t  doors ,  
panels ,  ha tches ,  and void open a p e r t u r e s  genera l ly  provide  s o m e  exposure  of 
the  r e f e r e n c e  s t r u c t u r a l  e l ements .  The a c c e s s e s  f o r  inspect ion of the 
se lec ted  s t r u c t u r a l  e l e m e n t s  a r e  identified f r o m  t h e s e  d rawings  ( F i g u r e s  1.10.1 
to 1. 10. 5 in Volume 111) and a l so  a r e  l i s t ed  in  T a b l e s  2 - 3 to 2 - 11. 



Table 2-3 .  Orbi te r  Reusable Tankage S t ruc tura l  Elements and Applicable 
NDE Methods 

I. D. 
No. 

438 

439 

440 

44 1 

Raw 
M a t e r i a l  

1 

Appl icab le  NDE M e t h o d s / ~ i n i m u m  F l a w  S i z e  D e t e c t a b i l i t y / P h a s e  
, A c c e s s  

lc 5 1 ::lE6 1 
z X2 
P;-;";- 1 I P1 

205 1 ( 3 R , 5 R , 4 R  I E 5  

57 9 

2 04 

570 

5 72 

Inspec t ion  , T y p e  of F l a w  F i n i s h e d  P a r t  

1 
NA 

r e m o v a b l e  

I 
I 

NA I 2C, 21, 

1 ZC(W),ZL(W) 

1 l C ,  1 L  

2C, 2R 

ZC(W) 

5 78 

544 

5 6 9  

A B E S  

tanks 

p1 

X2 i I 
1 I 

A f t e r  A s s e m b l y  

NA 

l C ,  1R , l C ( W )  

2 

I 
I E 5  

- - ;Eb 

1 

x 2  X2 

X2 i i PI 

X2 

3R, 5R 

.- 

P o s t - P r o o f  

P 

I l C ( W )  l L ( W )  

' 3R. 5R, 4 R  

1 

X2 

1 

u 

1 I P1 

I 
X2 

,E 5 

P1 

X2 I 
NA I 
NA 

I 
E5 -+ - -  

In -Se rv ice  Zone 

2C, 2R 

X2 

E5 

1 

2 

1 

X2 

1 

X2 

NA 

NA 

E5 

2 

P1 I A c c e s s i b l e ,  

2 

1 

X2 

U5s E6 

1 

X2 

1 

X2 ! 
NA 

N u m b e r  

r e m o v a b l e  
I 

A c c e s s i b l e ,  I E 5  

i zC(W) 

l C ,  1 R  

I 1 c ( w )  

T y p e  

U5* 

u 

3R. 5R 

ZC, 2L  

z c ( w ) , z L ( w )  

IC ,  1 L  

l C ( W ) , l L ( W )  



Table  2 - 3. O r b i t e r  Reusable  Tankage S t r u c t u r a l  E l e m e n t s  a n d  Appl icable  
NDE Methods (Cont)  

I. D. 
No. 

41 3 

414 

41 5 

416 

Met a1 

41 3 
4 14 

415 

Eddy  c u r r e n t  evaluat ion of meta l l i c  b o s s e s .  

LEGEND 

A. F l a w  Geomet ry  B. NDE Methods C.  NDE Subscr ipt  

A r a b i c  numbers  c o r r e s p o n d  to  type of P = P e n e t r a n t  1 = 100 percen t  
f law i l lus t ra ted  in  F i g u r e  2 -13. X = X-ray  2 = C l a s s  1 welds  

E = Eddy c u r r e n t  3 = C l a s s  2 welds 
Alphabet r e f e r s  t o  or ientat ion of the c r a c k  u = Ult rason ic  4 = F r a c t u r e  c r i t i c a l  a r e a  
a s  re la ted  to  o v e r a l l  g e o m e t r y  of the m = Magnetic par t i c le  5 = C r i t i c a l  f a s t e n e r  h o l e s  
component:  6 = C r i t i c a l  f a s t e n e r  h o l e s  
C = C i r c u m f e r e n t i a l  (if f a s t e n e r  c a n  b e  
R = Radial  removed)  
T = T r a n s v e r s e  7 = Diffusion bonds 
L = Longitudinal 8 = Boron-epoxy bond, 
W = C r a c k  a t  the  weld 100 percen t  

9 = Boron-epoxy bond, s a m p l e  

A c c e s s  Raw 
M a t e r i a l  

Zone 

Appl icable  NDE Methods/Minimum F l a w  Size Detec tab i l i ty IPhase  
- - 

Number  Type  

Access ib le ,  r emovable  

Access ib le ,  lrernovable 

1 

u5, ~~m I 

In -Serv ice  

1 

2 

1 

2 

U5' E6  

1 

1 i 
416 1 

I G l a s s  
epoxy 

Inspection Type of F law 

1 

Finished P a r t  

1 

X2 

1 

X2 

E5  

u1 

NA 

NA 

2C, 2R 

2 c  (w) 
l C ,  1R 

l c ( w )  

3R, 4R, 5R 

ZC, 2R 

l C ,  1R 

3R, 4R, 5R 1 E 5  A 1 NA 

u 

Af te r  Assembly  I Pos t -Proof  
I 

"i' I P1 

E 5  

I 

1 
1 

X 2  

1 

X2 

E5 

I I 
I 
I u1 



Table 2-4, Solid Rocket Booster Structural  Elements and Applicable 
NDE Methods 

1.D. 
No. 

2 -3 

2 -4 

2 -5  

2 -6 

2-7 

2 -8 

A Reuse cycle 

.. 

Raw 
M a t e r i a l  

Inspec t ion  

NA 

u, m 

U J ~  

u 

, 

A c c e s s  

Zone I N u m b e r  1 Type  

Outs ide ,  open  a c c e s s  
A 

Applicable  

Type  of F l a w  

1L, 1C 

2L, 2C 

4R, 5R 

2T, 2 L  

3R, 5R 

2L,  2C 

5R, 3R 

l L ,  1C 

1L. 1C 

2 L ( w )  

5R 

2L,  2C 

Outs ide ,  open  a c c e s s  

I 

u,m 1 3R, 5R 
I 
I 

2L,2C U1m 

5R, 3A 

lL,  1C 

NDE 

F i n i s h e d  P a r t  

1 

1 

E5 

m l  

ml  

ml  

m l  
NA 

N A 

X2 

m l  

ml 

m l  

ml 

ml 
NA 

Methods /Min imum F l a w  

Af te r  A s s e m b l y  

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

Size  Detectabi l i ty  

P o s t  -Proof 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

NA 

/ P h a s e  

In -Serv ice  

u4 

U4 

E6 

ml  

ml  

"1 

ml 

"1 

m 
1 

ml*  X2 

ml 

ml 

NA 

NA 

NA 

NA 

m 
1 

rn l  

m 1 

rnl 



T a b l e  2 -4 .  Solid Rocket  Boos te r  S t r u c t u r a l  E l e m e n t s  a n d  Appl icable  
N D E  Methods  (Cont)  

I 

LEGEND 

A .  Flaw Geometry B. NDE Methods C.  NDE Subscript  

Arabic numbers correspond to type of P = Penetrant  1 = 100 percent 
flaw i l lustrated in Figure 2 -1 3 .  X = X-ray 2 = Class  1 welds 

E = Eddy current  3 = Class  2 welds 
Alphabet r e f e r s  to orientation of the crack u = Ultrasonic 4 = F r a c t u r e  cr i t ical  a r e a  
a s  related to overal l  geometry of the m = Magnetic particle 5 = Cri t ica l  fastener  holes 
component: 6 = Cri t ica l  fastener  holes (if 

C = Circumferential  fas tener  can be removed) 
R = Radial 7 = Diffusion bonds 
T = Transve r se  8 = Boron-epoxy bond, 
L = Longitudinal 100 percent 
W = Crack at the weld 9 = Boron-epoxy bond, sample 

d 

F 

LJl 
9 

1 





Table 2-5. External Tank Structural  Elements and Applicable N D E  
Methods (Cont) 





Table 2-5. External Tank Structural Elements and Applicable N D E  
Methods (Cont) 

LEGEND 

A. F l a w G e o m e t r y  B. NDE Methods C .  NDE Subscr ip t  

Arab ic  n u m b e r s  cor respond  t o  t y p e  of P = P e n e t r a n t  1  = 100 p e r c e n t  
flaw i l l u s t r a t e d  i n  F i g u r e  2-13. X = X - r a y  2  = C l a s s  1 we lds  

E = Eddy c u r r e n t  3 = C l a s s  2 we lds  
Alphabet r e f e r s  t o  or ienta t ion of t h e  c r a c k  

' u = Ult rason ic  4 = F r a c t u r e  c r i t i c a l  a r e a  
a s  re la ted  t o  o v e r a l l  geomet ry  of the  m = Magnet ic  pa r t i c le  5 = C r i t i c a l  f a s t e n e r  ho les  
component:  6 = C r i t i c a l  f a s t e n e r  ho les  (if 

C = C i r c u m f e r e n t i a l  f a s t e n e r  c a n  be r e m o v e d )  
R = Radia l  7 = Diffusion bonds  

' T = T r a n s v e r s e  8 = Boron-epoxy bond, 
L = Longi tudinal  100 p e r c e n t  

W = C r a c k  a t  t h e  weld 9 = Boron-epoxy bond, s a m p l e  



Table  2-6. Mid Fuse lage  S t ruc tu r a l  E lements  and A ~ ~ l i c a b l e  



Table 2-6. Mid Fuselage Structural Elements and Applicable 
N D E  Methods (Cont) 

Figures 1. 10. 1 to 1. 10. 5 in  Vol .  III 



Table 2 -6 .  Mid Fuselage Structural Elements and Applicable 
NDE Methods (Cont) 

LEGEND 

A. F l a w  Geometry B, NDE Methods C. NDE Subscript 

Arabic  numbers correspond t o  type of P = Pens t  rant 1 = 100 percent  
flaw i l lustrated in F igure  2 -1 3 .  X = X-ray  2 = Clas s  1 welda 

E = Eddy cu r r en t  3 = Clas s  2 welds 
Alphabet r e f e r s  to orientation of the u = Ultrasonic 4 = F r a c t u r e  c r i t i c a l  a r e a  
c r a c k  a s  related t o  overa l l  geometry m = Magnetic part icle  5 = Cri t ica l  fas tener  holes  
of the  component: 6 = Cri t ica l  fas tener  holes  (if 
C = Circumferent ial  fas tener  can be  removed)  

' R = Radial  7 = Diffusion bonds 
T = T r a n s v e r s e  
L = Longitudinal 8 = Boron-epoxy bond, 
W = C r a c k  at the weld 100 percent  

9 = Boron-epoxy bond, s ample  



Table 2 - 7 .  Wing Structural Elements  and Applicable NDE Methods 

- 
Raw 

I. D. I M a t e r i a l  
No. 1 Inspec t ion  

Applicable NDE Methods /Min imum F l a w  S ize  D e t e c t a b i l i t y / p h a s e  , A c c e s s  /n 

5-1 NA 

Type  of F l a w  

4R, 5R 

l L ,  1T 

ZL, 2T 

F i n i s h e d  P a r t  

P1' E 5  

1 

1 

P1' E5 

1 

1 

P1' E5 

P 1 ,  E j  

5-10 

5-12 

5-13 

Number  Zone 

U5' E6 

4 
u 4 

I 

U5' E6 

Afte r  A s s e m b l y  I P o s t - P r o o f  

5-14 

5-15 

I 
I 

6 

4 
6 

6 

NA / 4 R , 5 R  

Type  

/i\ F i g u r e s  1. 10. 1 t o  1.10.  5 i n  Vol. III. 

)?Other f l a w s  cons ide red  a r e :  
(1 )  F a c e s h e e t  buckling 
( 2 )  De tached  c o r e  - voids ,  f i l le t  f a i l u r e  
(3 )  C o r e  node separa t ion  
(4 )  C r u s h e d  c o r e  
(5 )  C o r e  c r a c k i n g  

J 

1 E 6  
I 

In -Serv ice  

l u  
I 
I 

i 

60-1 P a n e l  

P a n e l  

-- 

47-1,2 60-1 1 P a n e l  - 
63-1.2 ] P a n e l  

- 

60-2 i P a n e l  
61 -2 , P a n e l  

6 

6 

u 

u 

Door  

P a n e l  

P a n e l  

P a n e l  

7T 

8L 

3R, 5R, 6R 

- 

3R, 5R, 6R 

6 62-1,2 

63-1,2 

64-9 t o  15 

6 6 - 1 t o 1  

u 

NA 

60-3 
61 - 3  

60-1 

61  -1 

U5' E 6  

u4 

u 
4 

Nf 1 NA 

P a n e l  
P a n e l  

P a n e l  

P a n e l  

- 

Y 
NA 

I 

U5' E6 

u 4 

u4' X4 

3R, 5R, 6R 1 P I ,  E 5  
I 

C 

-- 

l L ,  1T 

:': 

---- - 

1 

X1'  u1 
T 

NA 



Table 2-7.  Wing Structural Elements and Applicable N D E  Methods (Cont) 

LEGEND 

I A. Flaw Geometry B. NDE Methods C.  NDE Subscript 

Arabic  numbers correspond t o  type of 
flaw i l lustrated in F igu re  2 -1 3. 

Alphabet r e f e r s  t o  orientation of the c r ack  
a s  related to overa l l  geometry  of the 
component: 

C = Circumferent ial  
R = Radial 
T = Transve r se  
L = Longitudinal 
W = Crack  at the  weld 

P = Penet ran t  1 = 100 percent  
X = X-ray 2 = Clas s  1 welds 
E = Eddy cu r r en t  3 = Clas s  2 welds 
u = Ultrasonic 4 = F r a c t u r e  c r i t i c a l  a r e a  
m = Magnetic part icle  5 = Cri t ica l  fas tener  holes  

6 = Cr i t i ca l  fas tener  ho l e s  (if 
fastener  can be  removed)  

7 = Diffusion bonds 
8 = Boron-epoxy bond, 

100 percent  
9 = Boron-epoxy bond, sample  



Table  2-8. C rew  Cabin and Fo rward  Fuselage S t ruc tu r a l  E l emen t s  and 
Applicable N D E  Methods 



I F i g u r e s  1. LO. 1 t o  1. L O .  5 i n  Vol. III I 

Table 2-8. Crew Cabin and Forward  Fuselage S t ruc tura l  E lements  and 

I. D .  
No. 

6-8 

6 -9 

- 
6-1 3 

- 

6-15 

6-16 

6-17 

Raw 
M a t e r i a l  

Inspection 

NA 

NA 

u 

- 

u 

u 

u 

Applicable N D E  Methods (Cont) 

Zone 

4 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

1 

2 

3 

. 
Applicable NDE Methods 

Type of F law Finished P a r t  

l L ,  1T 1 

lL (W) , lT (W)  P19X2 

2L,2T 1 

2L(W).2T(W) 1 P I . X ~  

A c c e s s  

Number 

42-1 

14  

2 4 

3 0 

1 4  

24 

3 0 

14 

2 4 

3 0 

14 

2 4 

3 0 

14 

2 4 

3 0 

4R, 5R 

l L , l T  

2L,2T 

8 L  

7T 

4R, 5R 

3R, 4R, 5R 

3R,4R, 5R 

3R,4R, 5R 

/ p h a s e  

In-Service 

u4 

~ 4 ~ ~ 2  

u4 

~4 9 X~ 

u59Eb 

u4 

'=4 

u4 

U4 

~ 5 1 ~ 6  

~ 5 ~ ~ 6  

~ 5 . ~ 6  

~ 5 ~ ~ 6  

A 
Type  

Door  

Hatch  

Hatch 

Void opening 

Hatch 

Hatch  

Void opening 

Hatch 

Hatch  

Void opening 

Hatch  

Hatch  

Void opening 

Hatch  

Hatch 

Void opening 

P1*E5 

P1 

P I  

1 

P1 

='1pE5 

P1.E5 

p l ~ E 5  

P l * E 5  

Size Detectabili t  

Pos t  -Proof  

PI 

P19X2 

1 

P~ sX2 

NA 

. 
NA 

/Min imum Flaw 

Af te r  Assembly  

1 

NA 
1 

NA 



Table 2-8. Crew Cabin and Forward Fuselage St ruc tura l  Elements  and 
Applicable NDE Methods (Cont) 

A .  F l a w  Geomet ry  

A r a b i c  n u m b e r s  cor respond  t o  type of 
flaw i l l u s t r a t e d  i n  F i g u r e  2 -1 3.  

Alvhabet r e f e r s  t o  or ientat ion of the  
c r a c k  a s  re la ted  t o  overa l l  geomet ry  of 
the  component:  

C = C i r c u m f e r e n t i a l  
R = Radia l  
T = T r a n s v e r s e  
L = Longitudinal 
W = C r a c k  a t  the  weld 

LEGEND 

B. NDE Methods 

P = Pene t ran t  
X = X-ray  
E = Eddy c u r r e n t  
u = Ultrasonic  
m = Magnetic p a r t i c l e  

C .  NDE Subscr ip t  

1  = 100 percen t  
2 = C l a s s  1 welds 
3 = C l a s s  2 welds 
4 = F r a c t u r e  c r i t i c a l  a r e a  
5 = C r i t i c a l  f as tener  ho les  
b = C r i t i c a l  f as tener  ho les  (if 

f a s t e n e r  can b e  removed)  
7 = Diffusion bonds 
8 = Boron-epoxy bond, 

100 percen t  
9 = Boron-epoxy bond, s a m p l e  



Table 2-9. Aft  Fuselage Structural Elements and Applicable N D E  Methods  

I .D.  
No. 

7-1 

7 -2 

7-3 

7 -4  

7-5 

7-6 

7 - 9 

7-10 

Raw 
Ma te r i a l  

Inspection 

u 

Applicable NDE Methods /Minimum Flaw Size D etectabili ty / p h a s e  

Type of F law 

l L ,  1T 

2 L ,  2T 

7T. 8L 
- 

Acces s  

u / 2L,  2T 

7T,  8L +-- u 2L,  2T --I.-.. 
NA I 

ZL, 2T 

7T, 8L 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Zone 

5 

' u 

u I l L ,  lT  I P1 , 2L, 2 T  I 1 
7T, 8L 

I 1 

Finished P a r t  

P1 

1 

1 

I L ,  1T 

2L,  2T 

7T, 8L 

1 

Number  

50-1,2,4 

After  Assembly  

NA 

Type  

Door 

---- 

--- 

--- 

I 
I 

I 
I 

1 - _i-;oor 

Post-Proof  

NA 

u 
4 

u4 

u4 

NA 

u 

I 

In-Service 

u 4 
u 4 

u4 

u 
4 

E6 

u4 

u4 

=6 

u4 

- 
u4 

u4 
u 
4 --- 

4 
u 

4 

50-1,2 

54, 55 

5 

5 

\ 

Door  5 

l L ,  1T I u 

Door 

Door  

u 4 

u 
4 

u 

Door  

Door  

50-1,2 

5 

5 1 
NA 

4R 

2L, 2 T  

7T, 8 L  

5R 

I 
56-1,2 / P a n e l  

57 

50-1,2 

I 
NA 

1 

E 5  

1 

1 

E 5  

5 
I 

54,55,57 j Door  



Table 2-9. Aft Fuselage S t ruc tu ra l  Elements and Applicable N D E  
Methods (Cont) 



Table 2-9.  Aft Fuselage Structural Elements and Applicable NDE 
Methods (Cont) 

I. D. 
No. 

7-18 

7-1 9 

F i g u r e s  1. 10. 1 t o  1. 10. 5 i n  Vol. LTI 

LEGEND 

A. F l a w  Geometry B. NDE Methods C .  NDE Subscr ipt  

Arab i c  numbers  co r r e spond  t o  type of P = Pene t r an t  1 = 100 percent  
flaw i l lus t ra ted  i n  F i g u r e  2 -1 3. X = X-ray  2 = C l a s s  1 welds  

Alphabet r e f e r s  t o  or ientat ion of the c r a c k  
' E = Eddy c u r r e n t  3 = C l a s s  2 welds  

u = Ult rasonic  a s  re la ted  to  overa l l  geomet ry  of the  4 = F r a c t u r e  c r i t i c a l  a r e a  
m = Magnet ic  par t i c le  

component:  5 = Cr i t i c a l  f a s t ene r  ho l e s  
6 = Cr i t i c a l  f a s t ene r  h o l e s  ( i f  

C = Circumferen t ia l  f a s t ene r  can  be  r emoved )  
R = Radial  7 = Diffusion bonds 
T = T r a n s v e r s e  8 = Boron-epoxy bond, 
L = Longitudinal 100 percen t  
W = C r a c k  a t  the weld 9 = Boron-epoxy bond, s a m p l e  

Raw 
Mater ia l  

Inspection 

u 

u 

Applicable NDE Methods/Minimum Flaw Size  Detectabi l i ty  / p h a s e  . 
Type of F law 

4R 

5R 

7T, 8 L  

3 R 

6R 

7T, 8 L  

Access  A 
Zone 

5 

5 

Finished P a r t  

E5  

5 

1 

1 

E5 

1 

Number  

50-1,2 

54, 55 

5 7 

After  Assembly  

NA 

t 
NA 

Type  

Door  

Door  

Door  

Pos t  -Proof 

NA 

r 
NA 

In-Service 

E6 

E6 

u4 

u4 

E6 

u4 



Table 2- 10. Vertical Stabilizer and Rudder Structural Elements and 
Applicable N DE  Methods 

I. D. 
No. 

8-1 

Raw 
M a t e r i a l  

Inspect ion 

NA 

V0ld 
opening 

P a n e l  

P a n e l  

P a n e l  

Door  

P a n e l  

A c c e s s  A Appl icable  . 

i l L *  I T  
I 

8-5 " I - I 

I i I 8~ 

Door  

NDE Methods  / ~ i n i m u m  F l a w  S i z e  Detectabi l i t  / p h a s e  

' 4R, 5R 

; 
P1 

P 1 ,  E5 

1 

I 

P1' E5  

1 
NA 

P1' E5 

1 

1 

E 5  

U1 

U1' E5  

1 NA 

3R,4R, 5R,6R 

2L,  2 T  

l L ,  1 T  

4R, 5R 

2L ,  2T 

l L ,  I T  

4R, 5R 

I L ,  1 T  

4R, 5R 

Honeycomb 

I 

T y p e  of F l a w  

2L,2T 

P1' E 5  i t 

) 
NA 

U 
4 I 

, 
u5. E 6  1 6 70, 71 

I u4 I 
i 

u4 1 
1 

8-7 

8-8  

8-10 

8-11 

F in i shed  P a r t  

1 

u 

u 

u 

NA 

Type  

P a n e l  

, E6 1 : 

71 

71 

73-1,2 ,3  

U4, 5 E6 

Af te r  A s s e m b l y  

NA 

, - 1 ,  

6 

I n - S e r v i c e  Zone 

I 
u I 6 

4 

u4 1 6 

u4 

U5' E6 

u4 7 

U4 

U5* E6 

U4 

E6 

X4, 5 

N u m b e r  

7 0 , 7 1  

P o s t - P r o o f  

I 
i 

I 

6 1 7 0 . 7 1  

I 

NA 
I 



Table 2- 10. Vert ical  Stabil izer and Rudder Structural  E lements  and 
Applicable N DE Methods (Cont) 

r 

I. D. 
No. 

8-12 

8-13 

8-14 

A F i g u r e s  1. 10. 1 t o  1.10.  5 i n  Vol. ILI 

LEGEND 

A. F law Geometry  B. NDE Methods C. NDE Subscript  

Arabic  numbers  correspond to  type of P = Penet ran t  1 = 100 percent  
flaw i l lus t ra ted  in F igure  2-1 3. X = X-ray  2 = Clas s  1 welds 

Alphabet r e f e r s  t o  orientation of the  c r ack  E = Eddy cu r r en t  3 = .Class  2 welds 
u = Ultrasonic a s  re la ted  to  overa l l  geomet ry  of the 4 = F r a c t u r e  c r i t i c a l  a r e a  
m = Magnetic par t ic le  component : 5  = Cri t ica l  fas tener  holes  

6 = Cr i t i c a l  fas tener  holes  (if 
C = Circumferen t ia l  f a s t ene r  can be removed)  
R = Radia l  7 = Diffusion bonds 
T = T r a n s v e r s e  8 = Boron-epoxy bond, 
L = Longitudinal 100 percent  
W = C r a c k  a t  t he  weld 9 = Boron-epoxy bond, s amp le  

Raw 
Mate r i a l  

Inspect ion 

NA 

NA 

NA I 

. Applicable NDE Methods / ~ i n i m u m  Flaw Size Detectability  has e Access  A 

P1' E5  u 5 , E 6  1 6 / 7 0 , 7 1  
I 

8 L 

7T 
1 1 NA / I u 4  NA ' 1  

1 u4 I 

P a n e l  

Type of F l aw  

4R, 5R 

8 L 

7T 

4R, 5R 

8 L 

7T 

4R, 5R 

Finished P a r t  

P1' E 5  

1 

1 

E 5  

1 

P1 

After  Assembly  

NA 

I 
1 

Post-Proof  

NA 

In-Service 1 Zone Number 

70 

70, 71 

U5' E6 

U4 

u4 

U5' E6  

T r p e  

P a n e l  

P a n e l  

6 

6 

u4 
I 
I 

U4 I 
I 



Table 2 - 1 1 .  Main and Nose Landing Gears Structural  Elements  and 
Applicable N D E  Methods 

A c c e s s  

zone1  Number  I T y p e  

F u l l y  extended pos i t ion  

I 
1 

I. D. 
No. 

9 - 1 ,  

9 -2 

300M 

Tubing 

9-1, 

9-2,  

9-3, 

4-5, 

9-6, 

9-7, 

9-10, 

300M 

Raw 
M a t e r i a l  
Inspect ion 

Appl icable  NDE Methods / M i n i m u m  F l a w  S ize  D e t e c t a b i l i t y ( P h a s e  

2 L , Z T  

I F o r g i n g  1 
- 

1 

Type of F l a w  

ml 

A f t e r  A s s e m b l y )  P o s t - P r o o f  F in i shed  P a r t  

m l  

m l * X 2  

E 5  

E 5  

m l  

i rn4 
I 

u, In I 2 L 7 2 C  ' Z L ( W ) , Z C ( W )  

I n d e r v l c e  

m4 

m 4  9 X4 

m 5 , E 6  

m 5 * E 6  
I 

1 Nf N[ 

u, m 

I 

4R,  5R 

6 R 

8 L  
I 

I 

I 
I 

9 -4, 

9-9 

300M 

F o r g i n g  

9-6 

Al.  

i 

I 1 i 
m l  

4R, 5R,6R 

7 T 

1 I 
I 

2L,2C ' "1 
I 1 m 4  

I 

- - 
8L P1 U4 

4R, 5R E 5  ~ 5 . ~ 6  

7T P1 NA u4 

u , m  

u, P 

I 
rn4 

m 5 , E 6  

rn4 

I 

I 
F u l l y  extended pos i t ion  F o r g i n g  

I 



Table 2-11.  Main and Nose Landing Gears Structural Elements and 



Table 2-11. Main and Nose Landing Gears  Structural  Elements  and 
Applicable N D E  Methods (Cont) 

I I 

A Use  u l t r a son ic  ins tead  of magne t i c  p a r t i c a l  i f  d e s i r e d .  

I Raw 

F o r g i n g  

LEGEND 

I. D.  

NO. 

Applicable NDE Methods  f ~ i n i m u m  F l a w  S ize  Detectabi l i ty  / P h a s e  A c c e s s  

I 

A. F l a w  G e o m e t r y  C .  NDE S u b s c r i p t  

M a t e r i a l  
Inspect ion 

9 -18  

9 -19  

Al.  

A r a b i c  n u m b e r s  c o r r e s p o n d  t o  type of flow 
i l l u s t r a t e d  in  F i g u r e  2 -1 3 .  

Alphabet r e f e r s  t o  o r i en ta t ion  of the  c r a c k  a s  
r e l a t e d  t o  o v e r a l l  g e o m e t r y  of the  component :  

. 

Type  of F law 

C = C i r c u m f e r e n t i a l  
R = Radia l  
T = T r a n s v e r s e  
L = Longitudinal 
W = C r a c k  a t  t h e  weld 

N u m b e r  

m , u  , 8L ' "1 

Af te r  A s s e m b l y  F i n i s h e d  P a r t  

1  = 100 p e r c e n t  
2 = C l a s s  1 we lds  

Type 

i m4 
I i 

- 
P o s t - P r o o f  

m4 

n15,Eb 

3 = C l a s s  2 we lds  
4 = F r a c t u r e  c r i t i c a l  a r e a  
5 = C r i t i c a l  f a s t e n e r  h o l e s  

NA F u l l y  ex tended  posi t ion 

6 = C r i t i c a l  f a s t e n e r  h o l e s  (if f a s t e n e r  can  b e  r e m o v e d )  
7 = Diffusion bonds  
8 = Boron-epoxy bond,  100 p e r c e n t  
9 = Boron-epoxy bond, s a m p l e  

NA 

B. NDE Methods  

P = P e n e t r a n t  
X = X - r a y  
E = Eddy c u r r e n t  
u = Ul t rason ic  
m = Magnet ic  p a r t i c l e  



T a b l e  2-  12. C r a c k  Detec t ion  Capab i l i t i e s  
r 

Techn ique  

Rad iog raphy  

( X - r a y )  

P e n e t r a n t  

U l t r a s o n i c  

E d d y  c u r r e n t  

Magne t i c  
p a r t i c l e  

V i s u a l  

9 0 - p e r c e n t  p r o b a b i l i t y  of de tec t ion  wi th  9 5 - p e r c e n t  r e l i a b i l i t y  

A 0. 1 5  a / 2 c 5  0. 6 

B- 1 NDT D e m o n s t r a t i o n  P r o g r a m  ( A i r  F o r c e )  
, 

E x p r e s s e d  In 

C r a c k  dep th ,  p e r c e n t  of 
m a t e r i a l  t h i c k n e s s  

C r a c k  a r e a  A 

C r a c k  a r e a  A 

C r a c k  depth  

C r a c k  l eng th  

C r a c k  l eng th  

De tec t ab le  S i z e  A 
F a b r i c a t i o n  

7 0  % 

0. 0619 c m  
2 

2 
(0 .  0096 in. ) 

0. 0458 c m  
2  

2  
(0 .  0071 in. ) 

0 .096  c m  
(0 .  038  in)  

0. 190 c m  

(0 .  075 in.) f$h 

0. 635 c m  

(0 .  25 in.) A 

In-Serv ice  

- - 

- - 

- - 

- - 

0. 381 cm A 
( 0 . 1 5 i n )  

1. 2 7  c m  A 
(0 .  5 in) 



3 . 0  FRACTURE CONTliOL PROCEDURES 

F r a c t u r e  con t ro l  mcthocls have been c las s i f i ed  and d i s c u s s e d  under  two 
g e n e r a l  conceptual  approaches :  

1 .  Fa t igue  or iented  (Sections 2. 1 and 2 .  2 )  

2 .  F r a c t u r e  mechan ics  o r i en tcd  (Sections 2. 3 and 2. 4) .  

Since fa t igue-or iented  f r a c t u r e  con t ro l  methods  a r e  re la t ive ly  routine p r o -  
c e d u r e s  in des ign and manufacture  of a i r c r a f t  and space  vchic lcs ,  e m p h a s i s  
h a s  been placed on the use  of f r a c t u r e  mechan ics  ana lys i s  methodologies.  

3 . 1  FRACTURE MECHANICS PROCEDURE 

A f r a c t u r e  mechanics  o r i en ted  f r a c t u r e  con t ro l  p rocedure  

1. E s t a b l i s h e s  design c r i t e r i a  su i table  to  the expected  opera t ional  
usage  of the vehicle 

2 .  Identif ies  s t r u c t u r a l  e l e m e n t s  and the expected loading condi t ions ,  
magnitude,  and env i ronments  

3 .  Develops a  s y s t e m a t i c  m e a n s  of identifying the c r i t i c a l i t y  of t h e s e  
s t r u c t u r a l  e l e m e n t s  

4,  Ut i l izes  the bes t  avai lable  f r a c t u r e  mechan ics  methodology t o  
check  the ac tua l  c r i t i c a l i t y  of the quest ionable s t r u c t u r a l  e l e m e n t s  
and t o  p e r f o r m  t r a d e  s tud ies  r ega rd ing  safe ty  and weight.  ( T h e  
f r a c t u r e  mechanics  a n a l y s i s  a l s o  helps  to e s t a b l i s h  r e l i ab le  i n -  
s e r v i c e  inspection i n t e r v a l s .  ) 

T h e s e  objec t ives  cons t i tu te  a n  in te rac t ion  c i r c l e  a s  shown i n  F i g u r e  3-1. 
T h i s  c i r c l e  s i m p l y  i m p l i e s  that  t h e r e  a r e  t h r e e  m a j o r  a r e a s  in f r a c t u r e  c o n -  
t r o l .  F r a c t u r e  c o n t r o l  r e q u i r e s  a  knowledge of what  kind of a  s t r u c t u r e  i s  
going t o  be buil t .  A t  the s a m e  t i m e ,  a  c r i t e r i a  t o  e s t a b l i s h  a  des ign goal  i s  
r e q u i r e d .  F u r t h e r m o r e ,  a l l  the a p p r o p r i a t e  des ign,  a n a l y s i s ,  and manu-  
f ac tu r ing  methods  m u s t  be avai lable .  

C r i t e r i a  a r e  involved with o v e r a l l  s y s t e m  re l iabi l i ty  and con t rac tua l  
r e q u i r e m e n t s  and  a r e  a management  decis ion .  

The  c u r r e n t  t r e n d  in development  a n d  des ign  of a  damage  t o l e r a n t  
vehic le  is to  e m p l o y  a sa fe -c rack-growth  approach .  The s t r u c t u r a l  r e q u i r e -  
m e n t  is d e s c r i b e d  i n  t e r m s  of longevity. It  is a s s u m e d  that  the s t r u c t u r a l  
e l e m e n t  or ig inal ly  conta ins  a  c e r t a i n  flaw a t  a  c r i t i c a l  locat ion ( e .  g . ,  c o r n e r  
c r a c k  e m a n a t i n g  f r o m  f a s t e n e r  ho le ,  e t c .  ). T h e  a s s u m e d  in i t ia l  c r a c k  s i z e  
usua l ly  r e l i e s  on the known nondes t ruct ive  -evaluat ion capabi l i ty  o r  the r e s u l t  
of proof t e s t ing .  Somet imes  th is  c r a c k  s i z e  can  be  d e t e r m i n e d  by ga the r ing  
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~ . i o ~ ~ c I ( ~ s t t - ~ ~ c l i v c - i ~ ~ s l ) r ~ c t i o n  ~ l ~ i t a  fro111 p1.1.ioclic. 1 1 ) - s e r v i c e  inspc.ct ions o r  
insl)c*ct iolt c1r11-ing f r ~ l l - s c a 1 ~ ~  t ~ ~ s t i n g .  If nonc~ o f  (I~c.sc t e c h n i q u r s  i t  I .( ,  app l i  - 
cnt)lc%, ;i ~.c~;ison;>l,lc in i t ia l  c r a c k  sizc: h a s  to I , ( .  s c%lcc ted .  

In p r c l i ~ ? ~ i n a  I . ) ,  c1c:sign ( o r  s o m e t i m e s ,  ill ~.cstfesi[;t~), it i s  often 
c.r,n\.cnicni i o  c.onc1iic.t a  pai.arnetric. a n a l y s i s  i ~ ~ ~ : o l ~ ,  ing t I 1 ( 3  d e s i g n  s t l - c s s  level 
anti tlie allo\val)le nr~rnl-)er  of I - ~ i i s s i o n s  a s  a  func,lio~i of in i t ia l  flaw s l ~ t , .  A 
sc.l~c-~iiatic- e s a n i ] ) l r  of Illis typc of p a r a n ? e [ r i < ,  i l~ \ . e s t i ga t ion  i s  given i n  F i g -  
t 1 r ~  3.-2. J I ~ I - c  thr- c.alculatetl aIlo\val-,le nut i i l~ct .  of m i s s i o n s  i s  plottecl a g a i n s t  
t l i c ~  o l )c ra[ i l>g  s t r e s s  Ie\.c.ls \\?itic.h a r e  interpr(%tc:tl  a s  f r a c t i o n s  o f  tile 1)ase l ine  
tic-sign ~t 1.c.s~ le\.c'l. ?'Ii(,sr. p;l~.at?.iet r i c  d a t a  (.all l,c conr7e r t ed  into a  d i s p l a y  
of' st ~.llc--t~rl.al ~vc ight  inc .~-csasc:  a s  a functinn of in i t ia l  fla\v s i z e  o r  o l~c l - a t ing  

stt-ctss Ie\ .el  f o r  \ . a r ious  :c,~-vic.e l ife r e q t l i ~ . e ~ l > e l l t s :  Illis u s e  i s  i l l t ~ s t r a t c d  in 
' I  3 3 .  A referencc.  value for i n i t i a l  f lan .  si;..c jl?ay be selecte(1,  based  

o n  expec.tetl tletec,tion c,apal,ility; and I h e  effec-1 on st r ~ ~ c t l l r a l  weight of a p p l y -  
i n g  a safe ty  Sactor e i t l ~ c l .  to  the ini t ia l  f lau? s i z e  o r  on the  r e q u i r e d  s e r \ . i c e  
lift, n jay Ije qilic,kly clct t~rni ined.  

A 1liol.e t l - in rough  ati;tl\rsis, S L I ; ~  a s  t h o s e  pl .escnted in  Rcferenc.e  1 7 ,  
can b e  pe r fo rmcc l .  In Refercnc.c  17 ,  s e v e r a l  ( . r i t e r i a  \yere selectecl .  'I'tlese 
c r i t e r i a  a r e  tlie requirel l lent  s  of s t a t i c  s t rengf  h ,  f a t i g l ~ e  s t r e n g t h ,  c l ~ ~ r a l ~ i l i t y ,  
inspec-ta:>;li ty,  a;itl i n -  ser-\,ic c i , ~ s p e c t i o n  in:e,-sr; : . Serreral  cand ida t e  des ign  
c-nnfigurat ions a n d  m a t e r i a l s  w e r e  s tudied .  ICac.11 s t r u ( . t u r a l  ( .oi i f igu~-at ion 

and 1natc.1-ial c~on11)ination %'as ana lyzed  t o  chec.li atid c le te rminc  i f  any  one of 
tile c.or1111inations woc~l(l s a t i s f y  a l l  the c r i t e r i a .  In c a s e  m o r e  than one of the  
clcsigns s a t i s f y  tlie c r i t e r i a ,  the s t r u c t u r e s  wi l l  1)e f u r t h e r  c o m ~ ~ a r e d  on the  
I ~ a s i s  of weight and cos t .  

It ha s  been  proposecl in  Sect ion 1.  0 that tlte f i r s t  l og i ca l  s t e p  in  
excerc . i s ing  f r a c t u r e  c o n t r o l ,  by m e a n s  o f  fractkil-e ~ ~ i e c h a n i c s ,  i s  to  ident i fy 
ttle potent ia l ly  f rac ture-c . r i t i ca1  p a r t s  using a " se l ec t inn  log ic"  flow d i a g r a m .  
F r a c t u r e  rmechanics a n a l y s i s  would then  be  concl~icted on t h e  poten t ia l  
f r a c t u r e - c r i t i c a l  p a r t s  t o  d e t e r m i n e  a c t u a l  r - r i t i ca l i t y  of t h e  pa r t  by checking  
the  a n a l y s i s  r e s u l t s  aga ins t  the d e s i g n  c r i t e r i a .  At the s a m e  t i m e ,  t r a d e  
stri t l ies can  be condr~cte t l  on the  s a m e  s t r t ~ c t u r a l  p a r t  t o  a t t a i n  a n  op t imized  
d e s i g n .  

It i s  r e a l i z e d  that  ana ly t i ca l  r e s u l t s  a r e  s e n s i t i v e  to m a n y  input 
v a r i a l ~ l e s .  T h c  following a r e  s o m e  of t he  niost i l npo r t an t  ones :  

I .  F r a c t u r e  m e ( - l ~ a n i c s  methodology 

2 .  S t r u c t u r a l  g ro l l i e t ry  

4. In i t i a l  crac.lc length 



F R k C T I M  Of B k S E L I M E  STRISSES 

F i g u r e  3 - 2 .  Miss ions  t o  Fai lure  a s  a  Function of Applied S t r e s s  
Levels and C r a c k  G e o m e t r y  (A Schemat ic  I l lustrat ion) 

l N I T 1  AL FLAW S l Z E  (a INCHES) 
0 

F i g u r e  3-3.  Effect of In i t ia l  F l a w  Size  on Wing Weight 

for Safe -L i fe  (B - 9 U  B o o s t e r )  



5.  S t r e s s  lcxrels 

6. M a t c r i a l  p r o p e r t i e s  

T h c s c  v a r i ~ i b l e s  i n t e r a c t  with e a c h  o t h e r ,  and j t  i s  diff icul t  to s e p a r a t e l y  
pinpoint the s ign i f i cance  of t h e  s ens j t i v i ty  a t t r i b u t r d  to  e a c h  of t h e  v a r i a b l e s .  
TIowever,  the s e n s i t i v i t y  of m o s t  of  t h e s e  v a r i a b l e s  l i e s  i n  t h e i r  e f fec t  on the  
s t r e s s  i n t ens i ty  f a c t o r .  F o r  e x a m p l e ,  when the  in i t ia l  s t r e s s  i n t ens i ty  f a c t o r  
in one  c a s e  i s  below o r  s l i gh t ly  above  the  t h r e s h o l d  va lue  i n  the  d a / d N  c u r v e  
a n d  the  in i t ia l  s t r e s s  i n t cns i ty  f a c t o r  i n  a n o t h e r  c a s e  i s  r e l a t i v e l y  h i g h e r ,  the 
cl l f ference in  ca l cu la t ed  l i f c  ~5 i l l  be s u b s t a n t i a l .  

3 . 2  AN EXAMl-'T,E P R O B L E M  

In the following p a r a g r a p h s ,  a n  e x a m p l e  i s  g iven  to i l l u s t r a t e  how a  
f r a c t u r e  m e c h a n i c s  a n a l y s i s  i s  conducted .  T h e  s t r u c t u r a l  a s s e m b l y  u n d e r  
c o n s i d e r a t i o n  i s  the c r e w  c o m p a r t m e n t .  To e s t i m a t e  the  sa fe -c  r ack -g rowth  
lift f o r  the  crewf c o m p a r t m e n t ,  one  m u s t  f i r s t  c o n s i d e r  F i g u r e  3-4 and  d e t e r -  
rnine the  g e n e r a l  s t r u c t u r a l  a r r a n g e m e n t  a t  the loca t ion  u n d e r  consideration. 
T h e  " s e l e c t i o n  logic"  flow d i a g r a m  ( F i g u r e  1- 1 )  i nd ica t e s  tha t  the  c a b i n  s k i n  
( I t e m  6 - 3  i n  T a b l e  1 - 6 )  i s  a  po ten t ia l  f r a c t u r e - c r i t i c a l  a r e a .  F o r  t h i s  i l l u s -  
t r a t i v e  e x a m p l e ,  the  cab in  s k i n  o n  the  oppos i t e  s i d e  of the cu tout  ( i .  e . ,  no 
cu tou t )  i s  ana lyzed .  

T h e  kind of i n f o r m a t i o n  n e c e s s a r y  t o  conduct  the a n a l y s i s  i s  the  next  
c o n s i d e r a t i o n .  T h e s e  v a r i a b l e s  a r e  d i s c u s s e d  i n  the  follo\ving p a r a g r a p h s .  

3 .  2. 1  Des ign  S t r e s s  L e v e l ,  M a t e r i a l  and  S t r u c t u r a l  D imens ions  

T h e  p r i m a r y  s t r e s s e s  ac t ing  o n  the cab in  s k i n  a r e  t he  hoop s t r e s s  
( p R / t ,  f r o m  the  i n t e r n a l  p r e s s u r e )  and  the a x i a l  s t r e s s  urhich i s  t he  pR/2 t  
s t r e s s  c o m b i n e d  with s o m e  ax ia l  s t r e s s  c o m i n g  f r o m  the f l ight  load.  T h e  
expec ted  m a x i m u m  d i f f e r e n c e  in  cab in  p r e s s u r e  dur ing  a n  o r b i t a l  f l ight ,  
Del ta  P, i s  0. 11 ~ ~ / r n ~  (16 p s i )  a n d  the  d e s i g n  l i m i t  s t r e s s  i s  s e t  a t  
213. 7 ~ ~ 1 t - n ~  (31  k s j ) .  

T w o  loca t ions  o n  the  cab in  s k i n  wi l l  be  c o n s i d e r e d .  One  loca t ion  i s  
n e a r  t he  f ron t  of the  cab jn ,  a t  X410; and  the  o t h e r  i s  l oca t ed  c l o s e  to  t he  back 
of t h e  cab in ,  a t  X542. T h e  r ad ius  of c u r v a t u r e  a t  t h e s e  two loca t ions  a r e  
1. 7 a n d  2. 5  m e t e r s  (70 a n d  100 i n c h e s ) ,  r e s p e c t i v e l y .  T h e  r e q u i r e d  s k i n  
t h i c k n e s s e s  a t  t h o s e  two loca t ions  a r e  tq10 = 0. 091 c e n t i m e t e r  (0.0361 inch)  
and t542 = 0. 130 c e n t i m e t e r  (0.  0515 inch ) ,  b a s e d  o n  s t a t i c  s t r e n g t h  and  
f a t igue  c o n s i d e r a t i o n s .  

T h e  m a t e r i a l  i s  2219-T851 a l u m i n u m  a l loy .  T h e  p r o p e r t i e s  f o r  th i s  
a l l oy  a r e  a s  fo l lows:  

Fty = 317. 15 M N / ~ '  (46 k s i )  



T Y P I C A L  C A B I N  FRAME 

- 

F i g u r e  3-4. C r e w  C o m p a r t m e n t  Configurat ion 



- 
3/2  (62 k s i  f inch)  

P a r a m e t e r s  i n  C o l l i p r i c s t ' s  fa t igue-crack-grokvth rat[ .  equat ion:  

D c l t i  L<, 3. 85 M ~ / n i ~ / ~  ( 3 .  5 k s i  Ja 

K c  1 68.  1 M N / ~ ~ / '  ( 6 2  k s i  fix 
It i s  an t i c ipa t ed  that  t h e r e  \\.ill be s i x  f e r r y  m i s s i o n s  a f t e r  e a c h  o r b i t a l  

m i s s i o n .  T h e  o p c r a t i n ~  Af-' f o r  the o r b i t a l  m i s s i o n  i s  0 .  101 L4iY/rn2 (14. 7 p s i )  
a n d  the  ope ra t jng  A P  f o r  t h c  f e r r y  m i s s i o n  is  0 . 0 6 9  M N / ~ ~  (10 p s i ) .  The c o r -  
r e spond ing   PI</^ s t r c s s  f o r  t h e s e  A P ' s  a r e  196. 5 h1iY/n1~ (28. 5 k s i )  and  
133. 7 5  h4T4/rn2 (10.  1 k s i ) ,  respectively. S ince  c r a c k s  c a n  o c c u r  in both 
l o n ~ i t u c l i n a l  a n d  c i r c u r n f e  rcn t ia l  d i r e c t i o n s ,  i t  i s  recjuirecl t o  h a v e  s e p a r a t e  
l oad  s p e c t r a  fo r  the longi t t~dina l  and  the  c i r cun i f c ren t i a i  c r a c k s .  

T h c  loat1 s p e c t r a  for  the longi tudinal  c r a c k  wi l l  bc the hoop s t r e s s e s ,  
i .  e . ,  196. 5 ~ ~ / n i ~  (28 .  5 k s i )  f o r  one cyc le  plus 133. 7 5  M N / ~ I ~  (19.  4 k s i )  f o r  
s l x  c y c l e s .  T h e  load  s p e c t r a  f o r  the c i r c u m f e r e n t i a l  c r a c k  i s  lhr P R / 2 t  
s t r e s s e s ,  j .  e ,  , 98. 2 5  M N I ~ ~ '  (14 .  2 5  k s i )  f o r  o r b i t a l  fl ight and 66. 87  h iN/ rn2  
(9 .  7 k s i )  f o r  each  fe r r y  m i s s i o n .  In addi t ion,  t h e r e  a r c  fl ighl l oads ,  u.hjch 
usua l ly  c o m e  f r o m  axia l  bending, which a r e  s u p e r i m p o s e d  on the i n t e r n a l  
p r e s s u r e .  Since. the  load s p e c t r a  f o r  t he  fl ight loads a r e  not ava i l ab l e  a t  t hc  
p r e s e n t  t i m e ,  a s s u m p t j o n s  a r e  m a d e ,  f o r  t he  p u r p o s e  of th i s  exanzple,  of a n  
addi t iona l  68 .  9 M N / ~ = ~  (10 k s i )  of a x i a l  s t r e s s  f o r  the  o r b i t a l  m i s s i o n  a n d  a n  
additional 1 4 . 4 7  L I N / m 2  ( 5  k s i )  of a x i a l  s t r e s s  f o r  the  f e r r y  m i s s i o n .  C o n s e -  

quen t ly ,  the f ~ n a l  load s p e c t  1-a f o r  the  c i r c u m f e r e n t i a l  c r a c k  t v ~ l l  be 
167. 1 9  M N / ~ '  ( 2 4 .  2 5  k s i )  f o r  one c y c l e  and 101. 35 ~ ~ / r n ~  (14. 7 k s ~ )  f o r  s i x  
c y c l e s .  

F i g u r e  3 -5A shows four  c a s e s  of the m o s t  p robab le  types of d a m a g e  a n d  
t h e i r  l oca t ions .  T h e s e  c r a c k s  would eventua l ly  deve lop  t o  be t h rough- the -  

' t h i c k n e s s  c r a c k s .  S ince  the s h e e t  t h i ckness  i s  th in ,  i t  would t ake  a  s h o r t  
t i m e  f o r  t h e s e  c r a c k s  to g r o w  through the  t h i c k n e s s .  T h e r e f o r e ,  i n  the 
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a n a l y s i s ,  i t  c a n  b e  a s s u t n e d  t h a t  a l l  t h e s e  c r a c k s  a r e  i n i t i a l ] \ -  t h r o u g h - t h e -  
, t h i c k n e s s  c r a c k s  a s  s h o w n  in  F i g u r e  3-51?. 

I ' a r t ~ c u l a r i l \ , ,  r e f e r e n c e  i s  ~ i ~ a r i e  t o  Castxs 3 a n d  4 In C a s e  3 ,  i t  1s 

a s s u r n e d  t h a t  t h e  c r a c l i  i s  locate t l  a t  t h e  r o o t  of t h e  s t i f f e n e r .  I h e  c r a c  k 

Ienyt l is  i n  a l l  I h r c c  d i r t : c t i o n s  a rc '  t h c  s a r n e  a n d  the c r a c k  grou.111 r a t c s  i n  a l l  
a r e  a l s o  t h e  s a m e .  In C a s e  4 ,  i t  i s  a s s u n ~ e t l  tha t  i n i t i a l l y  on ly  o n e  craclc 
e x i s t s  at the e d g e  of t h e  rix-et h o l e ,  a s  s h o w n .  M'hen t h e  cl-acli  b r e a k s  t h r o u g h  
t h e  s r n a l l  l i g a m e n t  i n  t h e  s t i f f e n e r ,  a n o t h e r  c r a c k  w i l l  s l ~ o r t l v  b e  f o r t n e d  a t  
t h e  o t h e r  s i d e  of t h e  r i v e t  ho le .  I n  o t h e r  \vorcls,  it I ~ e c o n l e s  a n  e d g e  [ . r a c k .  
and i t  ~ r r i l l  p r o p a g a t e  t o w a r d  t h e  s h e e t .  M'hen t h e  e d g e  c r a c k  p r o p a g a t e s  
t h r o u g h  t h e  e n t i r e  s t i f f e n e r  and  t h e  s h e e t  t h i c k n e s s ,  t h e  s t i f f e n e r  i s  c o n -  
s i d e r e d  t o  h e  c o ! n p l e t e l y  b r o k e n ,  ant1 the  cl.ac,lc w i l l  b e  a  c i r c u m f e r e n t i a l  
t h r o u g h - t h e - t h i c k n e s s  c r a c k  on t h e  s k i n .  In t h i s  c a s e ,  t h e  c r i t e r i o n  f o r  
b r e a k - t h r o u g h  of the  s l n a l l  l i g a m e n t  d u e  t o  t h e  c r a c k  e n ~ a n a t i n g  f r o m  t h e  
ri \ .et  h o l e  a n d  t h e  c r i t e r i o n  f o r  the  e d g e  c r a c k  b rea lc ing  t h r o u g h  t h e  n ,a l l  a r e  
t h a t  t h e  t o t a l  p l a s t i c  z o n e  ( 2  r y )  in  f r o n t  of t h e  c r a c k  h a s  p e n e t r a t e d  t h r o u g h  
t h e  f r e e  b o u n d a r i e s .  

3. 2 .  3 S t r e s s  I n t e n s i t y  F a c t o r s  

T o  d e v e l o p  a n  a p p r o p r i a t e  s t r e s s  i n t e n s i t y  e x p r e s s i o n  f o r  eac-h of 
t h e s e  d a m a g e  c a s e s ,  i t  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e  d e t a i l  d i m e n s i o n s  of 

t h e  h o r i z o n t a l  s t i f f e n e r  a n d  t h e  f r a m e .  A s s r i m i n g  a d e s i g n  in  w h i c h  t h e  
s t i f f e n e r  s p a c i n g  ( B )  i s  10. 16 c e n t i m e t e r s  ( 4  i n c h e s )  f o r  t h e  X 5 4 2  l o c a t i o n  
a n d  5. 08  c e n t i m e t e r s  ( 2  i n c h e s )  f o r  t h e  X 4 1 0  l o c a t i o n  a n d  t h e  t h i c k n e s s  of t h e  
s t i f f e n e r s  i s  t h e  s a m e  as t h e  t h i c k n e s s  of t h e  s h e e t  a t  e a c h  l o c a t i o n .  T h e  
h e i g h t  of t h e  s t i f f e n e r s  i s  s e t  e q u a l  t o  B / 2  a t  e a c h  l o c a t i o n .  T h e  s i z e  and  t h e  
l o c a t i o n  of t h e  r i v e t  h o l e  a t  t h e  s t i f f e n e r  a r e  p r e s u m e d  t o  h e  a s  s h o w n  i n  
D e t a i l  A of F i g u r e  3 - 5 .  S i n c e  t h e  f r a m e  i s  not d i r e c t l y  a t t a c h e d  t o  t h e  s h e e t .  
i t s  c r a c k  a r r e s t  c a p a b i l i t y  is n e g l i g i b l e .  T h e r e f o r e ,  i t s  s i z e  a n d  s p a c i n g  a r e  
not  of c o n c e r n  ( t h e  t y p i c a l  f r a m e  s p a c i n g s  f o r  t h e  c u r r e n t  d e s i g n  c o n f i g u r a -  
t i o n  a r e  38. 1  c e n t i m e t e r s  ( 1 5  i n c h e s )  a t  X 4  a n d  43. 18 c e n t i m e t e r s  
( 17  i n c h e s )  a t  X 5 4 2 .  

3 .  2.  3. 1 C a s e  1 ,  L o n g i t u d i n a l  C r a c k  

T h e  g e o m e t r i c  f a c t o r s  i n v o l v e d  in  t h i s  c o n f i g u r a t i o n  a r e  t h e  s t r e s s  
i n t e n s i t y  m o d i f i c a t i o n  f a c t o r s  f o r  t h e  f r a m e  ( p e r p e n d i c u l a r  t o  c r a c k )  a n d  t h e  
h o r i z o n t a l  s t i f f e n e r  ( p a r a l l e l  t o  c r a c k ) .  S i n c e  t h e  load  i s  p e r p e n d i c u l a r  t o  
t h e  c r a c k ,  i t  c a n  b e  a s s u m e d  t h a t  t h e  s t r e s s  i n t e n s i t y  f a c t o r s  a r e  a p p r o x i -  
m a t e l y  t h e  s a m e  w h e t h e r  t h e  c r a c k  i s  a t  t h e  m i d d l e  of t h e  b a y  ( b e t w e e n  t w o  
i n t e g r a l  s t i f f e n e r s )  o r  r i g h t  a t  t h e  root. of  t h e  s k i n -  s t i f f e n e r  i n t e r s e c t i o n .  



A s  171entioned in  S e c t i o n  2. 3. 7 .  3 ,  t he  st I - e s s  i n i e l ~ s i t y  mot l i f ica t  ion 
f a c t o r  fol- t h e  h o r i z o n t a l  s t i f f e n e r s  i s  s t i l l  11nrIei. c l c v c l o p ~ n e n t .  1 '~asc t l  on 

pas t  e x p e r i e n c e ,  i t  i s  r casona1) le  t o  assLIn1e tllat t h e  t o t a l  c o n t r i l ~ r i t i o n  in 
re t iuc t ion  of c-rac,lc t i p  s t r e s s  i n t e n s i t y  f r o n i  t l ~ e  ~ . o ~ ~ ~ l ~ i n e d  e f f e c t s  of the  
1101-izontal s t i i f e n e r  a n d  t h e  f r a n l e  i s  a p p r o s i n ~ a f e l y  1 5  p e r c e n t .  I n  o t h e r  
u r o  rtl s ,  t11e g e o ! i ~ e t r i r  f a c t o r  in E q u a t i o n  ( 3 )  

with 4 1 : 1. 0 f o r  a n  i n f i n i t e l y  cs itle s h e e t  'I'he u s  v a l u e s ,  g ivcn  i n  

F i g u r e  2 - 5 7 ,  ohta inet l  f r o m  t e s t i n g  of a l u r n l n i i ~ n  cut-\  etl p a n e l s ,  a r e  s e l e c t e d  
for  t h e  analysis. 

A t l ~ ~ 0 ~ g l ~ - t l ~ e - t 1 i i c 1 i 1 ~ e ~ ~  c- r a c k  s y m ~ i e t ~ i a l l  l o c a t e d  at t h e  171itidle of 

the  bay a s  s11ou.n in  1'igtrl.e 3 -  i w i l l  be c-onsicleretl .  A s  tlie crac-li p r o p a g a t e s  

p a s t  t h e  s t i f f e n e r ,  t h e  s t i f f e n e r  is a l s o  c . racke t l ,  ant1 tlie s t i f f e l l e r  craclc  
p r o p a g a t e s  at t h e  s a t n e  r a t e  a s  t h e  s k i n  c r a c k .  1Jsing t h e  s a m e  t e c l ~ n i q u e  a s  
c l e s c r i b e d  in S e c t i o n  2 .  3 .  4 ,  a s e t  o f  curLres  w l ~ i c \ i  t l e sc r i1 )es  t h e  va l - i a t ions  in  
K a t  p o s i t i o n s  r c l a t i v e  t o  t h e  s t i f f e n e r  l o c a t i o n  i s  ( .onst ! -ucted and  p r e s e n t e d  
in  1 7 i g u r e  3 - 0 .  ? ' h ~ ~ s  the  g e o m e t r i c  fac to l -  f o r  t h i s  c.asc w i l l  1)e 

%'it11 1. 0 f o r  i n f i t l ~ t ~ l v  w i d e  s h e e t .  C  i s  tile st rcsss  i n t e n s i t y  m o d i f i c a t ~ o n  
f a c t o r  f o r  t h e  i n t e g r a l l v  s f l f f e n e d  p a n e l  presentc. t l  in I : igt~re 3 - 6 ;  a s  a r e  t h e  
e x p e r i m e n t a l  v a l u e s  g i \ . en  in F i g u r e  2 - 5 8  f o r  a l l ~ ~ i i i n u r n  a l l o y  c y l ~ n d e r s  

3. 2. 3.  3 C;;~sc, 3 ,  Ci r c u n ~ f r ~ r t ~ n t i a l  C r a c k  at Roof of Intcagral St i f f c n c r  

T h i s  c a s e  is e s s e n t i a l l y  t h e  s a m e  a s  C a s e  2 e x c e p t  t h a t  t h e  c r a c k  i s  
i n i t i a l l y  stal-tecl a t  t h e  b o t t o m  o f  t h e  i n t e g r a l  s t i f f e n e r  and  s i m u l t a n e o u s l y  
g r o w s  u p  t h e  s t i f f e n e r  and  in  t h e  s k i n .  T h e  e x p l - e s s i o n  f o r n c r  i s  t h e  s a m e  a s  
f o r  C a s e  2 b u t  a  d i f f e r e n t  s e t  of C c u r v e s  g i v e n  i n  T8'igu~rc 3 - 7  i s  usecl. 

'3. 2 .  3 .  4 < ; ; ~ s c %  4 ,  C r a c k  Emanat ing  f r o m  Rivc.1 IJolc 

A s  d i s c u s s e d  b e f o r e ,  t h i s  case  c o u l d  r e s u l t  in t h r e e  s e p a r a t e  s t e p s  o f  
c r a c k  p r o p a g a t i o n :  the c r a c k  p r o p a g a t e s  f r o m  o n e  s i d e  of t h e  r i v e t  h o l e ,  t h e  
eclge crack propagates  f rom the  opposite s i d e  of t h e  r i v e t  h o l e ,  and t h e  s k i n  
crac.l< p r o p a g a t e s  a n a y  f r o m  a b r o k e n  s t i f f e n e r .  ? 'he g e o m e t r i c  f a c t o r s  f o r  
t l ~ e s e  c r a c k s  a r e  110 I3  f o r  t h e  c r a c k  f r o m  a  r i l ~ e t  I io le ,  na - 1. 122 f o r  t h e  
e d g e  c r a c k ,  and  na-  C . a f o r  t h e  s k i n  c rac -k .  IIe1.e i3 i s  t h e  1 3 0 n i e 1 s  
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Figure 3 - 6 .  Stress Intensity Factor for Integrally Stiffened Skin 
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F i g u r e  3 - 7 .  St re s s  Intensity Fac tor  for  Integrally Stiffened Skin 



f a c t o r  ( F i g u r e  2 - 3 0 ) ;  o is  t h e  e x p e r i m e n t a l  c u r v a L ~ ~ r e  c o r r e c t i o n s  f a c t o r  for  
c i r c u m f e r e n t i a l  c r a c k  ( s e e  F i g u r e  2 - 5 8 ) ;  a n d  C i s  t h e  i n t e g r a l  s t i f f e n e r  
i n f l u e n c e  f a c t o r  g i v e n  i n  F i g u r e  3-8.  The a n g l e  and  t h e  frame ( s e e  F ig -  
u r e  3 - 4 )  c o n n e c t  w i t h  t h e  i n t e g r a l  s t i f f e n e r  and  p r o v i d e  load  p a t h s  a d j a c e n t  
t o  t h e  r i v e t e d  s t i f f e n e r ;  s i m i l a r i l y ,  t h e  s h e e t  s k i n  a l s o  p r o v i d e s  l o a d -  p a t h  
c o n t i n u i t y  on  t h e  othel -  s i d e  of t h e  s t i f f e n e r .  T h e r e f o r e  f in i t e  width c o r r e c -  
t i o n  f a c t o r s  a r e  not  a p p l i e d  t o  t h e  e d g e  c r a c k  and  t h e  c r a c k  e m a n a t i n g  f r o m  
t h e  r i v e t  ho le .  

3 .  2 . 4  Initial Crac lc  L,engths 

F o r  t h i s  e x a m p l e ,  i t  is reasonable t o  a s s u t n e  a n o n d e s t r u c t i v e  
e v a l u a t i o n  ( N D E )  c a p a h i l i t y  f o r  t h r o u g h - t h e - t h i c k n e s s  c r a c k s  t o  b e  0 .  38 c e n t i -  
m e t e r  ( 0 .  15  i n c h )  ( t o t a l  c - rack  l e n g t h )  a n d  t h e  N D E  c a p a l ~ i l i t y  f o r  a  c r a c k  
e m a n a t i n g  f r o m  a r i v e t  h o l e  t o  b e  0 .  127  c e n t i m e t e r  ( 0 .  0 5  i n c h ) .  T h e  i n l i i a l  
c r a c k  l eng th  f o r  C a s e s  1,  Z a n d  3 ,  t h e i - e f o r e ,  i s  0 .  38  c e n t i m e t e r  ( 0 .  1 5  ilicil) 
(ao = 0. 19 c e n t i m e t e r  ( 0 .  0 7 5  i n c h ) .  And f o r  C a s e  4 ,  t h e  i n i t i a l  c r a c k  l eng th  
a t  t h e  e d g e  of t h e  f a s t e n e r  h o l e  is 0 .  127 c e n t i m e t e r  (0. 0 5  i n c h ) .  

F o r  C a s e  4 ,  t h e  c r a c k  g r o w t h  c a l c u l a t i o n s  w i l l  s t o p  a t  a c r a c k  l e n g t h  e q u a l  t o  
( 0 .  3 4 1 2 - Z r y ) .  T h i s  c r a c k  l e n g t h  i s  e s t i m a t e d  t o  b e  0 .  098 c . e n t i m e t e r  
(0 .  2 7 5  i n c h ) .  T h e  s e c o n d  s t e p  i s  t o  a s s n m e  a  1. 3 4 - c e n t i m e t e r s  ( 0 .  5 2 8 8 -  i n c h )  
e d g e  c r a c k  g r o w i n g  towal-(1 t h e  s k i n .  The c a l c u l a t i o n s  f o r  t h e  secnnt l  s t e p  will  
s t o p  a t  a c r a c k  l e n g t h  e q u a l  t o  ( B  i t  - Zr,). T h i s  c r a c k  l e n g t h  i s  e s t i t - ~ a t e d  z 
t o  b e  1. 94 c e n t i m e t e r s  ( 0 .  767  incl l~)  f o r  X J 1 0  anci  3 .  8 6  c e n t i m e t e r s  ( 1 .  52 
i n c h e s  f o r  X;q2. T h e  i n i t i a l  c r a c k  l e n g t h  f o r  the  sl i in c r a c k  i n  t h e  t h i r d  s t e p ,  
a f t e r  b r e a k i n g  t h e  i n t e g r a l  s t i f f e n e r ,  i s  u n c e r t a i n .  I n  the e x a n i p l e  c a s e .  i t  i s  
a s s u m e d  t h a t  t h i s  c r a c k  l e n g t h  e q u a l s  t h e  p l a s t i c  z o n e  s i z e  a t  b r e a k - t h r o u g h  
i. e .  , 2 a 0  = 2 r y ,  w h e r e  2 r  is 0. 68 c e n t i m e t e r s  ( 0 .  268 i n c i l l ' f o r  S q l 0  a n d  Y 
1 .  3 5  c e n t i m e t e r s  ( 0 .  5 3  1 5  i n c h )  f o r  X'542. 

3. 2 .  5 C r a c k  G r o w t h  P I - e d i c t i o n s  

S i n c e  t h e  c u r r e n t  c r e w  c o m p a r t n 7 e n t  c o n f i g a r a t i o n  on ly  c o n s i s t s  o f  
w e l d e d  i n t e g r a l l y  s t i f f e n e d  s k i n s ,  t h e  I -es i t lua l  s t l . e n i t l l  01- f a i l - s a f e  c a p a h i l i t y  
fo r  t h e  c r e w  c o m p a r t t i ~ e n t  s l i in  c a n n o t  b e  i n c r e a s e d  l ) y  t a k i n g  ad1,antage of 

. l o a d  t r a n s f e r  i n  a n y  f o r m  (e .  g .  , di\.itled p l a n k s  o r  a t t a c h e d  s t i f f e n e r ) ;  t h e r e -  
f o r e ,  t h e  r e s i d u a l  s t r e n g t h  a n a l y s i s  in t h i s  c a s e  i s  c o n ~ b i n e d  wsith t h e  f a t i g u e  
c r a c k  p r o p a g a t i o n  a n a l y s i s .  T h i s  i s  clone 17y c o t n p ~ ~ t i n g  t h e  K v a l u e  a t  e a c h  
c r a c k  l eng th  u s i n g  t h e  d e s i g n  l i m i t  s t r e s s  ( 2  1;. 7 ~ I N / I - I I ~  ( 3 1  k s i ) .  When t h e  
K v a l u e  a t  a n y  c r a c k  l e n g t h  r e a c h e s  K c ,  f inal  faiit11-c! o f  t ile pane l  is a s s ~ l ~ ~ ~ c d .  

T h e  p r e d i c t e d  c r a c k  g r o w t h  h i s t o r i e s  of C a s e s  1 t o  3 are  p r e s e n t e d  in  
F i g u r e s  3 - 9  t o  3 -  11.  T h e  c r a c k  g r o w t h  c u r v e s  i n  t h e s e  f i g u r e s  show t h a t  t h e  
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Figuxe 3 -  8. S t re s s  Intensity Factor  f o r  Integrally Stiffened Skin 



s a f e - c r a c k - g r o w t h  l i fe  in e i t h e r  loca t ion ,  X 4 i 0  o r  X542, i s  a p p r o x i m a t e l y  the 
s a m e  f o r  e a c h  c a s e  of a s s u m e d  c r a c k  g e o m e t r i c s .  C a s e  1 ,  longi tudina l  
c r a c k ,  exh ib i t s  t he  s h o r t e s t  l ife ( a p p r o x i m a t e l y  4000 loading b l o c k s ) .  C a s e  2 ,  
a c i r c u m f e r e n t i a l  c r a c k  in i t ia ted  a t  rnid-bay be tween two i n t e g r a l  s t i f f e n e r s ,  
e x h i b i t s  t h e  longes t  life ( a p p r o x i m a t e l y  6000 loading b locks ) .  T h e  p red ic t ed  
r e s u l t s  f o r  C a s e  4  a r e  p r e s e n t e d  in  F i g u r e  3- 12. H e r e  i t  i s  shown tha t  i t  
w i l l  t a k e  2800 loading b l o c k s  to g r o w  t h e  0. 127-cen t ime te r  (0.  05-inch)  c r a c k  
a t  one s i d e  of t h e  hole  t o  b r e a k - t h r o u g h  o f  t h e  s m a l l  l i g a m e n t  a d j a c e n t  to 
t h e  ho le ,  and  then  i t  w i l l  t a k e  a n o t h e r  350 loading b locks  f o r  t he  c r a c k ,  a t  
X410 ,  t o  b r e a k  up t h e  e n t i r e  s t i f f e n e r .  A f t e r  t h a t ,  i t  t a k e s  a n  add i t i ona l  290 
loading  b l o c k s  t o  c o m p l e t e l y  f a i l  t h e  s k i n .  A s  fo r  t h e  c r a c k  a t  X 5 4 2 ,  c o m -  
p l e t e  f a i l u r e  of t h e  whole pane l  o c c u r s  whi le  the  edge  c r a c k  ( S t e p  2 )  i s  
p r o p a g a t i n g  t o w a r d  the  sk in .  N e v e r t h e l e s s ,  t he  t o t a l  s a f e - c r a c k - g r o w t h  l i fe  
a t  e i t h e r  l oca t ion  f o r  t h e  C a s e  4  c r a c k  i s  a p p r o x i m a t e l y  3400 loading b l o c k s  
r e g a r d l e s s  of w h e r e  t h e  f ina l  f a i l u r e  poin ts  o c c u r .  

A s u m m a r y  of t h e  a n a l y s i s  r e s u l t s  i s  shown in T a b l e  3 -  1. It i s  s e e n  
tha t  t he  m o s t  s e v e r e  c a s e  i s  4.  If the d e s i g n  life i s  500 o r b i t a l  m i s s i o n s  
(500  loading b l o c k s )  and a f a c t o r  of s i x  on  p red ic t ed  life i s  t h e  r e q u i r e m e n t  
s p e c i f i e d  i n  t he  d e s i g n  c r i t e r i a ,  then  t h e  sub jec t  s t r u c t u r a l  e l e m e n t  ( t h e  
c r e w  c o m p a r t m e n t  s k i n )  i s  a  f r a c t u r e - c o n t r o l l e d  p a r t  a s  d e s c r i b e d  i n  t he  
s e l e c t i o n  logic  flow d i a g r a m  i n  Sec t ion  1. 2: 
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Table 3-1 .  Safe-Crack-Growth Predictions for Crew Compartment S k h  

T o t a l  I In i t i a l  C r a c k  S t r e s s  In tens i ty  
1 Configurat ion 

C a s e  A 
I 

1 '  . Longi tudinal  sk in  
i c r a c k  
1 a. = 0 .190  c m  

(0. 075 in. ) 
i 

2 C i r c u m f e r e n t i a l  
s k i n  c r ack  
a, = 0. 190 c m  

F a c t o r s  Loads  S p e c t r a  

196. 5 M N / ~ '  (28. 5  k s i )  (1  c y c l e )  
t 1 3 3 .  7  M N / ~ ~  ( 1 9 . 4  k s i )  ( 6  c y c l e s )  

-- 

167. 19 M N / ~ ~  (24. 25 k s i )  ( 1  c y c l e )  
t 1 0 1 .  35 M N / ~ ~  (14.  7  k s i )  ( 6  c y c l e s )  

N u m b e r  of Loading 

' i n  F i g u r e s  3  -6 
and 2-58. I 

167. 19 ~ ~ 1 t - n ~  (24.  25 k s i )  ( 1  c y c l e ) ;  C . . o S  I Xq10 = 4 ,700  
t 1 0 1 .  35 M ~ / r n 2  (14. 7  k s i )  ( 6  c y c l e s )  wi th  4 1 = 1. 0,  Xj42 = 5,150 / C and CY 

given i n  
F i g u r e s  3 - 7  and 2-58 

- - I 
I 
-- 

167. 19 M N / ~ ~  ( 2 4 .  25 ksi) ( 1  c y c l e )  Growth s t e p  No. 1: B X q l O  = 3,440 
t 1 0 1 .  35 M N / ~ ~  (14.  7  k s i )  ( 6  c y c l e s )  (g iven i n  F i g u r e  2-30)  x542 = 3,350 

Growth s t e p  No. 2: 
I C ( = l .  1-22) 
' Growth s t e p  No. 3: C . a ,  

wi th  C and  cu given in 
F i g u r e s  3 -8  and 2-58. 

3 

4 

A., All  th rough- the  - th ickness  c r a c k s  

A Equat ion ( 3 )  

(nm ,A Blocks t o  F a i l u r e  
I 

C  9 . a s  X q l o  = 4,200 
with @1  = l .  0, 

! X542 = 4,300 

C = 0. 85 
' and ct g i v e n  

i n  F i g u r e  2-57. 1 

(0 .  075 in .  ) 

C i r c u m f e r e n t i a l  
c r a c k  a t  bot tom 

I of i n t e g r a l  
s t i f f e n e r  
a. = 0.190 c m  

(0. 075 in.  ) 

C r a c k  emana t ing  
f r o m  r ive t  hole  
a. = 0. 127 c m  

(0. 05  in.  ) 

C . + 1  . f f s  

wi th  $1 = 1. 0,  
C and a, g iven  

X410 = 6,750 
x 5 4 2  = 6,200 



4.0 SUMMARY AND RECOMMENDATIONS 

rh i s  study provided an insight  in to  thc r ea l i s t i c  aspec t s  of accompl i sh-  
ing f r ac tu r e  control  on a vchiclc s y s t e m  required to p e r f o r m  in a space  
environment a s  wc.11 a s  in the a tmosphere .  T h t  prominent  f e a t u r e s  iden t i -  
ficd in a functioning f r ac tu r e  control  p rog ram includc the n t x c c s s a r y  i n t c r -  
act ion of thc  technical  disciplines involved with dcs ign,  s t r u c t u r a l  ana lys i s ,  
m a t e r i a l s  and p roce s s  cs ,  and quality assurancc .  Tllcse d i sc ip l ines  a d d r e s s :  
( 1 )  the dvsign fc,atures that min imize  strc.ss concentra t ions;  ( 2 )  t h e  fat igue 
analys is  to  prevent  the incidence of cracking in s e r v i c e ;  ( 3 )  thc  f r a c t u r e  
mechan ics  analys is  to  a s s u r e  adequate life of components with exis t ing 
c rack- l ike  f laws;  (4)  thc  control  of m a t e r i a l s  and p r o c e s s e s  to  main ta in  
favorable  m a t e r i a l  cha r ac t e r i s t i c s  and t o  prcvcnt cracking dur ing fabr ica t ion;  
and ( 5 )  the incorporat ion of suitable inspection p rocedures  t o  de tec t  c r a c k -  
l ike flaws a f te r  fabricat ion and, when required,  during the operat ional  
phase  of thc vehicle.  

A p rocedure  i s  prescntr.d which provides a logical sequence  in the  
idcntification of c r i t i c a l  components and an indication of the kinds of con t ro l s  
n e c e s s a r y  to  a s s u r e  an adequatcx analyt ica l  sa fe -c rack-growth  l ife f o r  the 
component .  C r i t i c a l  s t eps  in  the p rocedure  include: 

1. Definition of the types of loads, the environment,  and the  l eve l  of 
s t r e s s  acting on a s t r uc tu r a l  element 

2.  Identification of f r a c tu r e - c r i t i c a l  pa r t s  by u s e  of a se lec t ion  logic 
flow d i a g r a m  

3.  P e r f o r m a n c e  of a predic t ive  analysis  to evaluate  t h e  s a f e - c r ack -  
growth l i fe  of the component 

4. Application of e i the r  co r r ec t i ve  action o r  the con t ro l s  n e c e s s a r y  
t o  achieve the des i red  sa fe -c rack-growth  l ife 

This document  applies pa r t i cu la r  emphasis  on the  functional  a spec t s  
re la t ing t o  safe-crack-growth l ife analys is  a s  affccted by f r a c t u r e  mechan ics  
analyt ica l  methods .  P c r f o r m a n c c  of the analytical  t a sk s  r e q u i r e s  that  a 
number  of assumpt ions  and approximat ions  be incorpora ted  in to  the  p roce -  
d u r e  employed. A concer ted effor t  has been exer ted  by ana lys t s  t o  achieve 
a balance of f a c t o r s  which recognize  conservat ive  and nonconserva t ive  
behavior in  c r a c k  growth;  however,  uncer ta int ies  p e r s i s t  in the  unde r -  
standing of c r a c k  growth behavior modes .  



The most  c ruc ia l  assumption taken in f rac ture  mechanics analysis 
i s  that a l l  s t ruc tures  contain c r acks  of s izes  significant to the analysis,  
independent of the method of metalworking employed o r  the process  control  
imposed on the component. It appears  that this assumption ignores the 
benefits  of closely controlled procedures  used in producing cer ta in  product 
fo rms  and the achievement of substantially defect-free components by 
imposit ion of an active ma te r i a l s  and process  control system. It i s  recom- 
mended that  studies be initiated which address  the s ta t is t ical  probability of 
flaw existence dependent upon product fo rm and process control. Fur ther ,  
the study should be concerned with s ize ,  shape, and orientation of these 
flaws in components when a s se s smen t  dictates a high probability of 
occurrent e. 

A continuing effort to acces s  the sensitivity of baseline assumptions 
and approximations in f rac ture  mechanics  analysis on component sizing and 
configuration i s  required.  Until such t ime a s  m o r e  suitable assessment  i s  
available, i t  i s  mandatory to  develop firm policies and uniform analysis 
procedures  with regard  to the assumptions and approximations employed, 
s o  that a l l  participants to a control  p rogram recognize the potential optimistic 
(or  pessimist ic)  conditions which prevail.  
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A P P E N D I X  

SYMBOLS A N D  SUBSCRIPTS 

Symbols 

a a n  appropria te  crack length depending 
on geometry 

A cross-sect ional  a r e a  of the stiffener 

b an appropria te  crack length depending 
on geometry 

B stiffener spacing 
a l so  Bowie's Factor 

c an appropria te  crack length depending 
on geometry 

E Young's modulus 

F t u  mater ia l  ultimate strength 

=ty 
ma te r i a l  tensile yield s t rength 

F ty  s t ens i le  yield strength for stiffener mater ia l  

K c rack  tip s t r e s s  intensity factor 

Kt s t r e s  s concentration factor  

L panel length o r  distance f r o m  edge of a hole 

1 total  crack length of a through-the-thickness 
c r ack  

M~ 
c r a c k  tip plasticity correct ion factor 

P r ivet  spacing 
a l so  p r e s s u r e  

(inch) 

(inch) 

(inch) 

(inch) 
(dimensionless) 

(inch) 

(ks  i) 

(k s i) 

(k s i) 

(ksi)  

(ksi  inch) 

(dimensionless) 

(inch) 

(inch) 

(dimens ionle s s) 

(inch) 
[psi) 



Symbols 

P load 

r radius  of a c i rcu la r  hole 

R radius  of the p r e s s u r e  vesse l  o r  shell 

t sheet or  plate thickness 

W panel width 

u s t r e s s  (tensional) 

T shear  s t r e s s  

v Poisson ' s  ratio 

Subscripts 

b bending o r  broken 

c c r i t i ca l  

cr  cr i t i ca l  

e effective 

e f f  effective 

net  

final 

membrane  o r  middle 

net  section 

initial,  original, o r  threshold 

shell,  stiffener o r  stiffened, o r  side 

shel l  

Mode 1 o r  uniaxial o r  a s  defined in tcaxt 

Mode 2 o r  biaxial o r  a s  defined in text 

(pounds) 

(inch) 

(inch) 

(inch) 

(inch) 

(ksi )  

(ksi) 

(dimensionless) 




