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INTRODUCTION 

T h i s  p a p e r  d i s c u s s e s  t h e  f a c t o r s  t h a t  must  be 
t a k e n  i n t o  c o n s i d e r a t i o n  when app l y i n g  NASTRRNYs 1  i n e a r  
a n a l y s i s  t o  s t r u c t u r e s  whose p r i n c i p l e  b o u n d a r i e s  a r e  
fo rmed b y  b o l t i n g ,  and f o r  w h i c h  l o c a l i z e d  s t r e s s  
p e a k i n g  i s  i m p o r t a n t .  The d e t e r m i n a t i o n  o f  wha t  
p o r t i o n  o f  t h e  b o l t  b o u n d a r y  i s  a c t i v e  f o r  a  g i v e n  
l o a d i n g  i s  a n o n l i n e a r  p r o b l e m .  Once t h e  a c t i v e  
b o u n d a r i e s  a r e  e s t a b l i s h e d  f o r  a  g i o e n  l o a d ,  t h e  
d e t e r m i n a t i o n  o f  t h e  r e s u l t i n g  s t r e s s e s  is a  l i n e a r  
p r o b l e m .  Does t h i s  mean t h a t  e v e r y  a n a l y s i s  whose 
p r i n c i p l e  b o u n d a r i e s  a r e  f o r m e d  b y  b o l t i n g  a r e  wrong  i f  
t h e y  a r e  n o t  t r e a t e d  i n  a n o n l i n e a r  f a s h i o n ?  N o t  a t  
a l l !  The i m p o r t a n c e  o f  t h i s  n o n l i n e a r  c o n d i t i o n  r e a r s  
i t s  head  o n l y  when t h e  f i n i t e  e l e m e n t  mesh i s  s o  f i n e  
t h a t  t h e  b o r e  i s  no  l o n g e r  r e p r e s e n t e d  as a  p o i n t .  
Then t h e  p a r t i c u l a r s  o f  t h e  macro  b e h a v i o r  o f  t h e  b o l t  
i n  t h e  b o r e  become i m p o r t a n t .  T h e r e  a r e  t w o  a p p r o a c h e s  
t o  t h i s  p r o b l e m :  E i t h e r  t h e  employment  o f  a s e t  o f  
n o n l i n e a r  s c a l a r  s p r i n g s  a t  t h e  b o u n d a r i e s  t o  d e t e r m i n e  
t h e  a c t i v e  r e g i o n  f o r  a  g i v e n  l o a d i n g  f o l l o w e d  b y  a 
d e t a i l e d  l i n e a r  a n a l y s i s  u n d e r  t h e  a c t i v e  b o u n d l n g  
l o c a l e s ;  o r  t h e  p u r s u i t  o f  a  s e r  i e s  o f  b o u n d a r y  
a p p r o x i m a t i o n s  u s i n g  l i n e a r  a n a l y s i s ,  u n l y ,  u n t i l  
a d m i s s i b l e  c o n d i t i o n s  a r e  f o u n d .  T h i s  p a p e r  d e a l s  w i t h  
t h e  second a p p r o a c h .  An i l l u s t r a t i o n  o f  t h e s e  me thods  
i s  g i v e n  i n  an a p p l i c a t i o n  t o  a  m o u n t i n g  b r a c k e t .  

OPERATION 

Loads  a p p l i e d  s i m u l t a n e o u s l y  i n  3 c o o r d i n a t e  
d i r e c t i o n s  i n v o l v e  3 k i n d s  o f  b o u n d a r i e s  and cause  
v a r i a t i o n s  d e p e n d i n g  on  t h e  m a g n i t u d e s  o f  t h e  l o a d  
COmpO!Ient~. U n f o r t u n a t e l y ,  i t  i s  n o t  p o s s i b l e  t o  a p p l y  
a  S e t  O f  i n d i v i d u a l  n o m i n a l  l o a d s  t h e n  s c a l e  them and 
combine  t hem t o  g e t  a  f i n a l  r e s u l t ,  because  1 t n e a r  
S u p e r p o P i t i o n  does  n o t  u c r k  a t  a l l  i n  t h i s  h i g h l y  
n o n l i n e a r  p r o b l e m .  C h a n g i n g  l o a d s  c a u s e s  t h e  h o l d  down 
b o l t s  t o  b e a r  o n  t h e  b o r e  s u r f a c e  rn different 
l o c a t i o n s ;  t h e y  cause  e i t h e r  t h e  b o l t  head  o r  nl l+ t o  
make c o n t a c t  i n  d i f f e r e n t  l o c a t  i o n s ;  t h e 9  cause  
d i f f e r e n t  edges  o f  t h e  b o l t e d  f o o t  t o  b e a r  on  t h e  
m o u n t i n g  s u r f a c e .  I n  t h e  a p p l l c a t l o n  u n d e r  
c o n s i d e r a t i o n ,  t h e r e  a r e  t w o  b o l t s  t h r o u g h  a s i n g l e  
r e c t a n g u l a r  f o o t .  
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I n  t h e  a c t u a l  c a s e  t h e r e  i s  a  m u l t i - f o l d  i n f i n i t y  o f  
p o s s i b l e  b o u n d i n g  c o n t a c t s .  I n  t h e  f i n i t e  e l e m e n t  c a s e  
o f  a  f i n e  meshed mode l  t h e r e  i s  a h i g h  f l n i t e  number  o f  
p o s s i b l e  b o u n d i n g  c o m b i n a t i o n s .  To r e d u c e  t h e  p r o b l e m  
o f  f i n d i n g  a d m i s s i b l e  c o m b i n a t i o n s  t o  a  manageab le  s e t 0  
r t  was d e c i d e d  t o  l i m i t  t h e  t r i a l  l o c a t i o n s  t o  t h e  
f o l l o w i n g :  

TYPE OF BOUNDARY DETAILS O F  REPRESENTATION 

Bo It Shank A g a i n s t  T h r e e  P a i r s  o f  P o i n t s  A t  Each  
B o r e  S u r f a c e  C a r d i n a l  L o c a t i o n  F o r  Each  O f  

Two B o r e s  

B o l t  Head A g a i n s t  C i r c l e  O f  P o i n t s  Abou t  Each  O f  
Upper  S u r f  ace A n n u l u s  Two B o r e s  

B o l t  N u t  A g a i n s t  C i r c l e  O f  P o i n t s  Abou t  Each  O f  
Lower  S ~ r f a c e  A n n u l u s  Two B o r e s  

F o o t  S i d e  Edge S e t  O f  T h r e e  P o i n t s  A t  Each  Of  
A g a i n s t  Mount  S u r f a c e  Two S i d e s  O f  Each  O f  Two P o i n t s  

F o o t  End Edge A g a i n s t  S e t  O f  P o i n t s  fa long E n t i r e  Edge 
Mount  S u r f  ace O f  End N e a r e s t  L o a d  

S k e t c h e s  o f  t h e s e  b o u d a r i e s  as  t h e y  m i g h t  behave  u n d e r  
l o a d  a r e  shown hefee.  
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F o o l s  r u s h  i n  where  a n g l e s  f e a r  t o  t r e a d .  Based 
o n  t h e  l c g i c  o f  r i g i d  b o d y  a c t i o n s  i t  appea red  q u i t e  
r e a s o n a b l e  t o  e x p e c t  t h a t  one  c o u l d  make i n i t i a l  
p r e d i c t i o n s  t h a t  c o u l d  be m o d i f i e d  s l i g h t l y ,  a f t e r  
i n i t i a l  r e a c t i o n s  were  r e u i e u e d ,  t o  a s e t  t h a t  w o u l d  be  
a d m i s s i b l e .  N o t i c e  t h a t  mea l y -mou thed  1a:lguage i s  
a l r e a d y  b e i n g  used :  r e a s o n v b l e  -- a d m i s s i b l e ;  n o t  
c o r r e c t  o r  p r e c i s e .  I f  t h e  l o a d  were  a p p l i e d  i n  t h e  
+X,+Y,+Z d i r e c t i o n s 0  one  w o u l d  e x p e c t  t h e  f o o t  t o  move 
u v e r  t o  c o n t a c t  t h e  b o l t s  o n  t h e  - X  s i d e s  o f  t h e  b o r e s r  
t h e  - Y  s i d e s  o f  t h e  b o r e s ,  and t o  engage t h e  b o l t  h e a d  
r a t h e r  t h a n  t h e  b o l t  n u t  f o r  b o t h  b o l t s .  I t  was t h e s e  
r i g i d  bod:! n o t i o n s  t h a t  were  dashed  b y  t h e  e l a s t i c  
r e a l i t y  o f  t h ~  c a s e .  A c t i o n s  a t  one b o r e  we re  
d i f f e r e n t  t h a n  a c t i o n s  a t  t h e  o t h e r .  Loads  u e r e  o f f s e t  
f r o m  t h e  f o o t  and t h e  l o r d i n g  s u r f a c e  was c a n t e d  t o  t h e  
p l a n e  o f  t h e  f o o t .  'hese p r o d u c e d  moments t h a t  were  
r e a c t e d  a t  t h e  b o l t s .  R ~ g i d  body  c a l c u l a t i o n s  u e r e  
made f o r  e a c h  l o a d  t o  h e l p  d e c i d e  o n  t h e  i n i t i a l  
b o u n d a r y  a s s i g n m e n t s  i n  t h e  f i r s t  t r i a l  o f  e a c h  r u n .  
T h i s  a p p r o a c h  h a s  l o g i c a l  a p p e a l ,  b u t  i t  o f t e n  u a s  
c o n s i d e r a b l y  o f f  t h e  mark .  

I n  o r d e r  t o  i m p r o v e  t h e  f i r s t  t r i a l #  a  s m a l l  p i l o t  
mode l  w i t h  a  c o a r s e  mesh was assemb led  f r o m  p l a t e  
e l e m e n t s  and h a d  each  b o r e  r e p r e s e n t e d  b y  a  p o i n t .  
R e a d i n g ?  f r o m  t h e  b o r e  p o r n t s  and b o u n d a r y  edge p o i n t s  
h e l p e d  t o  i m p r o v e  t h e  i n i t i a l  SPC a s s i g n m e n t h  i n  t h e  
s o  1  i d  mode 1. 

T h i s  a n a l y s i s  u s e d  s o l i d  e l e m e n t s  e n t i r e l y  f o r  t h e  
w h o l e  mnde l  w h i c h  c o n t r i b u t e d  t o  a  c o m p l i c a t i o n  i n  
s a t i s f y i n g  moments. P a i r s  o f  p o i n t s  a r e  needed  t o  
c r e a t e  t o u p l e s  when u s i n g  s o l i d  e l e m e n t s ,  w h i l e  i f  
p l a t e  b e n d i n g  e l e m e n t s  were  u s e d  i n s t e a d ,  any b e n d i n g  
r e q u i r e m e n t s  c o u l d  b e  met a t  a  s i n g l e  p o i n t  r a t h e r  t h a n  
o v e r  a  p a i r  o f  p o i n t s .  The t e n d e n c i e s  o f  p a i r s  o f  
p o i n t s  t o  f o r m  c o u p l e s  p r o v e d  t r o u b l e s o m e  a t  b o u n d a r i e s .  
To e x p l a i n  t n i s  i t  w i l l  be  h e l p f u l  t o  r e d e f i n e  some t e r m s .  

F i r s t  o f  a l l  " b o u n d a r y "  i s  d e f i n e d  t o  b e  t h a t  s e t  
o f  p o i n t s  w h e r e i n  a  s u b s e t  o f  whose componen ts  a r e  
c o n s t r a i n e d  t o  z e r o  d i s p l a c e m e n t .  T h i s  i s  a  
p a r t i c ~ l a r l y  s e v e r e  c o n d i t i o n  i n  v i e w  o f  t h e  i n e v i t i b l a  
r e d u n d a n c y  o f  c o n s t r a i n t s .  An a d m i s s i b l e  b o u n d a r y  i s  
one t h a t  p u s h e s  o n l y  and does  n o t  p u l l  o n  t h e  ma t . i ng  
b o u n d a r y  s t r u c u t u r e .  T h i s  r e s t r i c t i o n  makes an i d e a l  
a rgumen t  f o r  u s i n g  u n i d i r e c t i o n a l  n o n l  i n e i r  b o u n d a r y  
s p r i n g s .  The n o n l i n e a r  s u p p o r t s  w i l l  a l l o w  n o n z e r o  
d i s p l a c e m e n t s  and s t i l l  p r o d u c e  a p u s h  f o r c e .  E x p l o r i n g  
s u c h  a  c a s e  w o u l d  be  an a t t r a c t i v e  v o n t u r e ~  b u t  t h i s  
p a p e r  c o n c e n t r a t e s  o n l y  o n  t h e  l i n e a r  t r i a l  method .  The 
measure  u s e d  t o  d i s c r i m i n a t e  f o r  a d m i s s i b i l i t y  o f  
b o u n d a r y  c a n d i d a t e s  was t h e  s i g n  o f  t h e  SPCForces a t  
t h e  b o u n d a r i e s .  I f  any b o u n d a r y  components  were  f o u n d  
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t o  p u l l #  i t  n e c e s s i t a t e d  redefining t h e  b o u n d a r y  
c o n s t r a i n t s  t o  a v o i d  t h i s  p u l l i n g  condition. Q u i t e  
o f t e n  i t  was n o t  enougn t o  j u s t  e l i m i n a t e  t h e  o f f e n d i n g  
component ,  because  t h e  p u l l i n g  b e h a v i o r  o f t e n  moved t o  
t h e  neighboring r e t a i n e d  p o i n t .  A n o t h e r  s u p r i s e  
o c c u r r e d  a t  t h e  b o l t  heads .  I t  seemed r e p r e s e t e t a t i w e  
f o r  b o l t  head  c o n s t r a i n t s  t o  b e  mode led  as an a n n u l u s  
o f  a  d o u b l e  c i r c l e  o f  p o i n t s .  As i t  t u r n e d  o u t ,  p a i r s  
o f  i n n e r  and o u t e r  r a d i a l  p o i n t s  a c t e d  as C o u p l e s  u l t h  
o p p o s i t e  s i g n s  u h i c h  i s  i n a d m i s s i b l e ,  b e c a u s e  0 p p 0 S l t e  
s i g n s  means one i s  p u l l i n g  w h i l e  t h e  o t h e r  i s  p u s h i n g .  
C o n s e q u e n t l y ,  b o l t  head  and b o l t  n u t  r e a c t i o n s  w r r e  
mode led  as a  s i n g l e  c i r c l e  o f  p o i n t s .  Even  r e s t r i c t i n g  
b o l t  c o n s t r a i n t s  t o  s i n g l e  c i r c l e s  was mos t  o f t e n  n o t  
s u f f  l c i e n t  l y  c u r t a i l e d  t o  e l i m i n a t e  a1 1  p u l l  l n g .  T r i a l  
u i t h  o n l y  a r c s  o f  a  c i r c l e  i n  v a r i o u s  p o s i t i o n s  and 
d i f f e r e n t  s p a n s  were  made b e f o r e  somet imes ,  an 
a d m i s s i b l e  head  o r  n u t  r e p r e s e n t a t i o n  u a s  f o u n d .  

A t  t i m r  ? d u r i n g  t h i s  a n a l y s i s .  I wan ted  t o  say ,  
'-What does  t m a t t e r  if t h e r e  i s  some p u l l i n g ? "  S e v e r e  
h i g h  s t r e s s e s  o c c u r r e d  i n  r e g i o n s  where  h i g h  c o n s t r a i n t  
f o r c e s  o f  o p p o s i t e  s i g n s  u e r e  p r e s e n t .  Good a n s u e r .  

The c a n t e d ,  o f f s e t  p o s i t i ~ n  o f  t h e  l o a d i n g  
p r o d u c e d  a t e n d e n c y  f o r  t h e  f o o t  t o  t i l t  w i t h  r e s p p c t  
t o  t h e  m o u n t i n g  s u r f a c e  i n  e v e r y  l o a d i n g  case .  A 
t r i p l e t  o f  p o i n t s  o n  an edge t r a n s u e r s e l q  o p p o s i t e  a  
b o r e  I n  one d i r e c t i c n  c o n s t i t u t e d  t h e  c a n d i d a t e  
b o d n d a r y  s e t  a t  e a c h  o f  4 l o c a t i o n s .  As t r i a l s  were 
Made i t  u a s  f o u n d  t h a t  some t imes  t h e  t r i p l e t  h a d  t o  b e  
r e d u c e d  t o  a  p a i r  o r  a  s i n g l e  p o i n t  b e f o r e  i t  became 
a d m i s s i b l e .  I n  t h e  c a s e  o f  f o r e  and a f t  edges,  i t  was 
f o u n d  t h a t  some t i . ! es  c o n t a c t  u a s  made a t  t h e  edge 
n e a c ? s t  t h e  l o a d  b u t  t i l t i n g  t o w a r d s  t h e  f a r  e n d  was 
t a k e n  up  e l a s t i c a l l y  b e f o r e  r e a c h i n g  t h e  f a r  e n d  s o  
t h a t  t h e  f a r  edge n e v e r  became a  b o u n d a r y  c o n s t r a i n t .  
The d i s t r l b u t i o n  o f  c o n s t r a i n t s  on  t h e  n e a r  edge was 
f o u n d  t o  v a r y  f r o m  t h e  e n t i r e  edge t o  a  b i a s e d  p a r t i a l  
s e t .  

Hbsence o f  p u l l i n g  i s  n o t  t h e  o n l y  c r i t e r i o n  f o r  
a d m i s s i b i l i t y .  O v e r - c o n s t r a i n i n g  must  be  g u a r d e d  
a g a i n s t  when t r y i n g  t o  t r a c P  c r i t i c a l  s t r e s s e s .  I t  i s  
p o s s i b ! e  t o  have  e x c e s s i v e  c o n s t r a i n t s  even  t h o u g h  t h e y  
a r e  a l l  p u s h i n g .  The r e q u i r e m e n t  u s e d  f o r  an a d m i s s ; b l e  
q u a n t i t y  o f  c o n s t r a i n t s  i s  t h a t  t h e  o p p o s i n g  
e q u i l i b r a t i n g  e l a s t i c  c o n s t r a l n t s  b e  o f  t h e  same o r d e r  
o f  m a g n i t u d e  as t h e  o p p o s i n g  f o r c e s  f o r  r i g i d  b o d y  
e q u i l i b r i u m .  An a v e r a g e  o f  s i x  t r i a l  r u n s  p e r  l o a d  
c a s e  u e r e  needed t o  f i n d  an a d m i s s i b l e  s e t  o f  
c o n s t r a l n t s .  R e s u l t s  were  c o n s i d e r e d  t o  b e  on t h e  
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c o n s e r v a t  I J ~  s  i d e ,  b e c a u s e  t h e  c o n t a c t  a r e a  b r o a d e n s  as 
d e f u r m a t  i o n  t a k e s  p l a c e  r n  t h e  a c t u a l  c a s e .  B r o a d e n i n g  
o f  t h e  c o n t a c t  a r e a  was n o t  t a k e n  i n t o  a c c o u n t  i n  t h i s  
a n a l y s i s .  As a  r e s u l t  t h i s  a n a i y s l s  s h o u l d  s h o u  
s t r e s s e s  s l  i g h t  l y  h i g h e r  t h a n  a c t u a l .  

The a d v a n t a g e  f o r  an a P a l y s l s #  s u c h  as t h i s #  IS 

t h a t  : t  g l u e s  much more information t h a n  an 
e x p e r ~ m e n t s l  s e t - u p  u s i n g  s t r a i n  gages.  b e c a u s e  t h e  
f i n ~ t e  e l e m e n t  mesh h a s  a  s m a l l e r  gage l e n g t h  and  h a s  
s e v e r a l  o r a e r s  o f  m a g n i t u d e  more measuremen ts .  The 
l o a d  p a t h  becomes we1 1  t r a c e d  and t h e  p e a k i n g  and 
releasing o f  s t r e s s e s  w h i c h  l e a d s  t o  c r a c k s  and f a t i g u e  
1s w e l l  d e f i n e d .  

To i l l u s t r a t e  how t h i s  me thod  w o r k e d  i n  p r a c t i c e ,  
t h i s  p a p e r  w i l l  t r a c e  t h e  s t e p s  t a k e n  I n  h o m i n g  i n  o n  
an a d m l s s i h l e  s e t  o f  constraints f o r  a  s i n g l e  l o a d i n g  
c o n d i t  I o n .  

SUECASE 3412; X Y Z  l o a d s  a t  t h e  c r s d  l e  a r e  -283,'-559/-422 

I t  m i g h t  be  e a s i e r  t o  d e s c r i b e  t h e  e V O l ~ t i O n  o f  
reactions ~f p o s i t i o n s  a r e  o r i e n t e d  w l t t ?  r e s p e c t  t o  t h e  
b r a c k e t  p a r t s .  F o r  ~ n s t a n c e ,  t h e  p l a c e  where  l o a d s  go 
l n  IS  t h e  c r a d l e  and t h e  t r i a n g u l a r  s h a p e d  l i g a m e n t  
c o n n e c t  i n g  t h e  c r a d l e  t o  t h e  b a s e  i s  t h e  b r a c e .  O p p o s i t e  
t h e  b r a c e  t h e  s i d e  i s  named "open" .  Positions i n  t h e  
o t h e r  d ~ r e c t i o n  a r e  d i s t i n g u i s h e d  b y  t n e  t e r m s  " d i s t a n t "  
f r o m  t h e  l o a d e d  c r a d l e  and " n e a r "  t h e  l o a d .  The b o r e s  
z r e  n o t  o f  e q u a l  s i t e .  The b o r e  v e a r e s t  t h e  c r a d l e  1s 
t h e  l a r g e r  s o  t h e  t e r m s  l a r g e  b o r e  (LEI and s m a l l  b o r e  
(SB) h e l p  t o  k e e p  t h e  r e a c t ~ o n  s t r a i g h t .  F i n a l l y p  t h e  
u e r t i c a l  d l r e c t ~ o n  c a n  be  d e s i g n a t e a  b y  t h e  b o l t  h e a d  
s i d e  on t o p  and t h e  b o l t  n u t  s i d e  on  t h e  b o t t o m .  See 
t h e  s k e t c h  w i t h  l a b e l s  p e r  t h i s  scheme. 
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The r n r t i a l  SPC s e t  was a s s i g n e d  i n  an a t t e m p t  t o  
b a l a n c e  t h e  l o a d s  u i t h  p u s h i n g  f o r c e s  o n l y .  To oppose  
t h e  - X  l o a d .  a  s e t  o f  SPC's was p u t  i n  p l a c e  a t  t h e  
L B c l a r g e  b o r e )  o n  t h e  c a r d i n a l  p o i n t  t o u a r d s  t h e  o p e n  
s l d e .  The c o u p l e  c r e a t e d  b g  t h e  X l o a d  and t h e  LB X 
r e a c t r o n  c a n  b e  b a l a n c e d  b y  p u t t i n g  a  constraint o n  t h e  
c a r d ~ n a l  p o i n t  a t  t h e  S B t s m a l l  b o r e )  t o u a r d s  t h e  b r a c e  
s  1 de . 
To oppose  t h e  -Y l o a d  an SPC S e t  mas p u t  o n  t h e  n u t  s i d e  
o f  LB c a u s r n g  a  moment u h l c h  c o u l d  b e  o p p o s e d  b y  an SPC 
o n  t h e  h e a d  Side o f  SB. 

To oppose  t h e  -2 l o a d  t h e  c a r d i n a l  p o i n t s  t o w a r d  t h e  
n e a r  s ~ d e  o f  b o t h  b o r e s ,  c o n s t r a i n t s  mere p u t  o n  t h e  n e a r  
s l d e  o f  b o t h  LB and SB. To oppose  t h e  moment i n  Z f o r c e s  
a b o u t  t h e  X - a x i s .  a  c o n s t r a i n t  was a p p l i e d  a t  t h e  
d  1 s t  a n t  eage.  

I n  p a r t i c u l d r ,  t h e  i n l t i a l  c o m b i n a t i o n  o f  SPC s e t s  con -  
s  I s t e d  o f :  
( a )  a  f u l l  a r r a y  o f  3 p a i r s  o f  p o i n t s  ( n u t  s u r f a c e .  mean 
s u r f a c e ,  and h e a d  s u r f a c e )  o n  t h e  SB b r a c e  l o c a t i o n  f o r  
X r e a c t i o n .  
( b )  a  f u l l  c o l u m n  o f  3 p o i n t s  ( n u t ,  mean, and  h e a d )  o n  
t h e  LB open  l o c a t ~ o n  f o r  X r e a c t i o n .  
( c )  a 270 d e g r e e  a r c  o f  p o i n t s  f r o m  " n e a r "  a r c u n d  
" b r a c e "  t o  " d i s t a n t "  o n  t h e  h e a d  s u r f a c e  a r o u n d  SB f o r  
Y r e a c t  r o n .  
: d )  a  270 d p g r e e  a r c  o f  p o i n t s  f r o m  " n e a r "  a r o u n a  "open"  
s i d e  t o  " d i s t a n t "  o n  t h e  n u t  s u r f a c e  a r o u n d  LB f o r  Y 
r e a c t  I o n .  
( e l  a  l ~ n e  o f  p o i n t s  on  t h e  " d i s t a n t "  edge  b e y o n d  SB 
f o r  Mx r e a c t i o n .  
t f  1 a  f u l l  a r r a y  o f  3 p a i r s  o f  p o l n t s  on  t h e  SB n e a c  
s r d e  f o r  2 r e a c t i o n .  
( g )  a  f u l l  c o l u m n  o f  3 p o i n t s  o n  t h e  LB n e a r  s i d e  f o r  
Z r e a c t i o n .  

The r e s u l t s  showed a  number o f  p l a c e s  t h a t  w e r e  p u l l  i n g .  
b u t  t h e  one g i v i n g  t h e  g r e a t e S ~  o f f e n s e  u a s  t h e  l ~ n e  
o f  p o i n t s  o n  t n e  d i s t a n t  edge .  

The f l r s t  m o d i f i c a t i o n  t r i e d  t o  t e m p e r  t h e  e f f e c t  o f  
t h e  d r s t a n t  eCge b y  r n t r o d u c i n g  an add i t  i o n a l  c o n s t r a i n t  
on  t h e  b r a c e  egde o p p o s i t e  SB* u h i l e  k e e p i n g  a l l  e l s e  
unchanged .  Tne r e s u l t s  showed n o  r e l i e f  i n  t h e  p u l l i n g  
o f  t h e  d r s t a n t  edge and o n l y  s l l g n t  c o r r e c t i o n  a r o u n d  
t h e  b o r e s .  

The s e c o n d  mod i f  r c a t  I o n  abandoned t h e  d l s t a n t  edge 1  i n e .  
The a r c  on  t h e  n u t  s u r f a c e  o f  L B  u a s  s h i f t e d  f r o a  270 
d e g r e e s  on t h e  open  s r d e  t o  180 d e g r e e s  o n  t h e  b r a c e  s i d e .  



The a r c  on t h e  head  s u r f a c e  o f  SB was r e d u c e d  t o  190 
d e g r e e s  on  t h e  b r a c e  s i d e .  
The t r i p l e t  o f  p o i n t s  o n  t h e  b r a c e  edge o f  SB r a s  r e d u c e d  
t o  a  p a i r .  
The r e s u l t i  were  c o n s i d e r a b l y  i m p r o u e d *  b u t  some p u l l i n g  
r n  Z persisted. 

The t h l r d  m o d ~ f l c a t i o n  r e d u c e d  3 p a i r s  i n  t h e  S B  n e a r  
s l d e  t o  t h e  u p p e r  2 p a i r s .  
The c o l u m n  o f  c o n s t r a i n t s  i n  LB n e a r  s i d e  w e r e  remoued.  
The t r i p l e t  o n  t h e  open  s i d e  o f  L B  u a s  r e d u c e d  t o  t h e  
u p p e r  p a i r .  
The r e s u l t s  shoued  t h e r e  was s t 1 1 1  p u l l i n g  i n  Y ,  and t h e  
Z p u s h l n q  magnitudes on  S B  were  h i g h .  

The f o u r t h  m o d l f l c a t l o n  r e d u c e d  t h e  188 d e g r e e  a r c  o n  t h e  
n u t  s u r f a c e  o f  LB t o  a  45 d e g r e e  a r c  o n  t h e  b r a c e  s i d e .  
The t r i p l e t  o n  t h e  n e a r  s i d e  o f  L B  u a s  r e s o t e d  t o  m o d e r a t e  
t h o s e  i n  SB. 
The r e s u l t s  were  c l o s e  b u t  t h e r e  u a s  some p u l l i n g  o n  t h e  
b r a c e  s i d e  o f  SB and o n  t h e  n e a r  s l d e  o f  LB. 

The f r f t h  m o d 1 f i c a t : o n  r e d u c e d  t h e  3 p a r r s  t o  t h e  
l o w e r  E p a i p s  on t h e  b r a c e  s i d e  o f  SB. 
The t r l p l e t  o n  t h e  n e a r  s i d e  o f  LB u a s  r e d u c e d  t o  t h e  
l o w e r  p a l r .  
The r e s u l t s  were  a d m i s s l b l e t  

I n  summary, t h e  n e t  o v e r a l l  c h a n g z  e n t a i l e d :  
r e d u c l n g  a f u l l  3 p a l r s  o f  SB b r a c e  s i d e  t o  t h e  l o w e r  2 

p a l r s ;  
r e d u c l n g  a  f u l !  t r l p l e t  o f  LB  open  s i d e  t o  t h e  u p p e r  

p a l r ;  
e l l m l n a t l n g  t h e  d i s t a n t  edge l i n e  and e n a b l i n g  a  p a i r  

o f  p o l n t s  on t h e  b r a c e  edge o f  SB; 
m o v l n g  t h e  LB 270 d e g r e e  a r c  on  t h e  open s i d e  o f  t h e  n u t  

s u r f a c e  t o  a  45 d e g r e e  a r c  on  t h e  b r a c e  s i d e  
o f  t h e  n u t  s u r f  ace; 

r e d u c ~ n g  a  f u l l  3 p a l r s  o f  SB n e a r  s i d e  t o  t h e  u p p e r  
2 p a i r s ;  

r e d u c l n g  a  f u l l  t r i p l e t  o f  LB  n e a r  s i d e  t o  t h e  l 0 w t r  
p a l r .  

T h r s  c u t  and t r y  me thod  u a s  a p p l i e d  t o  e v e r y  l o a d i n g  
case  ~ n  o r d e r  t o  a c h l e v e  admissibility. What k e p t  o n e  
g o l n g  was t h e  o p t l m i s t l c  c e r t a i n t y  t h a t  j u s t  one  more  
t r y  u o u l d  b r l n g  t h e  c o n s t r a i n t s  I n t o  l i n e .  Rnd j u s t  l i k e  
C h a r i l e  B r o u n ' s  t a s e b a l l  t e a m  s o m e t h i n g  u n e x p e c t e d  t u r n e e  
up e a c h  t l m e  t o  f r u z t r a t e  t h e  s u c c e s s  o f  t h e  n e x t  t r y .  
The n e x t  t h r e e  illustrations show t h e  s u r f a c e s  O n l y  o f  
t h e  s o l l d  e l e m e n t  m o d e l l r n g  u s e d  f o r  t h e  b r a c k e t  as 
u ~ e w e d  f r o m  3 different p o s l t ~ o n s .  
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The f o l l o u ~ n g  rllustration shows color contours of 
stresses from a slngle loadrng case. 
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CONCLUSIONS 

I n  c o n c l u s i o n  ~t is f a l r  t o  s a y  t h a t  t h e  me tnod  
w o r k s  and clues r e l ~ a b l e  results s l ~ g h t l y  c n  t h e  
c o n s e r v a t i v e  s i d e .  I t  s t r  11 l e a v e s  an e l e m e n t  o f  
u n c e r t a i n t y  as t o  w h e t h e r  t h e  honed  s e t  o f  c o n s t r a i n t s  
i s  u n i q u e ,  s i n c e  a  r e d u c e d  s e t  o f  w o r k i n g  l o c a t i o n s  was 
used .  Some s h i f t . 1 n g  s a y  t o  ~ n t e r c a r d i n a l  p o i n t s  m i g h t  
cause  some change i n  t h e  s t r e s s e s .  I n  s p i t e  o f  t h i s  
n a g g ~ n g  d o u b t ,  i t  c l a i m s  t o  b e  a  r e a s o n a b l y  good  
method.  I t  c a n  b e  t e s t e d  f u r t h e r  b y  r u n n i n g  a  s e t  o f  
u n i d i r e c t i o n a l  n o n l i n e a r  s p r l n g s  t o  o b t a i n  a  m,easure o f  
i t s  a p p r o x i m a t i o n s .  

Some comment m i g h t  be  made as t o  t h e  e f f ~ c i e n c y  o f  
t h e  c o m p u t i n g  t e c h n ~ q u e s ,  e . g .  B r u t e  F o r c e  as u a s  done 
h e r e  w h i c h  devot .ed a  c o ~ p l e t e  r u n  f o r  e v e r y  t r i a l .  2. 
C o n d e n s a t i o n  o f  a l l  p o ~ n t s  e x c e p t  b o u n d a r y  c a n d i d a t e s  
w i t h  r e s t a r t  o f  o n l y  t h e  m o d l f i e d  A - s e t .  3. S u b s t r u c t u r i n g  
w ~ t n  a  u n i t  s u b s t r u c t u r e  aSSlgn&?d t o  e a c h  c l u s t e r  o f  
b o u n d a r y  p o i n t s  and t n e  b u l k  t o  t v -e  p a r e n t  s t r u c t u r e .  
4. A t r u e  n o n l i n e a r  i n v e s t i g a t i o n  t o  r e c o v e r  t h e  magn i -  
t u d e s  o f  t h e  b o u n d a r y  f o r c e s  f o r  each  l o a d  c a s e  w i t h  a  
compan ion  r u n  o f  t h e  1  i n e a r  c a s e  w h i c h  u o u l d  t h e n  a p p l y  
t h e s e  b o u n d a r y  f o r c e s  f o r  a  l e n g t h y  S t r e s s  r e c o v e r y  
phase .  

The r e a s o n  t h a t  t h e  B r u t e  F o r c e  me thod  was Used i s  
t h a t  t h e  s t o r a g e  r e q u i r e d  t o  i m p l e m e n t  t h e  o t h e r  r o u t e s  
t a x e d  t h e  l i m i t e d  r e s o u r c e s  o f  t h e  V A X .  

The maxim t h a t  fits t h ~ s  s t o r y  i s :  t h a t  whenever  
t h e  mesh o f  a  model  i s  s o  f i n e  t h a t  a  b o r e  c a n ' t  b e  
r e p r e s e n t e d  as a  p o i n t ,  one mus t  be  p r e p a r e d  f o r  a  
c o n s i d e r a b l e  amount o f  e x t r a  c a r e  l f  t h e  s t r e s s e s  i n  
t i l e  r e g i o n  o f  t h e  b o u n d a r y  a r e  i m p o r t a n t .  I n  t h e  u o r d s  
o f  t h e  G r e a t  CPU: 

HE WHO MESHES FINE, 

FINDS A MESH. 
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