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INTRODUCTION 

The c o n t i n u a l l y  i n c r e a s i n g  power and economy of computers provides t h e  
s t r u c t u r a l  e n g i n e e r i n g  and mechanics community wi th  an  o p p o r t u n i t y  and c h a l -  
l e n g e  t o  make major advances i n  computer i n t e n s i v e  areas of a n a l y s i s ,  d e s i g n  
and n o n d e s t r u c t i v e  e v a l u a t i o n  of complex s t r u c t u r a l  systems.  C e r t a i n l y  t h e  
a v a i l a b i l i t y  of modern computers is making it possible t o  c o n s i d e r  i n c r e a s -  
i n g l y  l a r g e r  and more complex s t r u c t u r a l  a n a l y s e s .  S t a t e - o f - t h e - a r t  commer- 
c i a l  g r a d e  s o f t w a r e  is g e n e r a l l y  a v a i l a b l e  to  use  f o r  a n a l y z i n g  a v a r i e t y  of 
l i n e a r  and n o n l i n e a r  problems on l a r g e  mini or mainframe computers.  A t  t h e  
same t i m e ,  s t r u c t u r a l  a n a l y s i s  programs are be ing  "down s i z e d "  for use on per- 
s o n a l  computers.  

Y e t ,  g i v e n  a l l  of t h e s e  advances,  some impor tan t  and perhaps  even cr i t i -  
cal  problems are developing  which must be r e s o l v e d  if t h e  remarkable  improve- 
ments i n  computer-based a n a l y s i s  and d e s i g n  over t h e  past 10 y e a r s  are t o  
c o n t i n u e  and t h e  s t r u c t u r a l  e n g i n e e r i n g  community is to  t a k e  f u l l  advantage of 
t h e  new computing power. S e v e r a l  problems should  be b r i e f l y  mentioned. 

F i r s t ,  modern s t r u c t u r a l  a n a l y s i s  s o f t w a r e  is g e n e r a l l y  a p r o p r i e t a r y  
p r o d u c t  of a n  a c t i v e  and very  c o m p e t i t i v e  commercial s o f t w a r e  i n d u s t r y .  A s  
such  t h e  software is beyond t h e  c o n t r o l  o f  t h e  e n g i n e e r s  who are almost com- 
p l e t e l y  dependent  on it €or performing s t r u c t u r a l  a n a l y s i s  and des ign .  m u s ,  
t h e y  do n o t  d i r e c t l y  c o n t r o l  t h e  computer a n a l y s i s  and t h e r e f o r e  are n o t  able 
t o  f u l l y  unders tand  t h e  r e s u l t s  t h e y  o b t a i n .  A s  a consequence e n g i n e e r s  must 
rely on faith and earlier e x p e r i e n c e  wi th  g iven  s o f t w a r e  to  j u s t i f y  t h e i r  
a n a l y s e s  and subsequent  d e s i g n s .  

Second, t h e  software packages a v a i l a b l e  t o  t h e  e n g i n e e r i n g  community are 
enormously complex, so t h a t  even i f  s o u r c e  l i s t i n g  of t h e  programs were avail-  
able, f e w  e n g i n e e r s  would be able, much less w i l l i n g ,  t o  l e a r n  how t h e  program 
works. Thus, t h e  s h e a r  s i z e  and complexi ty  of t h e  software encourages b o t h  
t h e  u s e r  and t h e  s o f t w a r e  vendor t o  l e t  w e l l  enough a lone .  I n c r e m e n t a l  
changes i n  s o f t w a r e  are s u r p r i s i n g l y  d i f f i c u l t  and most software r e q u i r e s  
almost cont inuous  s u p p o r t  by a t e c h n i c a l  s t a f f .  

A s  a r e s u l t  l i t t l e  i n c e n t i v e  e x i s t s  for e i t h e r  e n g i n e e r s  or software 
f i r m s  t o  push for  major m o d i f i c a t i o n s  i n  e x i s t i n g  s o f t w a r e  or t o  develop  fun- 
damenta l ly  new and more powerful  software. Unfor tuna te ly ,  i n  a d d i t i o n  t o  
b e i n g  hampered by s i z e  and complexi ty ,  t o d a y ' s  software is a p r o d u c t  developed 
for y e s t e r d a y ' s  computers.  For example, most programs are w r i t t e n  u s i n g  logic 
d e s i g n e d  around one-dimensional a r r a y s  t o  store compacted s t i f f n e s s e s  and 
column s o l u t i o n  t e c h n i q u e s  t o  solve e q u a t i o n s  i n  o r d e r  t o  minimize s t o r a g e  
requi rements .  However, modern computers have almost u n l i m i t e d  ( v i r t u a l )  
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memory and a r r a y  processors which would be more e f f e c t i v e l y  used i f  t h e  s o f t -  
ware had a d i f f e r e n t  program a r c h i t e c t u r e .  Thus, much of t o d a y ' s  s t r u c t u r a l  
a n a l y s i s  s o f t w a r e  is unable  t o  t a k e  E u l l  advantage  of t h e  most advanced com- 
p u t i n g  machinery. A major r e v i s i o n  of an  e x i s t i n g  program is  a tremendous 
u n d e r t a k i n g  and, i f  developed,  may have s i g n i f i c a n t  short-term costs to  b o t h  
t h e  s o f t w a r e  deve loper  and t h e  u s e r .  

F i n a l l y ,  it should  be recognized  t h a t  a number of " r e s e a r c h "  areas i n  
s t r u c t u r a l  mechanics have reached t h e  development stage and are s t a r t i ng  to  be 
used by t h e  s t r u c t u r a l  e n g i n e e r i n g  p r o f e s s i o n .  Examples are s t r u c t u r a l  l i f e  
p r e d i c t i o n s  u s i n g  f r a c t u r e  mechanics,  s t r u c t u r a l  system i d e n t i f i c a t i o n ,  s t r u c -  
t u r a l  d e s i g n  o p t i m i z a t i o n ,  semi-automated, a d a p t i v e  computer modeling, and t h e  
a n a l y s i s  of i n f i n i t e  domain problems. The development of t h e s e  areas has 
been and w i l l  c o n t i n u e  t o  be slowed u n t i l  t h e  t i m e  when t h e  n e c e s s a r y  a n a l y s i s  
techniques  become g e n e r a l l y  a v a i l a b l e  i n  commercial grade  programs. 

If  new g e n e r a t i o n  s o f t w a r e  is  to  have maximum impact on t h e  s t r u c t u r a l  
e n g i n e e r i n g  p r o f e s s i o n  it must be c o n f i g u r e d  so t h a t  basic a n a l y s i s  can be 
used as a tool i n  a more g e n e r a l  comprehensive e n g i n e e r i n g  program. The s o f t -  
ware a lso should  be as adaptable as p o s s i b l e  t o  the e v o l u t i o n  of computing 
machinery.  

I t  is  t h e  purpose of t h i s  p r e s e n t a t i o n  t o  provide some areas of s t r u c -  
t u r a l  e n g i n e e r i n g  which are n o t  w e l l  se rved  by t o d a y ' s  software and which 
should  be g i v e n  s e r i o u s  a t t e n t i o n  by d e v e l o p e r s  of f u t u r e  s t r u c t u r a l  a n a l y s i s  
programs. I n  keeping  wi th  t h e  theme of t h i s  workshop s e s s i o n ,  several aspects 
of  g l o h a l - l o c a l  stress a n a l y s i s  w i l l  be d i s c u s s e d ,  w i t h  a t t e n t i o n  drawn to  
both  t h e  n a t u r e  of t h e  problem and t h e  t y p e  of computa t iona l  s o f t w a r e  which 
s h o u l d  be developed to  i n v e s t i g a t e  t h e  problem. 

BASELINE MODELING CONCEPTS 

Perhaps the most d i f f i c u l t  d e c i s i o n  the e n g i n e e r  a n a l y s t  must make is  t h e  
c h o i c e  of t h e  proper  mathematical  model f o r  u s e  i n  i n v e s t i g a t i n g  s t r u c t u r a l  
b e h a v i o r  ( f i g .  1) .  G e n e r a l l y  t h e  a n a l y s t  inust choose f i r s t  t h e  d imens iona l  
l e v e l  of t h e  model, e.g., l-D ( t russ /beam)  t e c h n i c a l  t h e o r y ,  2-D t e c h n i c a l  
t h e o r y ,  2-D continuum modeling, and 3-D continuum modeling or a model composed 
of a mixture  of some or a l l  o f  t h e  above. A major c o n s i d e r a t i o n  i n  t h i s  
c h o i c e  i s  t h e  a v a i l a b l e  computer e lement  l i b r a r y  (which, for most programs is 
r e a s o n a b l y  complete) and t h e  performance of g i v e n  f i n i t e  e lements .  Also,  
elements  and/or  procedures  f o r  i n t e r f a c i n g  d i f f e r e n t  t y p e s  of  e lement  t y p e s  
are very  i m p o r t a n t  f o r  problems where mixed e lement  t y p e s  are to  be used.  

The a n a l y s t  must also s p e c i f y  t h e  l e v e l  of p h y s i c s  t o  be treated by the  
computer program, e s p e c i a l l y  t h e  material c o n s t i t u e n c y ,  t h e  e f f e c t  of i n i t i a l  
stress, l a r g e  motion ( s t a b i l i t y ) ,  dynamical response  and n o n l i n e a r  e f f e c t s .  
The a n a l y s t  should  be f r e e  t o  i n v e s t i g a t e  a l l  t h e s e  e f f e c t s  i f  n e c e s s a r y  and 
n o t  be c o n s t r a i n e d  by l i m i t s  on the  f e a t u r e s  of a g i v e n  software package 
(e.g. ,  l a c k  of a geometr ic  s t i f f n e s s  m a t r i x  f o r  a 3-D continuum f i n i t e  ele- 
ment) .  As may be shown w i t h  a number of systems,  s t r u c t u r a l  behavior  may 
i n i t i a l l y  be l i n e a r ,  e las t ic  and even q u a s i s t a t i c  i n  n a t u r e  under g i v e n  l o a d s ,  
b u t  g i v e n  " s n a l l "  changes i n  c o n f i g u r a t i o n ,  such as a h o l e  or notch  i n  a 
c r i t i c a l  s e c t i o n ,  t h e  problem may be fundamenta l ly  d i f f e r e n t  i n v o l v i n g  
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n o n l i n e a r  e las toplast ic  response ,  large deformat ion  and l e a d i n g  to  large-scale 
f a i l u r e .  

Thus t o  i n v e s t i g a t e  a system thoroughly  t h e  a n a l y s t  needs t o  have access 
t o  a very  complete a n a l y s i s  package i n v o l v i n g  comprehensive p h y s i c s  and numer- 
i c a l  modeling. 

The e f f e c t i v e  use of  modern f i n i t e - e l e m e n t  s o f t w a r e  depends on t h e  basic 
s k i l l  of t h e  a n a l y s t / e n g i n e e r ,  who may be tempted t o  replace i n s i g h t  and basic 
knowledge of s t r u c t u r a l  a n a l y s i s  w i t h  d e g r e e s  of freedom (DOF'S). Such ana l -  
y s e s  f i r s t  of a l l  cost more t h a n  is necessary .  To make matters worse large 
DOF models w i t h  e x c e l l e n t  g r a p h i c a l  c h a r a c t e r i s t i c s  may c o n t a i n  l o w  r e s o l u t i o n  
p h y s i c s .  (However, t h r e e  d imens iona l  models may be much easier to  present t o  
c l i e n t s  or company e x e c u t i v e s ! )  

Cons ider  t h e  c a n t i l e v e r  beam shown i n  f i g u r e  2. The simple 2 DOF model 
gives e x c e l l e n t  beam d e f l e c t i o n s  from which t h e  t r a i n e d  e n g i n e e r  can o b t a i n  a 
w e a l t h  of  a c c u r a t e  stress d a t a .  The p l a n a r  96 DOF model is  i n  many respects 
less accurate. For example, t h e  ( e x a c t )  c u b i c  lateral  d i s p l a c e m e n t  is  o n l y  
approximate ly  modeled by a series of parabolas. The stresses n e a r  t h e  t i p  and 
n e a r  t h e  l e f t  end are c a p t u r e d  wi th  l i t t l e ,  i f  any, a d d i t i o n a l  p r e c i s i o n .  The 
192 DOF p l a n a r  model is ,  i f  anyth ing ,  less precise t h a n  t h e  96 DOF model s i n c e  
lower p r e c i s i o n  4 node e lements  are be ing  used. F i n a l l y ,  t h e  complex 3-D 
model w i t h  768 DOF is  s t i l l  less a c c u r a t e  s i n c e  t h e  p l a n e  stress assumption is 
no l o n g e r  b u i l t  i n  t o  t h e  model and now must be o b t a i n e d  (approximate ly)  
th rough t h e  s o l u t i o n  of a large system of e q u a t i o n s .  

This  example shows t h e  e f f i c i e n c y  t h a t  can be achieved  u s i n g  a w e l l -  
thought -out  f i n i t e - e l e m e n t  model b u t  it also shows some d i f f i c u l t i e s  t h a t  can 
r e s u l t .  The d e c e p t i v e  ease w i t h  which s o f t w a r e  can be used i n v i t e s  abuse by 
unwary or p o o r l y  t r a i n e d  u s e r s .  I t  is  t h e  a u t h o r ' s  o p i n i o n  t h a t  some 
( o p t i o n a l )  d i a g n o s t i c s  should  be a v a i l a b l e  t o  warn or guide  u s e r s  i n  t h e  
g e n e r a t i o n  of f i n i t e - e l e m e n t  models. 

o n e  of  t h e  most common u s e s  of f i n i t e - e l e m e n t  a n a l y s i s  is to  i n v e s t i g a t e  
t h e  behavior  of s t r u c t u r e s  i n  t h e  v i c i n i t y  of sudden v a r i a t i o n s  i n  s t r u c t u r a l  
geometry or c o n f i g u r a t i o n  i n  which s i n q u l a r i t i e s  i n  t h e  stress f i e l d  or stress 
c o n c e n t r a t i o n s  may occur .  This area of  a n a l y s i s  w i l l  be termed n e a r - f i e l d  
modeling ( f i g .  3 ) .  Two d i f f e r e n t  approaches for i n v e s t i g a t i n g  t h e  behavior  of 
s t r u c t u r e s  i n  t h e  v i c i n i t y  of stress c o n c e n t r a t i o n s  ref lect  basic c o n c e p t s  
g l o b a l - l o c a l  stress a n a l y s i s .  I n  t h e  f i r s t  approach,  t h e  f i n i t e - e l e m e n t  model 
of the g e n e r a l  s t r u c t u r e  away from the area of stress c o n c e n t r a t i o n  ( a  h o l e  i n  
f ig .  3)  i s  coupled w i t h  a n  a n a l y t i c a l  s o l u t i o n  [ l l .  The f i n i t e - e l e m e n t  model 
may or may n o t  ex tend  i n t o  t h e  r e g i o n  
s o l u t i o n .  For t h e  problem shown t h e  a n a l y t i c  stress f i e l d  is  i n  t h e  form of 
K i r s h ' s  s o l u t i o n  [21 w i t h  a n  unknown stress f a c t o r  u # uo. The i n t e r a c t i o n  
between t h e  e x t e r i o r  f i n i t e - e l e m e n t  model and t h e  i n t e r i o r  a n a l y t i c a l  model i s  
used t o  f i n d  u as w e l l  as t h e  nodal d isp lacements  and i n t e r n a l  stresses i n  
t h e  e x t e r i o r  g r i d .  

R < RL i n f l u e n c e d  by t h e  a n a l y t i c a l  

- 
- 

The approach r e q u i r e s  a n  a n a l y t i c a l  s o l u t i o n  simple enough t o  be e f f e c -  
t i v e l y  used i n  a computer a n a l y s i s ,  This approach appears t o  be l imited t o  
p r i m a r i l y  isotropic homogeneous elastic s t r u c t u r e s  w i t h  v e r y  simple stress 
c o n c e n t r a t i o n s ,  and for  simple l o a d i n g s .  
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C u r r e n t  software packages g e n e r a l l y  d o  n o t  c o n t a i n  a l i b r a r y  of a n a l y t i -  
cal  s o l u t i o n s  and, i f  t h e  numerical  and a n a l y t i c a l  r e g i o n s  o v e r l a p ,  may n o t  
have t h e  c a p a b i l i t y  f o r  g e n e r a t i n g  and s o l v i n g  t h e  necessary  e q u a t i o n s  of 
e q u i l i b r i u m .  

A d i f f e r e n t  approach to  s o l v i n g  t h e  same problem is t o  s imply model t h e  
e n t i r e  s t r u c t u r e  with a f i n i t e - e l e m e n t  model u s i n g  a mesh which is s u f f i -  
c i e n t l y  f i n e l y  zoned n e a r  t h e  h o l e  t o  c a p t u r e  t h e  stress c o n c e n t r a t i o n  
( f i g .  4 ) .  The g e n e r a t i o n  of such a mesh r e q u i r e s  a basic unders tanding  of t h e  
p h y s i c s  of t h e  stress c o n c e n t r a t i o n ,  e s p e c i a l l y  t h e  c h a r a c t e r i s t i c  l e n g t h s  of 
t h e  decay of t h e  stress c o n c e n t r a t i o n ,  and a l so  a good unders tanding  of t h e  
capabi l i t ies  of t h e  f i n i t e  e lements  chosen t o  model t h e  s t r u c t u r e .  

An assessment  of t h e  q u a l i t y  of t h e  f i n i t e - e l e m e n t  model may be d i f f i c u l t  
i f  t h e  a n a l y s t  h a s  a l i m i t e d  unders tanding  of  t h e  f i n i t e  e lements  b e i n g  used 
t o  r e p r e s e n t  t h e  p h y s i c s ,  i .e.,  a problem i f  t h e  a n a l y s t  is u s i n g  a program as 
a "black box. 'I 

I n  o r d e r  to  check f o r  a v a l i d  s o l u t i o n  t h e  e n g i n e e r  o f t e n  u s e s  a f i n e r  
mesh t o  re -ana lyze  t he  problem e s p e c i a l l y  i n  t h e  v i c i n i t y  of t h e  a p p a r e n t  
s i n g u l a r i t y  i n d i c a t e d  from t h e  p r e v i o u s  s o l u t i o n .  T h i s  " f i e l d "  a p p l i c a t i o n  of 
t h e  p a t c h  test  is commonly used t o  check t h e  convergence c h a r a c t e r i s t i c s  of a 
computer s i m u l a t i o n .  I t  would be h e l p f u l  i f  it were n e c e s s a r y  t o  g e n e r a t e  
only t h e  data i n  the  r e v i s e d  par t  of the s t r u c t u r e  and the data g e n e r a t e d  for 
t h e  unchanged par t  could  be reused.  T h i s  is a simple t a s k  and y e t  one which 
is n o t  commonly a v a i l a b l e  i n  commercial computer programs. T h i s  f e a t u r e  may 
become q u i t e  i m p o r t a n t  i f  t h e  p h y s i c s  is  more compl ica ted  t h a n  f i r s t  believed, 
such as might be t h e  case i f  a c e n t r a l  s t i f f e n e r  were p r e s e n t ,  which would 
force t h e  a n a l y s t  to c o n s i d e r  t h e  stress c o n c e n t r a t i o n  due t o  t h e  h o l e  and t h e  
nearby s h e a r  l a g  problem due t o  t h e  i n t e r r u p t e d  s t i f f e n e r .  

The problem of a n a l y z i n g  systems i n  which a par t  of t h e  system i n v o l v e s  
an  i n f i n i t e  or s e m i - i n f i n i t e  continuum is  a p e r p l e x i n g  and d i f f i c u l t  problem, 
s i n c e  a n  u n l i m i t e d  number of f i n i t e  e lements  may be needed t o  model t h e  com- 
plete  system. The idea of  us ing  a n  a n a l y t i c a l  s o l u t i o n  f o r  f a r - f i e l d  b e h a v i o r  
t o g e t h e r  wi th  a f i n i t e - e l e m e n t  model of t h e  n e a r - f i e l d  s t r u c t u r e  is a compel- 
l i n g  one and has  been used by a number of  a u t h o r s  [3,41. 
d e n o t e s  t h e  o u t e r  r a d i u s  of t h e  f i n i t e - e l e m e n t  model. 

I n  f i g u r e  5, RM 

As i n  t h e  n e a r - f i e l d  problem, an  a n a l y t i c a l  s o l u t i o n  t h a t  can be e f f e c -  
t i v e l y  u t i l i z e d  i n  t h e  c o n t e x t  of a f i n i t e - e l e m e n t  a n a l y s i s  is  r e q u i r e d .  The 
need €or u s i n g  a n  a n a l y t i c a l  s o l u t i o n  h a s  r e s t r i c t e d  t h e  method to  problems 
i n v o l v i n g  e l a s t i c  i s o t r o p i c  homogeneous media and to  a r e l a t i v e l y  small class 
of s t a t i c  or f o r c e d  v i b r a t i o n  problems. R e c e n t l y  e f f o r t s  have been under taken  
to  g e n e r a l i z e  t h e  method to  problems where the medium was o r t h o t r o p i c  or 
l a y e r e d  u s i n g  f i n i t e - e l e m e n t  s o l u t i o n s  €or t h e  f a r - f i e l d  response  of  l a y e r e d  
media i n  place oE a n a l y t i c a l  f u n c t i o n s .  

I n  t h i s  approach,  a n a l y t i c a l  s o l u t i o n s  may have a number of terms, each 
w i t h  some c h a r a c t e r i s t i c  f a c t o r  Fi 
load.  A s  i n  t h e  n e a r - f i e l d  case, t h e  r e g i o n  of  t h e  a n a l y t i c a l  s o l u t i o n  may or 
may n o t  ex tend  i n t o  t h e  r e g i o n  of t h e  f i n i t e - e l e m e n t  model. 

which must be related to  t h e  a p p l i e d  

92 



The t e c h n i q u e  i s  n o t  e a s i l y  a p p l i e d  u s i n g  c o n v e n t i o n a l  f i n i t e - e l e m e n t  
a n a l y s i s  packages s i n c e  n e i t h e r  t h e  d e f i n i t i o n  of t h e  f a r - f i e l d  s o l u t i o n  n o r  
t h e  t e c h n i q u e s  f o r  matching t h e  Ein i te -e lement  g r i d  w i t h  t h e  f a r - f  i e l d  a n a l y t -  
i c a l  s o l u t i o n s  are c o n t a i n e d  i n  t h e  programs. 

The f a r - f i e l d  a n a l y s i s  problem i s  o f t e n  i n v e s t i g a t e d  by u s i n g  a s o - c a l l e d  
media i s l a n d  t o  t r ea t  s t r u c t u r e  media i n t e r a c t i o n  ( f i g .  6). The f i n i t e -  
e lement  model t y p i c a l l y  e x t e n d s  as f a r  as is economical ly  practical from t h e  
s i te  of i n t e r e s t .  On t h e  o u t e r  boundary, some special procedure  is used t o  
make t h e  boundary a t r a n s m i t t i n g  one,  i . e . ,  t o  permit outgoing  waves t o  p a s s  o u t  
of t h e  computa t iona l  g r i d  and e l i m i n a t e  s p u r i o u s  r e f l e c t i o n s  t h a t  might 
contaminate  t h e  s o l u t i o n .  T y p i c a l  boundary t r e a t m e n t s  are t o  u s e  dampers,  or  
special p a r a x i a l  boundary e lements  [51, or r e c e n t l y ,  t o  use  a s o - c a l l e d  boun- 
d a r y  zone s u p e r p o s i t i o n  zone [6,71 t o  trap and c a n c e l  s p u r i o u s  waves. 

The l a t t e r  method appears q u i t e  promising and r e q u i r e s  o n l y  some basic 
knowledge of  wave speeds  i n  t h e  boundary zone. The r e g i o n  i n  t h e  i n t e r i o r  may 
behave i n  a l i n e a r  or n o n l i n e a r  f a s h i o n .  An i m p o r t a n t  c h a r a c t e r i s t i c  of  t h e  
boundary zone s u p e r p o s i t i o n  method is t h a t  it is very  simple t o  program and 
may be used i n  p r i n c i p l e  wi th  any f i n i t e - e l e m e n t  s o f t w a r e  package. Unfor- 
t u n a t e l y ,  i n  practice t h i s  is  n o t  t h e  case s i n c e  t h e  a n a l y s t  may be u s i n g  
"b lack  box" s o f t w a r e  over which he h a s  no c o n t r o l .  

The development of a practical  tool €or n e a r - f i e l d / € a r - f i e l d  a n a l y s i s  h a s  
major i m p l i c a t i o n s  €or such  problems as ,  u s i n g  u l t r a s o n i c s  f o r  n o n d e s t r u c t i v e  
t e s t i n g ,  deve loping  s e n s o r / c o n t r o l  systems on very  l a r g e  s p a c e c r a f t ,  and 
s t u d y i n g  impact of  l a r g e  bodies ,  such as s p a c e c r a f t  and S h u t t l e - t y p e  t r a n s p o r t  
v e h i c l e s .  

The behavior  of  connec t ions  i n  s t r u c t u r e s  is a p e r s i s t e n t  problem f o r  
s t r u c t u r a l  e n g i n e e r s ,  e s p e c i a l l y  on s t r u c t u r e s  such as a space s t a t i o n  which 
may have hundreds or even thousands of  connec t ions .  Unl ike  terrestrial  
systems the c o n n e c t i o n s  on spacecraft may be v e r y  l i g h t l y  loaded and t h e r e f o r e  
p l a y  a v e r y  important role i n  de te rmining  s t r u c t u r a l  response  of the o v e r a l l  
system. The c o n n e c t i o n  is  a p h y s i c a l  stress c o n c e n t r a t i o n  (or  s u b s t r u c t u r e )  i n  
which 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  may be q u i t e  complex ( f i g .  7 ) .  Y e t  for 
purposes  of a n a l y z i n g  a v e r y  l a r g e  system t h e  h i g h l y  r e s o l v e d  behavior  of  a 
c o n n e c t i o n  must be c o n s i s t e n t l y  and a p p r o p r i a t e l y  reduced t o  a leve l  usable 
€or t h e  a n a l y s i s  of t h e  large-scale system. 

The development of a simple s u b s t r u c t u r e  model which g i v e s  t h e  e s s e n t i a l  
behavior  of t h e  s u b s t r u c t u r e  i n  a global system is a n o n - t r i v i a l  t a s k .  C e r -  
t a i n l y  "downsizing" a h i g h l y  r e s o l v e d  model of  a connec t ion  t o  a much simpler 
model s u i t a b l e  f o r  u s e  i n  a global a n a l y s i s  should  be based on a c o n s i s t e n t  
f o r m u l a t i o n  i n  which o v e r a l l  i n t e r n a l  energy  under s p e c i f i c  deformat ion  pat- 
t e r n s  is main ta ined ,  and t h e  model should  account  f o r  appropriate r igid-body 
behavior .  

The u s e  of connect ion  e lements  h a s  been i n c o r p o r a t e d  i n  a number of 
f i n i t e - e l e m e n t  programs, e s p e c i a l l y  €or u s e  i n  p i p i n g  a n a l y s e s  i n  t h e  n u c l e a r  
power i n d u s t r y .  However ,  t h e  s o f t w a r e  for a n  a n a l y s i s  such  as d e s c r i b e d  for  
t h e  connec t ion  w i l l  have to  have t h e  c a p a b i l i t y  of g i v i n g  t h e  u s e r  c o n t r o l  
o v e r  t h e  d e f i n i t i o n  of  t h e  e lement  (as compared to  having access to  one of  
several basic connect ion  e lements  i n  a g e n e r a l  e lement  l i b r a r y ) .  
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A d i f f e r e n t  t y p e  of  s u b s t r u c t u r e  problem which is encountered i n  g l o b a l -  
local f i n i t e - e l e m e n t  a n a l y s i s  is  t h e  case where t h e  impor tan t  p h y s i c s  is  i n  a 
small r e g i o n  of a l a r g e  s t r u c t u r e  ( f i g .  8). T h i s  is t h e  t y p i c a l  case i n  a 
problem i n v o l v i n g  t h e  a n a l y s i s  of crack growth u s i n g  f r a c t u r e  mechanics. I n  
order to  de termine  t h e  rate a t  which t h e  c r a c k  shown on t h e  s t r u c t u r e  w i l l  
grow g i v e n  a p p l i e d  c y c l i c  l o a d i n g s ,  t h e  stress i n t e n s i t y  f a c t o r  a t  t h e  f r o n t  
of t h e  c r a c k  must be determined f o r  t h e  c r a c k  as it grows d u r i n g  l o a d i n g ,  or 
a l t e r n a t i v e l y ,  t h e  s t r a i n  energy  release rate. This is accomplished by 
a n a l y z i n g  t h e  s t r u c t u r e  wi th  a g i v e n  l e n g t h  of  c r a c k ,  and t h e n  r e l e a s i n g  t h e  
connec t ion  between e lements  a t  t h e  t i p  of t h e  c r a c k  ( a l l o w i n g  i t  to  advance 
f o r  one e lement )  and r e a n a l y z i n g  t h e  s t r u c t u r e .  

This  procedure  amounts t o  a model r e v i s i o n ;  t h u s ,  t h e  e n t i r e  s t r u c t u r a l  
a n a l y s i s  problem must be r e e s t a b l i s h e d  and reso lved .  T h i s  is o n l y  p r a c t i c a l  
on a l a r g e  system i n v o l v i n g  many thousands of D O F ' s  i f  t h e  sur rounding  s t r u c -  
t u r e  is t r e a t e d  as a s u b s t r u c t u r e  and t h e  c r a c k  growth r e g i o n  as t h e  pr imary 
s t r u c t u r e  (which may be r e p e a t e d l y  modif ied t o  perform t h e  s t r a i n  energy  
release ra te  c a l c u l a t i o n ) .  T h i s  type  of a n a l y s i s  can be done u s i n g  a v a i l a b l e  
commercial software, b u t  o n l y  i n  a one-solut ion-at-a- t ime mode. It would be 
v e r y  h e l p f u l  i f  the  procedure  could  be c a r r i e d  forward i n  a semiautomatic 
manner t h a t  would r e q u i r e  s u b s t a n t i a l  software development. 

T h i s  a n a l y s i s  is  v e r y  i m p o r t a n t  i n  making s a f e - l i f e  p r e d i c t i o n s  for  
c r i t i c a l  components i n  a i r c r a f t  and spacecraft. Of c o u r s e ,  the problem is 
much more compl ica ted  i f  t h e  d i r e c t i o n  of c r a c k  growth is  unknown, since t h e  
f i n i t e - e l e m e n t  models of t h e  s u b s t r u c t u r e  and s t r u c t u r e  c o u l d  n o t  be d e t e r -  
mined prior t o  a n a l y s i s .  I n  s h o r t  t h e  f i n i t e - e l e m e n t  model would have t o  be 
a d a p t i v e .  

Based on t h e  comments i n  f i g u r e  8 it is  e v i d e n t  t h a t  f i n i t e - e l e m e n t  
modeling must be a d a p t i v e  i n  order t o  make s a f e - l i f e  p r e d i c t i o n s ,  a process 
which now i n v o l v e s  t h e  e n g i n e e r  a n a l y s t  d i r e c t l y .  I n  f a c t ,  c o n s i d e r a b l e  
r e s e a r c h  h a s  been done t o  develop  semi-automatic ,  a d a p t i v e  f i n i t e - e l e m e n t  mesh 
g e n e r a t o r s  [8-101. These procedures  operate i n  b a s i c a l l y  one of  t w o  ways, 
r e f i n e m e n t  of t h e  mesh i t s e l f ,  u s i n g  similar f i n i t e  e lements  the same o r d e r  of 
approximat ion  w i t h i n  each  element  (H-convergence),  or  l e a v i n g  t h e  g r i d  f i x e d  
b u t  r e f i n i n g  t h e  p h y s i c s  w i t h i n  each e lement  (P-convergence).  D i f f e r e n t  
s t r a t e g i e s  are used to  assess t h e  q u a l i t y  of  a s o l u t i o n  f o r  a g i v e n  f i n i t e -  
e lement  g r i d .  The same i n f o r m a t i o n  is t h e n  used t o  r e v i s e  t h e  model and 
improve t h e  s o l u t i o n .  

I n  response  t o  a test  problem proposed by NASA as a v e h i c l e  f o r  d i s c u s -  
s i o n  a t  t h e  workshop ( f i g .  9) a simple h i g h l y  i d e a l i z e d  model of t h e  s t r u c t u r e  
w a s  prepared by D r .  Paolo  Roberti and ana lyzed  u s i n g  h i s  a l g o r i t h m  [ l o ] .  T h i s  
a l g o r i t h m  uses  t r i a n g l e  c o n s t a n t  s t r a i n  f i n i t e  e lements  and H-convergence. 
The r e s u l t s  are remarkable ,  g i v i n g  almost a map of t h e  stress c o n c e n t r a t i o n  i n  
t h e  v i c i n i t y  of t h e  h o l e  i n  t h e  s t i f f e n e d  p a n e l ,  f i g u r e  10a-f.  O f  course, 
t h i s  a n a l y s i s  w a s  conducted o n l y  f o r  a l i n e a r  s t a t i c  s o l u t i o n .  I n  r e a l i t y ,  
t h e  presence  of the h o l e  i n  t h e  p a n e l  may l e a d  to  i n s t a b i l i t y  or even f a i l u r e .  
N e v e r t h e l e s s ,  t h e  a n a l y s i s  is  i m p o r t a n t  i n  deve loping  a f i n i t e - e l e m e n t  model 
wi th  a s p e c i f i e d  p r e c i s i o n .  

Approaches such  as t h i s  o n l y  h i n t  a t  t h e  tremendous problem s o l v i n g  power 
t h a t  can  be brought  t o  bear on s t r u c t u r a l  e n g i n e e r i n g  problems i f  t h e  software 
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a v a i l a b l e  can  be des igned  t o  be f l e x i b l e  enough to  adopt new and d i f f e r e n t  
concepts  i n  a n a l y s i s .  

CONCLUDING REMARKS 

The v a r i o u s  t y p e s  of  local-global f i n i t e - e l e m e n t  problems p o i n t  o u t  t h e  
need t o  d e v e l o p  a new g e n e r a t i o n  of software. F i r s t ,  t h i s  new s o f t w a r e  needs 
to  have a complete a n a l y s i s  c a p a b i l i t y ,  encompassing l i n e a r  and n o n l i n e a r  
a n a l y s i s  of  1-, 2-, and 3-dimensional f i n i t e - e l e m e n t  models, as w e l l  as mixed 
d imens iona l  models. The software must be c a p a b l e  of t r e a t i n g  s t a t i c  and  
dynamic ( v i b r a t i o n  and t r a n s i e n t  response)  problems, i n c l u d i n g  t h e  s t a b i l i t y  
e f f e c t s  of i n i t i a l  stress, and t h e  software should  be able t o  t rea t  b o t h  
e l a s t i c  and elasto-plastic materials. 

The software should  c a r r y  a set  of o p t i o n a l  d i a g n o s t i c s  t o  assist t h e  
program u s e r  d u r i n g  model g e n e r a t i o n  i n  order to  h e l p  avoid  obvious s t r u c t u r a l  
modeling errors. I n  a d d i t i o n ,  t h e  program software should  be w e l l  documented 
so t h e  u s e r  h a s  a complete t e c h n i c a l  r e f e r e n c e  f o r  each  t y p e  of  e lement  con- 
t a i n e d  i n  t h e  program l i b r a r y ,  i n c l u d i n g  i n f o r m a t i o n  on such topics as t h e  
t y p e  of numer ica l  i n t e g r a t i o n ,  use of u n d e r i n t e g r a t i o n ,  and i n c l u s i o n  of  
i n c o m p a t i b l e  modes, etc. Some packaged i n f o r m a t i o n  should  a lso be a v a i l a b l e  
to  assist t h e  u s e r  i n  b u i l d i n g  mixed-dimensional models. 

An i m p o r t a n t  advancement i n  f i n i t e - e l e m e n t  s o f t w a r e  should  be i n  t h e  
development of program modular i ty ,  so t h a t  t h e  u s e r  can select from a menu 
v a r i o u s  basic o p e r a t i o n s  i n  m a t r i x  s t r u c t u r a l  a n a l y s i s ,  i n c l u d i n g  m a t r i x  for- 
mula t ion  and storage, assembly ( b y  r o w  or column),  s o l u t i o n  ( b y  r o w ,  column or 
wave f r o n t ) ,  and method of  t i m e  i n t e g r a t i o n .  Most i m p o r t a n t ,  t h e  s o f t w a r e  
s h o u l d  permit t h e  u s e r / a n a l y s t  t o  l i n k  t o  t h e  computer program h i s  own spe- 
c i a l i z e d  sof tware .  U s e r  programs might i n c l u d e  f o r m u l a t i o n  of  ( s u b s t r u c t u r e )  
s t i f f n e s s  matrices, s p e c i a l i z e d  s o l u t i o n  packages ( m a t r i x  i n v e r s i o n ,  p a r t i a l  
i n v e r s i o n ) ,  t i m e  i n t e g r a t i o n  and, for n o n l i n e a r  problems, i n p u t  of d i f f e r e n t  
t y p e s  of materials. 

The n e x t  g e n e r a t i o n  of  f i n i t e - e l e m e n t  s o f t w a r e  a l so  should  be developed 
w i t h  t he  idea of a n a l y s i s  s e r v i n g  as a basic tool  i n  d e s i g n ,  system i d e n t i -  
f i c a t i o n  and o p t i m i z a t i o n .  

The implementat ion of a d a p t i v e  f i n i t e - e l e m e n t  modeling t e c h n i q u e s  i n  com- 
mercial grade  software w i l l  have a major impact on t h e  s t r u c t u r a l  e n g i n e e r i n g  
community which now i n v e s t s  a s i g n i f i c a n t  e f f o r t  on basic a n a l y s i s ,  e s p e c i a l l y  
i n  t h e  modeling, s o l u t i o n ,  and remodel ing c y c l e .  A number of problems i n  non- 
l i n e a r  s t r u c t u r a l  a n a l y s i s  w i l l  a lso b e n e f i t  from a d a p t i v e  computer modeling, 
such  as making s a f e - l i f e  p r e d i c t i o n s  €or s t r u c t u r e s  u s i n g  f r a c t u r e  mechanics 
concepts .  

Hopeful ly ,  a new g e n e r a t i o n  of  s o f t w a r e  can  be developed w i t h  many, i f  
n o t  a l l ,  of t h e  f e a t u r e s  d e s c r i b e d .  I f  it is  possible to  do so, then  s t r u c -  
t u r a l  a n a l y s i s  s o f t w a r e  w i l l  become a much more complete, versati le and 
re l iable  tool  f o r  t h e  s t r u c t u r a l  engineer .  
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BASELINE MODELING CONCEPTS 

I 
Dimensional Level of Model 

- Technical Theory 

1-'D Truss/Beam 

21- D Panel/PIate/Shell 

- Continuum Representation 

2- D Plane Stress, Plane Strain 

nth order Symmetry 

31- D 

Physical Requirements of Model 

- Material (Elastic, Plastic, Anisotropic) 

- Initial Stress (Stability) 

- Dynamics (Vibration, Transient Analysis) 

- Nonlinear (Large Deformation, Separation) 

FINITE-ELEMENT MODELING 

- Which Model is Better? 

BEAM dp PLANAR 2-D 1, * 2 D O F  

rITIiIiIIIiIT-11 96D0F 
4 P  

PLANAR 2-D 

P 

P 

192 DOF 

768 DOF 

Figure 1 Figure 2 
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NEAR-FIELD MODELING 

Singularities/Stress Cmcentrations 

- Finite-Element Model with Near-Field 

Analytical Solution 

- Analytical Solution(s1 Required 

Capable of Being Evaluated and Utilized 

- Restricts Approach to  

Isotropic, Homogeneous Elastic Systems, 

Very Simple Regions, Simple Loadings, 

Statical Problems, or Forced Vibrations 

- Finite-Element Modeling with Mesh 

Refinement 

Understanding of Characteristic Lengths of 

Physical Processes Required 

Evaluation of Model, Solution Difficult 

Model Refinement Capability Important 

Figure  3 Figure  4 
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FAR-FIELD MODELING 

Finite Structure Imbedded in Infinite Continuum 

- Finite Element Model with Far Field 

Analytical Solution 

Analytical Solution(s) Required 

Capable of Being Evaluated and Utilized 

Restricted to Isotropic Homogeneous Elastic 

Far Field, Static or Forced Vibration 

F i g u r e  5 

-Finite-Element Model In Continuum Island 

\ 

J 
RADIATION 

B. C. 

Formulation Requires Special Boundary 

Conditions to Insure Radiation 

Dampers 

Reflecting Zones 

Knowledge of Wave Transmitting 

Characteristics of Medium Required 

F i g u r e  6 
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SUBSTRUCTURE CONCEPTS 

Use of Highly Resolved Models 

- Imbedded Substructures 

I '* 

- Surrounding Substructure 

CRACKGROWTH 
REGION 

Figure 7 Figure 8 
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ADAPTIVE FINITE ELEMENT MODELING 

BLADE-STIFFENED PANEL WITH DISCONTINUOUS STIFFENER 

IP 
UNIFORM END SHORTENING 

\ 

RESULTS OF ROBERTI'S ALGORITHM FOR 
SUCCESSIVELY REFINED MESHES TO 
CAPTURE STRESS CONCENTRATIONS 

IN NASA TEST PROBLEM 

b 

F i g u r e  9 

C 

d 

e 

f 

F i g u r e  10 
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