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INTRODUCTION 

D i s c o n t i n u i t i e s  and e c c e n t r i c i t i e s  are u s u a l l y  p r e s e n t  i n  p r a c t i c a l  
s t r u c t u r e s .  I n  a d d i t i o n ,  p o t e n t i a l  damage of  o t h e r w i s e  p e r f e c t  s t r u c t u r e s  is o f t e n  
a n  i m p o r t a n t  d e s i g n  c o n s i d e r a t i o n .  P r e d i c t i n g  t h e  s t r u c t u r a l  r e s p o n s e  i n  t h e  
p r e s e n c e  o f  d i s c o n t i n u i t i e s ,  e c c e n t r i c i t i e s ,  and damage is p a r t i c u l a r l y  d i f f i c u l t  
when the component is b u i l t  from graphi te-epoxy materials o r  is l o a d e d  i n t o  t h e  
n o n l i n e a r  range.  Recent  i n t e r e s t  i n  a p p l y i n g  graphi te-epoxy materials t o  a i r c ra f t  
p r imary  s t r u c t u r e s  has l e d  t o  s e v e r a l  s t u d i e s  of p o s t b u c k l i n g  b e h a v i o r  and f a i l u r e  
character is t ics  o f  graphi te-epoxy s t r u c t u r a l  components ( e .g . ,  refs. 1-31. 
However, these s t u d i e s  c o n c e n t r a t e d  on two t o p i c s :  p r e d i c t i o n  o f  t h e  o v e r a l l  
r e s p o n s e  of  composi te  s t r u c t u r a l  components i n  the p o s t b u c k l i n g  r ange  or f a i l u r e  
mechanisms and a n a l y t i c a l  f a i l u r e  p r e d i c t i o n  t e c h n i q u e s  for  f i b r o u s  composite 
materials. The problem o f  c a l c u l a t i n g  detai led stress d i s t r i b u t i o n s  around 
d i s c o n t i n u i t i e s  i n  buck led ,  composi te  s t r u c t u r a l  components f o r  u s e  w i t h  t h e  
v a r i o u s  a n a l y t i c a l  f a i l u r e  p r e d i c t i o n  t e c h n i q u e s  h a s  n o t  been tho rough ly  exp lo red .  

The pu rpose  of t h i s  pape r  i s  t h e  a p p l i c a t i o n  of computa t iona l  methods t o  t he  
de t a i l ed  stress a n a l y s i s  problem which is t h e  f o c u s  o f  t h i s  s e s s i o n  o f  t h e  
workshop. One approach t o  uncove r ing  t h e  d i f f i c u l t i e s  o f  t h i s  t y p e  of a n a l y s i s  and 
t o  p r o v i d i n g  s p e c i f i c  d i r e c t i o n s  f o r  f u t u r e  research i n  t h i s  area is a d i r ec t  
a t t ack  on the  problem u s i n g  c u r r e n t l y  a v a i l a b l e  a n a l y s i s  tools. A c a n d i d a t e  
problem has been selected and t h e  remainder  o f  the pape r  describes e x p e r i e n c e s  from 
c a l c u l a t i n g  its s t r u c t u r a l  r e sponse .  
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BLADE-STIFFENED GRAPHITE-EPOXY PANEL WITH A DISCONTINUOUS STIFFENER: 
FOCUS PROBLEM 

The f o c u s  problem f o r  the l o c a l / g l o b a l  stress a n a l y s i s  s e s s i o n  of  t h i s  
workshop is t o  d e t e r m i n e  t h e  n o n l i n e a r  r e sponse  o f  a f l a t  b l a d e - s t i f f e n e d  g r a p h i t e -  
epoxy p a n e l  w i t h  a d i s c o n t i n u o u s  s t i f f e n e r .  
T300/5208 graphi te-epoxy wi th  a nominal p l y  t h i c k n e s s  o f  0.0055 i n .  T y p i c a l  l amina  
p r o p e r t i e s  f o r  t h i s  graphi te-epoxy system are 19,000 k s i  for t h e  l o n g i t u d i n a l  
Young's modulus, 1 ,890  k s i  f o r  t h e  t r a n s v e r s e  Young's modulus, 930 k s i  f o r  t h e  
shear modulus, and 0.38 f o r  t h e  major P o i s s o n ' s  r a t i o .  The p a n e l  s k i n  has 25 p l i e s  

[445/0, /545/0  /?45/0, /T45/0 , /+45/0,/545 1) and the  b l a d e  s t i f f e n e r s  have 24 p l i e s  [ [: f 45 10 ,, I T 4 5  1 . The o v e r a l l  l e n g t h  of t h e  p a n e l  is 30 i n . ,  the  o v e r a l l  width is 
11.5 i n . ,  s t i f f e n e r  s p a c i n g  is 4.5 i n . ,  s t i f f e n e r  h e i g h t  is 1.4 i n . ,  and t h e  h o l e  
diameter is  2 i n .  The l o a d i n g  is uniform a x i a l  compression. The l o a d e d  ends  of  
the  p a n e l  are  clamped and t h e  s ides  are f ree .  

The material sys tem f o r  t h e  p a n e l  is 

T h i s  problem was selected as  the  f o c u s  problem because  e x p e r i m e n t a l  r e s u l t s  
are  a v a i l a b l e  and because i t  has charac te r i s t ics  which o f t e n  r e q u i r e  a l o c a l / g l o b a l  
a n a l y s i s .  These charac te r i s t ics  i n c l u d e  a d i s c o n t i n u i t y ,  e c c e n t r i c  l o a d i n g ,  l a rge  
d i sp lacemen t s ,  l a r g e  stress g r a d i e n t s ,  h i g h  i n p l a n e  l o a d i n g ,  and a b r i t t l e  material 
sys tem.  T h i s  problem r e p r e s e n t s  a g e n e r i c  c l a s s  of  l a m i n a t e d  composi te  s t r u c t u r e s  
w i t h  d i s c o n t i n u i t i e s  i n  which the  i n t e r l a m i n a r  stress s t a t e  becomes impor t an t .  
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LOCAL/GLOBAL TERMINOLOGY 

The def in i t ion  of a local/global s t ruc tura l  analysis is not precise.  For 
example, several  l eve ls  of d e t a i l  a r e  considered i n  t h e  analysis  of an a i r c r a f t  
s t ructure ,  and the  concepts of loca l  and global can change with every change i n  
analysis  level .  To some, the en t i r e  a i r c r a f t  is the global model, and a fuselage 
sect ion is the loca l  model. To others,  lamination theory represents the global 
model, and micromechanics is used for  the loca l  model. For t h i s  workshop, a 
local/global analysis  is a loca l ,  detai led s t r e s s  analysis  w i t h i n  a l a rge r ,  l ess -  
refined global analysis model. The overall  response of t h e  panel is the global 
problem; the response near the hole is t h e  local  problem. 

Current areas of research associated with local/global methodologies a re  
described i n  the  l i t e r a t u r e  (e.g., refs .  4 and 5 ) .  One research area 
(d iscre t iza t ion  procedures) includes finite-element methods, f ini te-difference 
methods, and boundary element or  boundary integral  methods. Adaptive mesh 
refinement, h- and p-convergence, and er ror  analysis a r e  current research topics i n  
t h i s  area which address d iscre t iza t ion  e f f ec t s  i n  t h e  presence of a la rge  stress 
gradient. A second area (ref ined theories)  includes research i n  transverse shear 
formulations and three-dimensional e l a s t i c i t y  solutions. These topics focus on the 
mathematical representation of t he  mechanics of the problem. A t h i r d  area includes 
c l a s s i ca l  and closed-form solutions'which a re  often r e s t r i c t ed  t o  simple 
geometries, spec i f ic  boundary conditions and ,material systems, and often t o  a 
l inear  response prediction. A f o u r t h  area is h y b r i d  techniques i n  which two o r  
more methods a re  used simultaneously b u t  i n  d i f fe ren t  domains of the s t ructure .  
A l l  f o u r  of thes'e areas  of research are  addressed i n  the local/global session of 
t h i s  workshop. 

0 Concept of IocaVglobal changes with analysis level 

0 Definitions 

--- Global means overall panel response 

Local means response near the hole --- 

0 LocaVglobal methodologies 

--- Discretization procedures 

Refined theories --- 

--- Classical and closed-form solutions 

Hybrid techniques --- 
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APPLICATION OF THE FINITE-ELEMENT METHOD 
TO LOCAL/GLOBAL STRESS ANALYSIS 

The l o c a l / g l o b a l  methodology adopted for  t h i s  paper  is the  f i n i t e - e l e m e n t  
method because o f  i ts  g e n e r a l i t y .  The f i r s t  s t e p  i n  a p p l y i n g  t h e  method was t o  
deve lop  and v e r i f y  a f i n i t e - e l e m e n t  model of  t h e  f o c u s  problem. Model v e r i f i c a t i o n  
invo lved  s o l v i n g  s i m p l e r  example cases and comparing the  results w i t h  other 
a n a l y t i c a l  r e s u l t s .  
o f  a f l e x i b l e  mesh g e n e r a t i o n  c a p a b i l i t y  which a l lowed  v a r i o u s  f i n i t e - e l e m e n t  
d i s c r e t i z a t i o n s  t o  be  e v a l u a t e d  r a p i d l y  and s y s t e m a t i c a l l y .  The mesh g e n e r a t i o n  
c a p a b i l i t y  a l so  p rov ided  a n  easy way t o  c o n s t r u c t  and s t u d y  s e v e r a l  i d e a l i z e d  
example cases. 

T h i s  model v e r i f i c a t i o n  p r o c e s s  was a i d e d  by t h e  development 

Once a n  adequa te  f i n i t e - e l e m e n t  model f o r  t h e  g l o b a l  r e s p o n s e  was v e r i f i e d ,  
the  n o n l i n e a r  s t r u c t u r a l  r e s p o n s e  was c a l c u l a t e d .  To i d e n t i f y  the l o c a l  modeling 
d e t a i l  r e q u i r e d  t o  p r e d i c t  a c c u r a t e l y  the stress d i s t r i b u t i o n  nea r  t he  h o l e ,  l i n e a r  
stress a n a l y s e s  were performed on a r e c t a n g u l a r  p l a t e  w i th  a c i r c u l a r  h o l e  u s i n g  
s e v e r a l  r e f i n e d  2-D models n e a r  t he  h o l e .  

0 Finite-element model development 

0 Finite-element model verification 

0 Global nonlinear response prediction 

0 Local linear stress analysis 
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FINITE-ELEMENT MODEL DEVELOPMENT 

The model development s t r a t e g y  is t o  p r e d i c t  t h e  g l o b a l  n o n l i n e a r  r e s p o n s e  
u s i n g  t h e  complete  model and t h e n  t o  c o n s t r u c t  a r e f i n e d ,  l o c a l  2-D model f o r  a 
small d i s t a n c e  away from the hole t o  p r e d i c t  a c c u r a t e l y  t he  large stress g r a d i e n t .  
Displacements  and r o t a t i o n s  from t h e  g l o b a l  n o n l i n e a r  s o l u t i o n  o b t a i n e d  u s i n g  the  
complete  model w i l l  be  a p p l i e d  t o  the r e f i n e d  model and t h e  s t a t e  o f  stress w i l l  be  
determined.  T h i s  s t r a t e g y  w i l l  be referred t o  as a m u l t i - l e v e l  o r  ffzoom-inff 
approach. 

The automated mesh g e n e r a t i o n  c a p a b i l i t y  a l lowed v e r s a t i l e  modeling of t h e  
complete  problem as  well as local  r e g i o n s  nea r  t h e  ho le .  The a n a l y s t  cou ld  s p e c i f y  
t h e  number of  e l e m e n t s  a c r o s s  the  s t i f f e n e r  dep th  and down the l e n g t h  of the p a n e l ,  
the number of r i n g s  of e l e m e n t s  around t h e  h o l e , a n d  t h e  number of e l emen t s  around t h e  
h o l e ,  and cou ld  c o n t r o l  t h e  element  s p a c i n g  i n  t he  v i c i n i t y  of the h o l e .  Models could 
a l so  be g e n e r a t e d  w i t h  the h o l e  and d i s c o n t i n u o u s  s t i f f e n e r  f i l l e d - i n  o r  w i t h  no 
s t i f f e n e r s .  

Complete global model 

Global model 
of panel skin 

model 
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FINITE-ELEMENT MODEL VERIFICATION:  
BLADE STIFFENED PANEL 

I n  t he  f irst  s t e p  o f  t h e  v e r i f i c a t i o n  p r o c e s s ,  a s i m p l i f i e d  v e r s i o n  of t he  
f o c u s  problem was s t u d i e d .  T h i s  s i m p l e r  problem was i d e n t i c a l  t o  the  f o c u s  problem 
e x c e p t  t h a t  t h e  h o l e  and d i s c o n t i n u o u s  s t i f f e n e r  are f i l l e d - i n  and the  end boundary 
c o n d i t i o n s  are now s i m p l e  s u p p o r t  c o n d i t i o n s .  For t h i s  p r i s m a t i c  p a n e l ,  a n  e x a c t  
s o l u t i o n  was o b t a i n e d  u s i n g  t h e  PASCO computer code ( P a n e l  A n a l y s i s  and S i z i n g  
Code, ref. 6 ) .  The f i n i t e - e l e m e n t  a n a l y s i s  system EAL ( E n g i n e e r i n g  A n a l y s i s  
Language;ref. 7 )  was used f o r  the  f i n i t e - e l e m e n t  a n a l y s i s .  The f i n i t e - e l e m e n t  
model used i n  t h e  v e r i f i c a t i o n  was developed from t h a t  of t h e  f o c u s  problem t o  
de t e rmine  i f  any problems re la ted  t o  e lement  d i s t o r t i o n  o r  a s p e c t  r a t i o  were 
p r e s e n t .  
uniform stress s t a t e  is p r e s e n t  i n  the s k i n  and t h e  b l a d e  s t i f f e n e r s .  The three 
lowes t  b u c k l i n g  e i g e n v a l u e s  o b t a i n e d  u s i n g  EAL are very c l o s e  t o  t h e  PASCO 
s o l u t i o n s .  

The p r e b u c k l i n g  boundary c o n d i t i o n s  and end l o a d i n g  are  such  t h a t  a 

Buckling mode 

P 

---- 

Eigenvalues 
1 2 3 

PASCO 44536 51063 61601 

EAL 44652 51182 60975 

Difference +0.26% +0.23% - 1 .O2% 
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FINITE-ELEMENT MODEL VERIFICATION:  
FOCUS PROBLEM 

The next s tep of the ver i f ica t ion  process was t o  define an adequate f i n i t e -  
element model fo r  t h e  global response of the focus problem. Finite-element model 
ver i f ica t ion  for  the focus problem s t a r t ed  w i t h  a "reasonable g r i d "  of 376 4-node 
assumed-stress quadri la teral  elements and 422 nodes. 
referred t o  as  Mesh 1 .  A second, refined gr id  of 1088 4-node quadr i la te ra l  
elements and 1168 nodes (Mesh 2 )  was generated f o r  model ver i f icat ion.  Linear 
bifurcation buckling solut ions for  Mesh 1 and Mesh 2 were compared t o  es tabl ish the 
adequacy of the models. 
agree w i t h i n  approximately one percent. 

T h i s  d i scre t iza t ion  i s  

The three lowest eigenvalues from both d iscre t iza t ions  

Mesh 1 Mesh 2 
3 7 6  elements 1088 elements 
4 2 2  nodes 

P 

Eigenvalues 
1 2 3 4 

Mesh 1 4 1 3 7 8  52754 54288 55344  
Mesh 2 41829  52533  54259  56895  
Change -1.08% +0.42% +0.05% -2.73% 
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LINEAR BIFURCATION BUCKLING SOLUTION 

Oblique views o f  t he  p r e b u c k l i n g  de fo rma t ion  p a t t e r n  and the eigenmodes 
co r re spond ing  t o  t h e  f o u r  l o w e s t  e i g e n v a l u e s  are  shown i n  t h i s  f i g u r e .  

out-of-plane d i s p l a c e m e n t s  t o  deve lop  n e a r  the h o l e  from the  o n s e t  of  l o a d i n g .  
Because of t h i s  c o u p l i n g  between i n p l a n e  and out-of-plane d i s p l a c e m e n t s ,  no l i n e a r  

t r a d i t i o n a l  meaning. 
s e l e c t i n g  t h e  i n i t i a l  l o a d  f o r  t h e  n o n l i n e a r  a n a l y s i s  and i n  choos ing  a l o a d  s t e p  
s ize .  However, their  main use is i n  s t u d y i n g  the  e f f e c t s  of s p a t i a l  

I d i s c r e t i z a t i o n .  

The 
I d i s c o n t i n u o u s  s t i f f e n e r  leads t o  an e c c e n t r i c  l o a d i n g  c o n d i t i o n  which c a u s e s  large 

e q u i l i b r i u m  p a t h  e x i s t s  and the l i n e a r  b i f u r c a t i o n  buck l ing  r e s u l t s  do n o t  have the  I 

The l i n e a r  b u c k l i n g  s o l u t i o n s  may be  used a s  a g u i d e  i n  

Linear prebuckling deformation pattern 

Mode 3 

Mode 2 
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GLOBAL N O N L I N E A R  RESPONSE PREDICTION 

The global n o n l i n e a r  r e s p o n s e  p r e d i c t e d  f o r  the f o c u s  problem was o b t a i n e d  
u s i n g  a new release o f  EAL. T h i s  new release h a s  a n o n l i n e a r  a n a l y s i s  c a p a b i l i t y  
u s i n g  a c o r o t a t i o n a l  f o r m u l a t i o n  w i t h  l i n e a r  s t r a i n - d i s p l a c e m e n t  r e l a t i o n s  w i t h i n  
t h e  e l emen t s .  Fo r  t h i s  problem, t h e  l o a d i n g  was a p p l i e d  i n  inc remen t s  w i t h  a f u l l  
Newton-Raphson algorithm. Convergence was based on t h e  maximum e r r o r  i n  t h e  
r e s i d u a l  f o r c e  v e c t o r .  

An o b l i q u e  view o f  t h e  deformed geometry f o r  the l a s t  c a l c u l a t e d  s o l u t i o n  is 
similar t o  t h e  l i n e a r  s o l u t i o n  shown p r e v i o u s l y ,  i n d i c a t i n g  t h a t  t h e  p r imary  
e q u i l i b r i u m  p a t h  is be ing  fo l lowed .  A g l o b a l  r e sponse  q u a n t i t y ,  end s h o r t e n i n g ,  is 
n e a r l y  a l i n e a r  f u n c t i o n  of the  a p p l i e d  l o a d .  
p l a n e  d i sp lacemen t  a t  t he  edge of  the hole and blade s t i f f e n e r ,  i n d i c a t e s  large 
d i s p l a c e m e n t s  from t h e  o n s e t  of l o a d i n g .  L o n g i t u d i n a l  i n p l a n e  s t r e s s - r e s u l t a n t  
d i s t r i b u t i o n s  f o r  two v a l u e s  o f  the a p p l i e d  l o a d ,  as a f u n c t i o n  o f  d i s t a n c e  from 
the  h o l e ,  i n d i c a t e  high i n p l a n e  stresses and a h igh  stress g r a d i e n t  n e a r  t h e  hole. 

A loca l  r e s p o n s e  q u a n t i t y ,  out-of-  

These h i g h  i n p l a n e  stresses and stress g r a d i e n t s  coupled w i t h  t h e  large o u t -  
o f - p l a n e  d i s p l a c e m e n t s  and t h e  f ree  edge of t h e  h o l e  may c a u s e  material 
n o n l i n e a r i t i e s ,  local  f a i l u r e s ,  and /o r  d e l a m i n a t i o n s  t o  deve lop  i n  order t o  p r o v i d e  
l o c a l  stress r e l i e f  mechanisms ( l i k e  p l a s t i c i t y  i n  metal s t r u c t u r e s )  n e a r  t he  h o l e  
and b lade  s t i f f e n e r .  However, an a c c u r a t e  p r e d i c t i o n  of the effects  of these 
mechanisms on t h e  g l o b a l  n o n l i n e a r  r e s p o n s e  is beyond t h e  c u r r e n t  a n a l y s i s  
c a p a b i l i t i e s .  Stress f r a c t u r e  c r i t e r i a  are developed i n  r e f e r e n c e  8 f o r  a n  i n p l a n e  
l o a d i n g  c o n d i t i o n  i n  which the  i n f l u e n c e  o f  these stress rel ief  mechanisms can  be  
accoun ted  f o r  i n  f a i l u r e  s t u d i e s  w i t h o u t  knowing e x a c t l y  what is happening l o c a l l y  
n e a r  the  h o l e .  The p o i n t  stress f a i l u r e  c r i t e r i o n  developed i n  r e f e r e n c e  8 and 
a p p l i e d  i n  r e f e r e n c e  9 t o  a broad c lass  o f  l amina ted  composi te  p l a t e s  wi th  h o l e s  
w i l l  be  used i n  t h i s  s t u d y  as a g u i d e  f o r  e s t a b l i s h i n g  a n  adequa te  f i n i t e - e l e m e n t  
model f o r  p r e d i c t i n g  t h e  stress d i s t r i b u t i o n s  n e a r  the  ho le .  
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GLOBAL NONLINEAR RESPONSE PREDICTION 
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POINT STRESS FAILURE C R I T E R I O N  

The point s t r e s s  f a i lu re  c r i t e r i o n  assumes tha t  f a i l u r e  occurs when the s t r e s s  
a t  a distance do away from the edge of the hole reaches ultimate. The dis tance d o  
is a c h a r a c t e r i s t i c  dimension which takes the form of a material property. A 
consequence of u s i n g  t h i s  c r i t e r i o n  is tha t  an accurate prediction of the s t a t e  of 
s t r e s s  precisely a t  the  f r e e  edge of the  hole is not required. I t  is  only 
necessary t o  have an accurate stress prediction a t  a distance d o  from the edge of 
t h e  hole. Based on r e s u l t s  of reference 9 w i t h  a s imilar  graphite-epoxy material  
system, a value of d o  = 0.05 inches was assumed. Model A corresponds t o  the global 
model near the  hole f o r  Mesh 1 .  Model B is a refined model which more accurately 
predicts  the s t r e s s  gradient near the  hole. 

Assumed value of 
do is 0.05 in. 

Model A Model B 
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LOCAL LINEAR STRESS N LYSIS 

To unde r s t and  how t h e  s p a t i a l  d i s c r e t i z a t i o n  nea r  t h e  h o l e  a f f ec t s  the  
p r e d i c t i o n  o f  t he  stress a t  d o ,  a s i m p l e r  s t r u c t u r a l  c o n f i g u r a t i o n  was c o n s i d e r e d  
which d i d  n o t  i n c l u d e  the  s t i f f e n e r s .  Using t h i s  p l a n a r  s t r u c t u r e ,  a n  a d e q u a t e  2 - D  
f i n i t e - e l e m e n t  model was i d e n t i f i e d  f o r  the l o c a l  stress a n a l y s i s .  T h i s  approach  
p rov ided  t h e  n e c e s s a r y  i n s i g h t  r e q u i r e d  f o r  a m u l t i - l e v e l  model o f  t h e  f o c u s  
problem. An a l t e r n a t e  approach would have been t o  use an a d a p t i v e  mesh r e f i n e m e n t  
procedure.  However, no such  p rocedure  was a v a i l a b l e .  The l o n g i t u d i n a l  i n p l a n e  
stress r e s u l t a n t  d i s t r i b u t i o n s  as  a f u n c t i o n  o f  d i s t a n c e  away from t h e  edge o f  the  
h o l e  are shown f o r  two f i n i t e - e l e m e n t  models. The r e su l t s  from b o t h  models 
approach one a n o t h e r  away from the  h o l e .  However, a t  a d i s t a n c e  do from t h e  edge 
o f  the  h o l e ,  t h e  s o l u t i o n s  f o r  Models A and B d i f f e r  by 12.5 p e r c e n t .  The f i n i t e -  
e lement  model i n  the  v i c i n i t y  o f  t h e  h o l e  was r e f i n e d  by doub l ing  the  number of 
elements .  The i n p l a n e  stress r e s u l t a n t  a t  d o  changed by on ly  2.2 p e r c e n t  between 
Model B and a model w i t h  ha l f  as many elements .  

Unstiffened Flat Panel 

(Iblin.1 I j \\ 
N X  I i\\ V 

Y 

0 1.0 2.0 
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STATUS AND A D D I T I O N A L  TASKS 

The o v e r a l l  s t r a t e g y  f o r  t h i s  s t u d y  is t o  p r e d i c t  t he  global n o n l i n e a r  
r e s p o n s e  u s i n g  the  complete  g l o b a l  model and t h e n  t o  c o n s t r u c t  a r e f i n e d ,  l o c a l  2-D 
model f o r  a small d i s t a n c e  away from t h e  hole .  The g l o b a l  n o n l i n e a r  r e s p o n s e  has 
been p r e d i c t e d  f o r  t h e  f o c u s  problem and the  l o c a l  modeling d e t a i l  r e q u i r e d  f o r  a n  
a c c u r a t e  l o c a l  stress a n a l y s i s  n e a r  t he  h o l e  o f  a n  u n s t i f f e n e d  pane l  has been 
i d e n t i f i e d .  The t a sks  t h a t  remain t o  be completed f o r  the f o c u s  problem i n c l u d e  
pe r fo rming  the  m u l t i - l e v e l  a n a l y s i s  and a p p l y i n g  a f a i l u r e  c r i t e r i o n .  The m u l t i -  
l e v e l  a n a l y s i s  w i l l  i n v o l v e  a p p l y i n g  the  d i s p l a c e m e n t s  and r o t a t i o n s  from t h e  
global n o n l i n e a r  s o l u t i o n  on the  r e f i n e d  l o c a l  2-D model and d e t e r m i n i n g  the  s t a t e  
of stress a t  d o .  I n  a d d i t i o n ,  a th ree -d imens iona l  model n e a r  t he  d i s c o n t i n u i t y  
w i l l  b e  r e q u i r e d  for  a n  a c c u r a t e  d e t e r m i n a t i o n  o f  t he  th rough- the - th i ckness  s t a t e  
o f  stress ( i . e . ,  normal and t r a n s v e r s e  s h e a r i n g  stress d i s t r i b u t i o n s ) .  The u s e  o f  
3-D e l e m e n t s  w i t h i n  a 2-D model w i l l  a l so  r e q u i r e  a s t ra tegy for  the t r a n s i t i o n  or 
b l e n d i n g  of the two models. 

Status 

0 Finite element model developed and verified 

0 Global nonlinear response predicted 

0 Required modeling detail identified for stress gradient 
near the hole for an unstiffened panel 

Additional tasks for focus problem 

0 Perform multi-level 2-D analysis (refined, local 2-D model) 

0 Apply point stress failure criterion 

0 Perform multi-level 3-0 analysis (refined, local 3-D model) 
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SUMMARY 

The l o c a l / g l o b a l  n o n l i n e a r  stress a n a l y s i s  o f  a b l a d e - s t i f f e n e d  graphi te-epoxy 
pane l  w i t h  a d i s c o n t i n u o u s  s t i f f e n e r  is indeed a computa t iona l  c h a l l e n g e .  
S u b s t a n t i a l  e n g i n e e r i n g  e f f o r t  is r e q u i r e d  i n  modeling the  s t r u c t u r e ,  i n  v e r i f y i n g  
t h a t  t he  p h y s i c s  of  t he  problem are  modeled, and i n  i n t e r p r e t i n g  t h e  p r e d i c t e d  
n o n l i n e a r  s o l u t i o n s .  Approximately f i f t y  p e r c e n t  o f  t h e  a n a l y s i s  e f f o r t  t o  da te  was 
devoted t o  model development and v e r i f i c a t i o n .  
g e n e r a t i o n  c a p a b i l i t y  was e s s e n t i a l  f o r  model v e r i f i c a t i o n .  
similar b u t  s i m p l e r  s t r u c t u r e s  were r e q u i r e d  and e a s i l y  g e n e r a t e d  u s i n g  t h e  
automated mesh g e n e r a t o r .  

The development o f  a f l e x i b l e  mesh 
S e v e r a l  models o f  

To complete  t h e  a n a l y s i s  e f f o r t  f o r  t h e  f o c u s  problem s e v e r a l  i s s u e s  need t o  be 
addressed. The t r a n s i t i o n  or  i n t e r f a c e  between t h e  v a r i o u s  l e v e l s  o f  t he  m u l t i -  
l e v e l  model needs t o  be  d e f i n e d .  An a d a p t i v e  mesh r e f i n e m e n t  p rocedure  is needed 
t o  automate the  d e f i n i t i o n  o f  t h e  f i n i t e - e l e m e n t  models a t  each stage o f  t he  m u l t i -  
l e v e l  approach. To o b t a i n  a d e t a i l e d  th rough- the - th i ckness  stress d i s t r i b u t i o n ,  a 
three-dimensional  a n a l y s i s  w i l l  be r e q u i r e d  and t h e  number of three-D e lemen t s  through-  
t h e - t h i c k n e s s  of  the  l a m i n a t e  needs t o  be determined.  I n  a d d i t i o n ,  t o  p r e d i c t  t h e  
r e s p o n s e  of t h e  s t r u c t u r e  up t o  o v e r a l l  s t r u c t u r a l  f a i l u r e ,  a p r o g r e s s i v e  f a i l u r e  
a n a l y s i s  c a p a b i l i t y  would b e  r e q u i r e d  i n  which v a r i o u s  f a i l u r e  mechanism and 
f a i l u r e  c r i t e r i a  are i n c o r p o r a t e d .  

0 Substantial engineering effort required in modeling, 
model verification, and response interpretation. 

0 Flexible mesh generation capability essential to model 
verification. 

0 Definition of transitionlinterface region between 
multi-level models required. 

0 Required number of 3-D elements through-the-thickness 
to be determined. 

0 Nonlinear analysis procedure with progressive failure 
analysis capability needed. 
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