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ANALYTICAL STRUCTURAL EFFICIENCY STUDIES OF 

RORSIC/ALUMINUM COMPRESSION PANELS 

Rober t  R .  McWithey 
Lang ley  Research  C e n t e r  

SUMMARY 

A n a l y t i c a l l y  d e t e r m i n e d  mass -s t reng th  c u r v e s ,  s t r a i n - s t r e n g t h  c u r v e s ,  
and d imens ions  are p r e s e n t e d  f o r  s t r u c t u r a l l y  e f f i c i e n t  h a t - s t i f f e n e d  p a n e l s ,  
c o r r u g a t i o n - s t i f f e n e d  p a n e l s ,  h a t - s t i f f e n e d  honeycomb-core sandwich p a n e l s ,  
open-sec t i on  c o r r u g a t i o n  p a n e l s ,  and honeycomb-core sandwich p a n e l s .  The 
p a n e l s  were assumed t o  be f a b r i c a t e d  from e i t h e r  t i t a n i u m ,  Bors ic /a luminum,  
o r  a comb ina t ion  of  t h e s e  materials. Results i n d i c a t e  Bors ic /a luminum p a n e l s  
and t i t a n i u m  p a n e l s  r e i n f o r c e d  w i t h  Bors ic /a luminum are l i g h t e r  and s t i f f e r  
t h a n  comparably  d e s i g n e d  t i t a n i u m  p a n e l s .  Fu r the rmore ,  r e i n f o r c e d  t i t a n i u m  
p a n e l s  have t h e  same e x t e n s i o n a l  s t i f f n e s s  as comparab ly  des igned  B o r s i c /  
aluminum p a n e l s .  For  a g i v e n  l o a d ,  t h e  s t r u c t u r a l  e f f i c i e n c y  o f  t h e  h a t -  
s t i f f e n e d  honeycomb-core sandwich p a n e l  is h i g h e r  t h a n  t h e  s t r u c t u r a l  e f f i -  
c i e n c y  o f  t h e  o t h e r  s t i f f e n e d  p a n e l s .  

I N T R O D U C T I O N  

The s t r u c t u r a l  p r o p e r t i e s  o f  l ow-dens i t y  advanced f i b r o u s  compos i te  
s t r u c t u r a l  m a t e r i a l s  make t h e i r  u s e  a t t r a c t i v e  i n  a i r c r a f t  compress ion  pan- 
e ls .  Fur the rmore ,  materials data f o r  aluminum m a t r i x  compos i tes  i n d i c a t e  
d e s i r a b l e  material p r o p e r t i e s  are s t i l l  p r e s e n t  a t  t h e  modera te l y  h i g h  s t e a d y -  
s ta te  t e m p e r a t u r e s  e x p e r i e n c e d  by s u p e r s o n i c  f l i g h t  v e h i c l e s .  Thus,  compos- 
i t e  s t r u c t u r e s  f a b r i c a t e d  from m a t e r i a l s  such  as boron/aluminum may o f f e r  
bo th  s t r u c t u r a l - m a s s  r e d u c t i o n s  and i n c r e a s e d  s t r u c t u r a l  s t i f f n e s s  when com- 
pared w i t h  s i m i l a r  t i t a n i u m  s t r u c t u r e s .  These f a c t o r s  c o u l d  have a s i g n i f i -  
c a n t  impact  on t h e  v i a b i l i t y  o f  commerc ia l  s u p e r s o n i c  v e h i c l e s .  

I n  o r d e r  t o  d e t e r m i n e  q u a n t i t a t i v e l y  t h e  p o s s i b l e  a d v a n t a g e s  o f f e r e d  by 
a meta l -mat r ix -compos i te  compress ion  s t r u c t u r e ,  a n  a n a l y t i c a l  and exper imen-  
t a l  program was u n d e r t a k e n  t o  d e s i g n ,  f a b r i c a t e ,  and test  meta l -mat r ix -  
compos i te  compress ion  p a n e l s .  Boron/aluminum t h a t  c o n s i s t s  o f  s i l i c o n  car- 
b i d e  c o a t e d  boron f i l aments  (commonly ca l l ed  B o r s i c  f i l a m e n t s ,  t h e  r e g i s t e r e d  
t rademark  name) e n c a p s u l a t e d  i n  a 6061 aluminum-al loy m a t r i x  was t h e  compos- 
i t e  material s e l e c t e d  f o r  t h e  s t u d y .  T h i s  material s e l e c t i o n  was based upon 
f a v o r a b l e  material p r o p e r t y  d a t a  a t  e l e v a t e d  t e m p e r a t u r e s  (see ref .  I ) ,  a v a i l -  
a b i l i t y ,  s t a t u s  o f  deve lopmen t ,  and a p p a r e n t  r e s i s t a n c e  t o  material degrada-  
t i o n  when s u b j e c t e d  t o  s h o r t - t e r m  t h e r m a l  c y c l e s  t y p i c . a l l y  e x p e r i e n c e d  i n  
b r a z i n g  aluminum c o m p o s i t e s  (see re f .  2 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

The p r e s e n t  paper  p r e s e n t s  p r e l i m i n a r y  a n a l y t i c a l  r e s u l t s  from t h i s  p ro-  
gram t h a t  p r o v i d e  a p e r s p e c t i v e  on t h e  r e l a t i v e  mass and s t i f f n e s s  per form- 



ance  of t h e  f i ve  t i t a n i u m  and Bors ic /a luminum ( h e r e i n a f t e r  denoted  as Bsc/Al) 
compos i te  compress ion  p a n e l  c o n f i g u r a t i o n s  shown i n  f i g u r e  1 .  F a b r i c a t i o n  of 
Bsc/Al p a n e l s  w i t h  these c o n f i g u r a t i o n s  i s  w i t h i n  t h e  s t a t e - o f - t h e - a r t  u s i n g  
p r e c o n s o l i d a t e d  s h e e t  material,  u n i d i r e c t i o n a l  l a m i n a t e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0' l a m i n a t e s )  i n  
t h e  s t i f f e n e r s ,  and c o n v e n t i o n a l  j o i n i n g  p r o c e s s e s  f o r  a t t a c h i n g  t he  s k i n s  
and s t i f f e n e r s  (see re f .  2 ) .  

SYMBOLS 

b p l a t e  w i d t h  o r  p a n e l  w id th  

D bend ing  s t i f f n e s s  

d s t i f f e n e r  h e i g h t  

E Young's modulus 

Young's modulus o f  u n i d i r e c t i o n a l  compos i te  material i n  f i b e r  
d i r e c t i o n  

E1 1 

Young's modulus o f  u n i d i r e c t i o n a l  compos i te  m a t e r i a l  t r a n s v e r s e  t o  
f i b e r  d i r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE22 

G shear modulus 

shear modulus o f  u n i d i r e c t i o n a l  compos i te  material r e l a t i v e  t o  
f i b e r  d i r e c t i o n  

G12 

h c o r e  h e i g h t  

L p a n e l  l e n g t h  

number of l o n g i t u d i n a l  ha l f -wave leng ths  i n  b u c k l e  p a t t e r n  

l o n g i t u d i n a l  l o a d  p e r  u n i t  w i d t h  o f  p a n e l  N X  

N,/b l o a d i n g  i n d e x  f o r  honeycomb-core sandwich p a n e l s  

Nx/L 

t p l a t e  t h i c k n e s s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor s k i n  t h i c k n e s s  

l o a d i n g  i n d e x  f o r  s t i f f e n e d  p a n e l s  

W mass p e r  u n i t  p lan form area of p a n e l  

w/b mass paramete r  f o r  honeycomb-core sandwich p a n e l s  

w/L mass p a r a m e t e r  f o r  s t i f f e n e d  p a n e l s  

12 s h e a r  s t r a i n  r e l a t i v e  t o  f i b e r  d i r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
E e x t e n s i o n a l  s t r a i n  
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e x t e n s i o n a l  s t r a i n  i n  f i b e r  d i r e c t i o n  of u n i d i r e c t i o n a l  compos i te  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 

22 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

E e x t e n s i o n a l  s t r a i n  t r a n s v e r s e  t o  f i b e r  d i r e c t i o n  i n  u n i d i r e c t i o n a l  
compos i te  

V Po isson ’s  r a t i o  

v12 

P d e n s i t y  

p r i n c i p a l  P o i s s o n ’ s  r a t i o  of compos i te  material 

U stress 

S u b s c r i p t s  : 

comp compress i o n  

c o r e  honeycomb-core material 

max maximum 

n number o f  l a y e r s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
S symmetr ic  

T i  t i t a n i u m  

X l o n g i t u d i n a l  d i r e c t i o n  on pane l  

Y t r a n s v e r s e  d i r e c t i o n  on pane l  

1 , 2 , 3 , 4  e lemen t  number 

FAILURE C R I T E R I A  

I n  t h e  p r e s e n t  s t u d y  t h e  maximum l o a d - c a r r y i n g  c a p a b i l i t y  o f  t h e  p a n e l  
was assumed reached  when t h e  p a n e l  l o n g i t u d i n a l  s t r a i n  r e a c h e s  e i t h e r  a 
d e f i n e d  maximum a l l o w a b l e  material s t r a i n  i n  any  p a n e l  e lement  or  a c a l c u -  
l a t e d  s t r a i n  f o r  e i t h e r  l o c a l  o r  o v e r a l l  p a n e l  b u c k l i n g .  

Elas t i c  l o c a l  b u c k l i n g  s t r a i n s  f o r  t h e  p a n e l s  were a n a l y t i c a l l y  e s t a b -  
l i s h e d  i n  t h e  p r e s e n t  s t u d y  from e l a s t i c  l a m i n a t e - p l a t e  t h e o r y  and by assum- 
i n g  p a n e l  e l e m e n t s  behave as s i m p l y  s u p p o r t e d ,  i n f i n i t e l y  l o n g  f l a t  p l a t e s .  
Material p r o p e r t y  data  were t a k e n  from r e f e r e n c e s  1 ,  3 ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and are pre-  
s e n t e d  i n  t a b l e s  1 t o  3.  T y p i c a l  l o c a l  b u c k l i n g  d e s i g n  c u r v e s  r e s u l t i n g  f rom 
t h i s  d e s i g n  approach are shown i n  f i g u r e  2 ( a )  where l o n g i t u d i n a l  s t r a i n  i s  
p l o t t e d  as a f u n c t i o n  o f  e lemen t  b / t  r a t i o .  

The maximum s t r a i n s  i n d i c a t e d  i n  t h e  f i g u r e  r e s u l t  from impos ing  t h e  
maximum-strain r e s t r i c t i o n s  i n d i c a t e d  i n  t a b l e s  1 and 2 .  These v a l u e s  o f  
s t r a i n  are assumed s u f f i c i e n t  t o  res t r i c t  material and l a m i n a t e  b e h a v i o r  t o  

3 



l i n e a r  elast ic  r e g i o n s  o f  t h e i r  c o r r e s p o n d i n g  s t r e s s - s t r a i n  c u r v e s .  For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Bsc/Al l a m i n a t e s  c o n t a i n i n g  245' l a m i n a t e s ,  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY,? 0.006 re'stric- 
t i o n  ( t ab le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 )  l i m i t s  the  maximum l o n g i t u d i n a l  s t r a i n  of t h i s  l a m i n a t e  t o  
a p p r o x i m a t e l y  0 .0047.  

A l though t h i s  d e s i g n  approach  i s  v a l i d  f o r  a w i d e  r a n g e  o f  c l o s e d -  
s e c t i o n  s t i f f e n e r  c o n f i g u r a t i o n s  u s i n g  i s o t r o p i c  and g raph i te -epoxy  materi- 
als,  i ts  v a l i d i t y  h a s  n o t  been e s t a b l i s h e d  f o r  u s e  w i t h  B s c / A l  c o m p o s i t e s .  
U n f o r t u n a t e l y ,  t h e r e  are l i m i t e d  data on t he  compress i ve  s t r e n g t h  o f  boron /  
aluminum or  B s c / A l  p a n e l s .  A compar ison between e x p e r i m e n t a l  compress ion  
s t r e n g t h  data  ( f rom refs.  2 and 5 )  f o r  u n i d i r e c t i o n a l  B s c / A l  p l a t e s  and t h e  
l o c a l  b u c k l i n g  d e s i g n  c u r v e  f o r  u n i d i r e c t i o n a l  B s c / A l  used i n  t h e  p r e s e n t  
a n a l y s i s  is shown i n  f i g u r e  2 ( b ) .  The s o l i d  l i n e  i n  f i g u r e  2 ( b )  d e n o t e s  t h e  
d e s i g n  c u r v e  from t he  p r e s e n t  a n a l y s i s  used f o r  0' Bsc/Al l am inae  t h a t  h a s  a 
l i m i t i n g  stress v a l u e  c o r r e s p o n d i n g  t o  a maximum p e r m i s s i b l e  l o n g i t u d i n a l  
s t r a i n  o f  0.0066 as i n d i c a t e d  i n  t ab le  2 .  The l ower  stress l i m i t ,  i n d i c a t e d  
by t h e  dashed l i n e  i n  f i g u r e  2 ( b ) ,  c o r r e s p o n d s  t o  a l o n g i t u d i n a l  s t r a i n  o f  
0 .0047.  T h i s  l i m i t  would be imposed on t he  u n i d i r e c t i o n a l  p l a t e  e l e m e n t s  
when 245' Bsc/Al l a m i n a e  are p r e s e n t  elsewhere i n  t h e  p a n e l  c r o s s  s e c t i o n ,  
The s o l i d - c i r c l e  symbols  p r e s e n t  u l t i m a t e  compress ion  f a i l u r e  data f rom ref- 
e r e n c e  5 i n  which u n i d i r e c t i o n a l  boron/aluminum p l a t e s  were s u p p o r t e d  i n  V- 
grooves  d u r i n g  l o a d i n g .  These da ta ,  when compared w i t h  t h e  d e s i g n  c u r v e  
from t h e  p r e s e n t  a n a l y s i s ,  i n d i c a t e  u l t i m a t e  s t r e n g t h s  less t h a n  t h e  b u c k l i n g  
s t r e n g t h  o v e r  a wide  r a n g e  of b / t  v a l u e s .  T h i s  compar ison i n d i c a t e s  t h a t  
t h e  t es t  r e s u l t s  o f  r e f e r e n c e  5 may have been a d v e r s e l y  af fected by t r a n s -  
v e r s e  compress ive  stress from t h e  V-groove s u p p o r t s ,  and /o r  i n i t i a l  imper fec -  
t i o n s  and t r a n s v e r s e  p l a s t i c i t y .  Buck l i ng  t e s t  d a t a  ( f rom re f .  2 and unpub- 
l i s h e d  data from t h e  a u t h o r s  o f  re f .  2 )  on u n i d i r e c t i o n a l  Bsc/Al h a t -  
s t i f f e n e d  p a n e l s  w i t h  no l a te ra l  d i s p l a c e m e n t  c o n s t r a i n t s  are shown by t h e  
o p e n - c i r c l e  symbols  i n  f i g u r e  2 ( b )  and i n d i c a t e  b u c k l i n g  stresses a s  much as 
30 p e r c e n t  h igher  t h a n  t h e  u l t i m a t e  f a i l u r e  stresses r e p o r t e d  i n  r e f e r e n c e  5 .  
Although t h e  r e a s o n  f o r  t h e  d i s c r e p a n c y  between t h e  t es t  r e s u l t s  o f  refer- 
e n c e s  2 and 5 i s  n o t  t h o r o u g h l y  unders tood  a t  t h e  p r e s e n t  t ime,  t h e  da ta  from 
r e f e r e n c e  2 s u g g e s t  t h a t  t h e  proposed f a i l u r e  c r i t e r i a  are r e a s o n a b l e  f o r  a 
p r e l i m i n a r y  d e s i g n  s t u d y .  

ANALYSIS 

P a n e l  O p t i m i z a t i o n  P r o c e d u r e  

An o p t i m i z a t i o n  p rocedure  similar t o  t h e  procedure  p r e s e n t e d  i n  refer- 
ence 6 ,  wh ich  i n c o r p o r a t e s  n o n l i n e a r  m a t h e m a t i c a l  p rograming t e c h n i q u e s  and 
u s e s  p a n e l  mass as t h e  per fo rmance f u n c t i o n ,  was used t o  o b t a i n  d imens ions  
of  t h e  c o n f i g u r a t i o n s  shown i n  f i g u r e  1 t h a t  r e s u l t  i n  minimum-mass con f igu -  
r a t i o n s  f o r  s p e c i f i e d  l o n g i t u d i n a l  compress ion  l o a d s .  Dur ing t h e  o p t i m i z a -  
t i o n  p rocedure  f o r  t h e  l o n g i t u d i n a l l y  s t i f f e n e d  p a n e l  c o n f i g u r a t i o n s ,  t h e  
p a n e l s  are a n a l y z e d  as  a w i d e  column. Thus ,  f o r  t h e s e  c o n f i g u r a t i o n s  g e n e r a l  
i n s t a b i l i t y  is c h a r a c t e r i z e d  by E u l e r  column b u c k l i n g .  L o c a l  i n s t a b i l i t y  is 
c h a r a c t e r i z e d  by t h e  b u c k l i n g  o f  t h e  p l a t e  e l e m e n t s  shown i n  s k e t c h  ( a ) .  
Each p l a t e  e lemen t  i s  assumed s imp ly  s u p p o r t e d  and i n f i n i t e l y  1on.g and may be 
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Element  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 Element 1 Element 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi- 

l a y e r e d  and 
t u d i n a l  str 

Element 2 \ - - 
Element 3 

S k e t c h  ( a )  

Element 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 
o r t h o t r o p i c .  
i n s  on t h e  c 

I n  a d d i t i o n ,  t h e  p rocedure  m a i n t a i n s  un i fo rm l o n g i -  
DSS s e c t i o n .  

S t r u c t u r a l l y  e f f i c i e n t  sandwich p a n e l s  ( c o n f i g u r a t i o n  5 ,  f i g .  1 )  w i t h  
o r t h o t r o p i c  face sheets were a l s o  o b t a i n e d  u s i n g  t h i s  p r o c e d u r e .  For t h i s  
c o n f i g u r a t i o n ,  g e n e r a l  i n s t a b i l i t y  of  t h e  p a n e l  was c o n s i d e r e d  by t r e a t i n g  
t h e  p a n e l  as a s i m p l y  s u p p o r t e d  i n f i n i t e l y  l o n g  f l a t  p l a t e .  Equa t ions  d e v e l -  
oped i n  r e f e r e n c e  7 were used t o  d e f i n e  s t r u c t u r a l l y  e f f i c i e n t  sandwich pan- 
els hav ing  i s o t r o p i c  face shee ts .  

C o n s t r a i n t s  i n  t h e  o p t i m i z a t i o n  p r o c e s s  are: ( a )  t h e  a p p l i e d  l o a d  must 
n o t  be g r e a t e r  t h a n  t h e  E u l e r  b u c k l i n g  l o a d  f o r  t h e  column,  ( b )  t h e  l o a d s  i n  
t h e  i n d i v i d u a l  p l a t e  e l e m e n t s  must n o t  be g r e a t e r  t h a n  t h e i r  c o r r e s p o n d i n g  
b u c k l i n g  l o a d s ,  ( c )  t h e  s t r a i n s  i n  t h e  l am inae  must n o t  be greater t h a n  maxi- 
mum s t r a i n s  p r e s c r i b e d  by t h e  u s e r ,  and ( d )  t h e  d imens ions  o f  each l am ina  are 
w i t h i n  t h e  l i m i t s  p r e s c r i b e d  by t h e  u s e r .  

T r a n s v e r s e  shear d e f o r m a t i o n s ,  which may be  s i g n i f i c a n t  f o r  c o n f i g u r a -  
t i o n s  i n c o r p o r a t i n g  honeycomb-core sandwich p a n e l s  ( c o n f i g u r a t i o n s  3 and 5 ,  
f i g .  I ) ,  are n o t  c o n s i d e r e d  i n  t h e  p a n e l  o p t i m i z a t i o n  p r o c e d u r e  d e s c r i b e d  
p r e v i o u s l y .  The e f f e c t s  o f  t r a n s v e r s e  s h e a r  d e f o r m a t i o n  on t h e  l o a d - c a r r y i n g  
c a p a b i l i t y  o f  d e s i g n s  produced by t h e  o p t i m i z a t i o n  p rocedure  f o r  c o n f i g u r a -  
t i o n s  3 and 5 were de te rm ined  u s i n g  t h e  e q u a t i o n s  p r e s e n t e d  i n  r e f e r e n c e  8.  

Buc lasp  2 Program 

Buck l ing  modes t h a t  are more complex t h a n  t h e  modes i n c o r p o r a t e d  i n  t h e  
o p t i m i z a t i o n  p r o c e d u r e  may a l l o w  p a n e l  d e s i g n s ,  which were produced by t h e  
o p t i m i z a t i o n  p r o c e d u r e ,  t o  become u n s t a b l e  a t  l o a d s  l ess  t h a n  t h e i r  d e s i g n  
l o a d .  I n  o r d e r  t o  v e r i f y  t h e  l o a d - c a r r y i n g  c a p a b i l i t y  o f  t h e  d e s i g n s  pro- 
duced by t h e  o p t i m i z a t i o n  p r o c e d u r e ,  s e v e r a l  d e s i g n s  were a n a l y z e d  u s i n g  t h e  
Buc lasp  2 computer  program. T h i s  program, which i s  d e s c r i b e d  i n  d e t a i l  i n  
r e f e r e n c e s  9 and IO,  per fo rms  a n  e x a c t  l i n e a r  e las t i c  b u c k l i n g  a n a l y s i s  on 
s t r u c t u r e s  w i t h  c o n s t a n t  c r o s s  s e c t i o n  t h a t  may be i d e a l i z e d  by a n  assembly  
of f l a t  and cu rved  p l a t e  e l e m e n t s  and beam e l e m e n t s .  Edges o f  t h e  s t r u c t u r e  
normal  t o  t h e  l o n g i t u d i n a l  a x i s  are s i m p l y  s u p p o r t e d ,  and e d g e s  p a r a l l e l  t o  
t h e  l o n g i t u d i n a l  a x i s  may be c o n s t r a i n e d  as d e s i r e d  by t h e  u s e r .  Buck l i ng  
modes are de te rm ined  from t h e  t o t a l  s t i f f n e s s  m a t r i x  o f  t h e  s t r u c t u r e  and 
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t h u s  are n o t  l i m i t e d  t o  t h e  b u c k l i n g  modes p r e s c r i b e d  i n  t h e  o p t i m i z a t i o n  
p rocedure .  

I n  t h e  p r e s e n t  s t u d y  c r o s s  s e c t i o n s  o b t a i n e d  from t h e  o p t i m i z a t i o n  pro-  
c e d u r e  were used t o  form a comparab le  Buc lasp  2 model f o r  a m u l t i b a y  p a n e l  
w i t h  e i t h e r  free-free or symmet r i ca l  edge r e s t r a i n t s .  The model was t h e n  
ana lyzed  ( u s u a l l y  f o r  a n  a s p e c t  r a t i o  o f  2 )  t o  d e t e r m i n e  t h e  l o w e s t  b u c k l i n g  
l oad  and c o r r e s p o n d i n g  mode s h a p e .  These r e s u l t s  were compared w i t h  r e s u l t s  
from t h e  o p t i m i z a t i o n  p r o c e d u r e .  

RESULTS AND DISCUSSION 

The p r i n c i p a l  r e s u l t s  from t h e  p r e s e n t  a n a l y s e s  are t h e  r e l a t i o n s h i p s  
t h a t  were deve loped between p a n e l  mass, l o n g i t u d i n a l  s t r a i n ,  and p a n e l  
s t r e n g t h  f o r  s t r u c t u r a l l y  e f f i c i e n t  compress ion  p a n e l s  o f  t h e  t y p e s  shown i n  
f i g u r e  1 .  These r e l a t i o n s h i p s  are shown i n  f i g u r e s  3 t o  7 and are d i s c u s s e d  
i n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  r e p o r t .  S t r u c t u r a l l y  e f f i c i e n t  p a n e l  
d e s i g n s  were o b t a i n e d  f o r  t i t a n i u m  p a n e l s ,  B s c / A l  p a n e l s ,  and p a n e l s  c o n t a i n -  
i n g  bo th  t i t a n i u m  and Bsc/Al. T i tan ium honeycomb-core material was inco rpo -  
r a t e d  i n  a l l  d e s i g n s  c o n t a i n i n g  a honeycomb c o r e .  Because o f  i n t e r e s t  i n  
a p p l i c a t i o n s  f o r  s u p e r s o n i c  a i r c r a f t ,  r e s u l t s  f rom t h e  t i t a n i u m - p a n e l  ana ly -  
ses are used as a b a s i s  f o r  compar ing t h e  mass and s t r a i n  o f  t h e  o t h e r  p a n e l  
d e s i g n s  o f  each  c o n f i g u r a t i o n .  I n  a d d i t i o n ,  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmass compar ison between t h e  
p a n e l  c o n f i g u r a t i o n s  shown i n  f i p u r e  1 is  p r e s e n t e d  i n  f i g u r e  8 ,  and t h e  
e f fec ts  o f  minimum gage c o n s t r a i n t s  on t h e  mass o f  s t r u c t u r a l l y  e f f i c i e n t  
h a t - s t i f f e n e d  p a n e l s  are b r i e f l y  d i s c u s s e d  w i t h  t h e  u s e  o f  f i p u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 .  Dimen- 
s i o n s  o f  s t r u c t u r a l l y  e f f i c i e n t  d e s i g n s  are p r e s e n t e d  i n  t a b l e  4 and i n  
f i g u r e  7 ( c ) .  

H a t - S t i f f e n e d  P a n e l s  ( C o n f i g w r a t i o n  1 )  

F i v e  t y p e s  o f  h a t - s t i f f e n e d  p a n e l s  were examined and are shown i n  f i g -  
u r e  3 ( a ) .  The e f fec t  o f  s t a c k i n g  sequence and angle p l i e s  on t h e  mass and 
s t i f f n e s s  o f  t h e  a l l - c o m p o s i t e  c o n f i g u r a t i o n s  ( C o n f i g u r a t i o n s  Ib  t o  I d )  was 
s t u d i e d  t o  i n d i c a t e  optimum s t a c k i n g  and p l y  c o n f i g u r a t i o n s .  Conf igura-  
t i o n  l e  is  i n c l u d e d  t o  d e t e r m i n e  changes  i n  s t r u c t u r a l  e f f i c i e n c y  when t i t a -  
nium h a t  s t i f f e n e r s  are i n c o r p o r a t e d  i n  B s c / A l  p a n e l s .  

Mass -s t reng th  c u r v e s  f o r  these c o n f i g u r a t i o n s  ( s e e  f i g .  3 ( b ) )  i n d i c a t e  
b u c k l i n g  c o n s t r a i n t s  gove rn  p a n e l  mass up t o  a l o a d  i n d e x  v a l u e  o f  app rox i -  
ma te l y  
c o n s t r a i n t s  g e n e r a l l y  govern  p a n e l  mass. The c u r v e s  a l s o  i n d i c a t e  t h a t  com- 
p o s i t e  p a n e l s  o f f e r  a 50-percent  mass r e d u c t i o n  o v e r  c o r r e s p o n d i n g  t i t a n i u m  
p a n e l s  i n  t h e  b u c k l i n g  c o n s t r a i n e d  r e g i o n .  S i n c e  c o n f i g u r a t i o n s  I C  and I d  
g i v e  t h e  same r e s u l t s ,  t h e  a n g l e - p l y  l am inae  and s t a c k i n g  sequence o f  angle- 
p l y  l am inae  have no s i g n i f i c a n t  e f fect  on compos i te  p a n e l  mass. A b r i e f  d i s -  
c u s s i o n  o f  t h e  ef fect  o f  a n g l e  p l i e s  and s t a c k i n g  sequence on p a n e l  mass is 
p r e s e n t e d  i n  append ix  A .  S t r u c t u r a l l y  e f f i c i e n t  p a n e l s  w i t h  r e i n f o r c e d  t i t a -  
nium h a t s  and B s c / A l  s k i n s  ( c o n f i g u r a t i o n  l e )  o f f e r  a p p r o x i m a t e l y  a 30- 
p e r c e n t  mass r e d u c t i o n  over c o r r e s p o n d i n g  t i t a n i u m  p a n e l s .  

Nx/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 5.5 MN/m2 (800 l b f / i n 2 ) .  Beyond t h i s  v a l u e  maximum s t r a i n  



Optimum p a n e l  d e s i g n s  f o r  c o n f i g u r a t i o n  IC  a t  l o a d  index  v a l u e s  of 
1 .38  MN/m2 (200  l b f / i n 2 )  and 4 .14  MN/m2 (600  l b f / i n 2 )  and a l e n g t h  of 178 cm 
(70 i n . )  were a n a l y z e d  u s i n g  Buc lasp  2 .  The minimum b u c k l i n g  l o a d  i n d e x  v a l -  
ues d e r i v e d  from t h e  Buc lasp  2 a n a l y s i s  are deno ted  i n  f i g u r e  3 ( b )  by t h e  
o p e n - c i r c l e  symbols  and are i d e n t i c a l  w i t h  t h e  v a l u e s  o b t a i n e d  from t h e  o p t i -  
m i z a t i o n  p r o c e d u r e .  The Buc lasp  2 a n a l y s i s  f o r  b o t h  f ree and symmetr ic-edge 
boundary c o n d i t i o n s  i n d i c a t e s  t h e  p a n e l  b u c k l i n g  mode t o  b e  similar t o  t h e  
f irst E u l e r  column mode. No s i g n i f i c a n t  d i s t o r t i o n s  were a p p a r e n t  i n  t h e  
s t i f f e n e r  e l e m e n t s  o r  t h e  s k i n .  The p a n e l  o p t i m i z a t i o n  p rocedure  a lso i n d i -  
c a t e d  t h e  p a n e l  b u c k l i n g  mode was t h e  f i rst  E u l e r  column mode. Thus ,  f o r  
t h i s  d e s i g n ,  t h e  agreement  between t h e  r e s u l t s  o f  t h e  Buc lasp  2 a n a l y s i s  and 
t h e  o p t i m i z a t i o n  a n a l y s i s  s u p p o r t s  t h e  v a l i d i t y  o f  t h e  o p t i m i z a t i o n  
p r o c e d u r e .  

L o n g i t u d i n a l  compress i ve  s t r a i n s  o f  optimum d e s i g n s  are shown Jn f ig -  
The l i m i t i n g  s t r a i n  v a l u e  u r e  3 ( c )  as a f u n c t i o n  of t h e  l o a d  i n d e x  

shown f o r  t h e  t i t a n i u m  p a n e l  i s  t h e  maximum l o n g i t u d i n a l  compress i ve  s t r a i n  
o f  t h e  m a t e r i a l  as g i v e n  i n  t a b l e  1 .  The l i m i t i n g  l o n a i t u d i n a l  s t r a i n  v a l u e  
f o r  t h e  p a n e l s  c o n t a i n i n g  245O lam inae  was de te rm ined  by t h e  s h e a r  s t r a i n  i n  
t h e  a n g i e - p l y  l am inae  ( Y ~ ~ , ~ ~ ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.006 

Nx/L. 

i n  t a b l e  2 ) .  

S e v e r a l  i n t e r e s t i n g  r e s u l t s  may be conc luded from t h e  f i g u r e .  F i r s t ,  

1 
t h e  B s c / A l  d e s i g n s  are a p p r o x i m a t e l y  1- times more sti f f  t h a n  t h e  optimum 

2 

t i t a n i u m  d e s i g n s .  T h i s  r e s u l t  d i f f e r s ' f r o m  t h e  r e s u l t s ,  p r e s e n t e d  i n  refer-  
ence 11 ,  o f  a s imi lar  compar ison between optimum g raph i te -epoxy  p a n e l s  and 
aluminum p a n e l s .  Re fe rence  11 i n d i c a t e s  optimum g raph i te -epoxy  compos i te  pan- 
els may p o s s e s s  less i n p l a n e  s t i f f n e s s  t h a n  optimum aluminum p a n e l s .  Thus,  
rep lacemen t  o f  optimum t i t a n i u m  p a n e l s  w i t h  optimum B s c / A l  compress ion  p a n e l s  
w i l l  i n c r e a s e  t h e  i n p l a n e  s t i f f n e s s  o f  t h e  s t r u c t u r e .  I n  a d d i t i o n ,  optimum 
p a n e l  d e s i g n s  hav ing  a B s c / A l  s k i n  and r e i n f o r c e d  t i t a n i u m  h a t  s t i f f e n e r s  
have t h e  same s t i f f n e s s  as optimum B s c / A l  d e s i g n s .  Thus,  h i g h  i n p l a n e  s t i f f -  
n e s s  may be a c h i e v e d  w i t h o u t  t h e  c o m p l e x i t y  o f  f a b r i c a t i n g  p a n e l s  e n t i r e l y  
from B s c / A l  compos i te  mater ia l .  

The o p e n - c i r c l e  symbols  i n  f i g u r e  3 ( c )  i n d i c a t e  d e s i g n  p o i n t s  from t h e  
Buc lasp  2 a n a l y s e s .  Buc lasp  2 r e s u l t s  g i v e  b u c k l i n g  s t r a i n s  e q u a l  t o  t h e  
s t r a i n s  from t h e  o p t i m i z a t i o n  a n a l y s i s .  

C o r r u g a t i o n - S t i f f e n e d  P a n e l s  ( C o n f i g u r a t i o n  2 )  

T h r e e  type, ;  o f  c o r r u g a t i o n - s t i f f e n e d  p a n e l s  were examined and a r e  shown 
i n  f i g u r e  4 ( a ) .  These c o n f i g u r a t i o n s  d i f f e r  from t h e  h a t - s t i f f e n e d  p a n e l  con- 
f i g u r a t i o n s  because  t h e  c o r r u g a t e d  s t i f f e n e r s ,  which may be  f a b r i c a t e d  as one 
c o n t i n u o u s  s t i f f e n e r ,  p r o v i d e  a d d i t i o n a l  s k i n  m a t e r i a l  between s t i f f e n e r s  
t h a t  a l l o w s  an  i n c r e a s e  i n  s t i f f e n e r  s p a c i n g .  

Comparison o f  mass -s t reng th  r e s u l t s  ( f i g .  4 ( b ) )  and s t r a i n - s t r e n g t h  
r e s u l t s  ( f i g .  4 ( c ) )  f o r  c o n f i g u r a t i o n  2 i n d i c a t e s  r e s u l t s  simi lar  t o  t h o s e  
f o r  c o n f i g u r a t i o n  1 .  Fu r the rmore ,  compar ison  o f  p a n e l  masses between d e s i g n s  
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for  c o n f i g u r a t i o n s  1 and 2 i n d i c a t e s  c o r r u g a t i o n - s t i f f e n e d  p a n e l  d e s i g n s  are 
s l i g h t l y  h e a v i e r  t h a n  comparable h a t - s t i f f e n e d  p a n e l s .  

The m a s s - s t r e n g t h  c u r v e  shown i n  f i g u r e  4 ( b )  f o r  graph i te -epoxy  p a n e l s  
of  simi lar  c o n f i g u r a t i o n  was t a k e n  from r e f e r e n c e  6 .  
g r a p h i t e - e p o x y  p a n e l s  are a p p r o x i m a t e l y  30 p e r c e n t  l i g h t e r  t h a n  t h e  B s c / A l  
p a n e l s .  

The c u r v e s  i n d i c a t e  

H a t - S t i f f e n e d  Honeycomb-Core Sandwich P a n e l s  ( C o n f i g u r a t i o n  3)  

Three t y p e s  o f  h a t - s t i f f e n e d  honeycomb-core sandwich p a n e l s  were exam- 
i ned  and are shown i n  f i g u r e  5 ( a ) .  The d e n s i t y  o f  t h e  t i t a n i u m  honeycomb 
core was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA160 kp/m3 ( I O  l b m / f t 3 ) .  

Mass-s t reng th  c u r v e s  f o r  these c o n f i g u r a t i o n s  (see f i g .  5 ( b ) )  i n d i c a t e  
b u c k l i n g  c o n s t r a i n t s  gove rn  p a n e l  mass up t o  a r a n g e  o f  l o a d  i n d e x  v a l u e s  
from Nx/L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.38 MN/m2 (200 l b f / i n 2 )  t o  N /L = 2.07  MN/m2 (300 l b f / i n 2 ) .  
The c u r v e s  also i n d i c a t e  compos i te  p a n e l s  o f f e r  a 40 -pe rcen t  mass r e d u c t i o n  
o v e r  c o r r e s p o n d i n g  t i t a n i u m  p a n e l s  f o r  t h e  e n t i r e  l o a d  r a n g e  shown. 

Mass compar i sons  between h a t - s t i f f e n e d  sandwich p a n e l s  ( c o n f i g u r a t i o n  3 )  
and t h e  h a t - s t i f f e n e d  p a n e l s  of c o n f i g u r a t i o n  1 i n d i c a t e  c o n f i g u r a t i o n  3 t i t a -  
nium p a n e l s  are a p p r o x i m a t e l y  40 p e r c e n t  l i g h t e r  t h a n  t h o s e  o f  c o n f i g u r a -  
t i o n  1 f o r  c o n f i g u r a t i o n  3 d e s i g n s  i n f l u e n c e d  o n l y  by b u c k l i n g  c r i t e r i a .  Sim- 
i l a r l y ,  c o n f i g u r a t i o n  3 compos i te  p a n e l s  are a p p r o x i m a t e l y  30 p e r c e n t  l i g h t e r  
t h a n  t h o s e  o f  c o n f i g u r a t i o n  1 .  After maximum s t r a i n  c r i t e r i a  become effec- 
t i v e  i n  C o n f i g u r a t i o n  3 d e s i g n s ,  t h e  d i f f e r e n c e  i n  mass between c o n f i g u r a -  
t i o n  1 and c o n f i g u r a t i o n  3 d e s i g n s  decreases and t h e  c r o s s  s e c t i o n s  o f  c o n f i g -  
u r a t i o n  1 and c o n f i g u r a t i o n  3 d e s i g n s  become simi lar .  

Compress ive s t r a i n - s t r e n g t h  c u r v e s  f o r  t h e  s t i f f e n e d  sandwich d e s i g n s  

I 
are shown i n  f i g u r e  5 ( c ) .  The compos i te  p a n e l  d e s i g n s  are a p p r o x i m a t e l y  1- 

2 

times more sti f f  t h a n  comparab le  t i t a n i u m  d e s i p n s .  Comparison between t h e  
s t r a i n s  f o r  c o n f i g u r a t i o n  1 ( f i g .  3 ( c ) )  and c o n f i g u r a t i o n  3 i n d i c a t e  c o n f i g u -  
r a t i o n  1 d e s i g n s  are 1 . 7  times more st i f f  t h a n  c o n f i g u r a t i o n  3 d e s i g n s  f o r  
low v a l u e s  o f  t h e  l o a d  i n d e x .  

The o p e n - c i r c l e  symbols  i n  f i g u r e s  5 ( b )  and 5 ( c )  r e p r e s e n t  r e s u l t s  from 
a Buc lasp  2 a n a l y s i s  Of t he  d e s i g n  produced by t h e  o p t i m i z a t i o n  p rocedure  
f o r  a l o a d  i ndex  o f  1 .38 MN/m2 (200 l b f /m2)  and a p a n e l  l e n g t h  o f  177.8 em 
(70  i n . ) .  A s  i n d i c a t e d ,  t h e  Buc lasp  2 a n a l y s i s ,  which i n c o r p o r a t e d  symmet r ic  
boundary c o n d i t i o n s  a l o n g  t h e  p a n e l  edges, g i v e s  e x c e l l e n t  agreement  w i t h  t h e  
r e s u l t s  from t h e  o p t i m i z a t i o n  p r o c e d u r e .  T h e  b u c k l i n g  mode shape  f rom t h e  
Buc lasp  a n a l y s i s  was t h e  f irst E u l e r  column mode. T h i s  mode agrees w i t h  t h e  
b u c k l i n g  mode from t h e  o p t i m i z a t i o n  p r o c e d u r e  f o r  t h i s  d e s i g n .  

Ana lyses  t o  d e t e r m i n e  t h e  ef fec ts  o f  t r a n s v e r s e  shear d e f o r m a t i o n s  on 
t h e .  sandwich-sk in  b u c k l i n g  l o a d s  produced by t h e  o p t i m i z a t i o n  p rocedure  were 



made u s i n g  e q u a t i o n s  p r e s e n t e d  i n  r e f e r e n c e  8. The r e s u l t s  i n d i c a t e  t h a t  
sandwich-sk in  b u c k l i n g  l o a d s  are reduced  less t h a n  5 p e r c e n t .  

Open-Sect ion C o r r u g a t i o n  P a n e l s  ( C o n f i g u r a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 )  

Three t y p e s  o f  o p e n - s e c t i o n  c o r r u g a t i o n  p a n e l s  were ‘examined and are 
shown i n  f i g u r e  6 ( a ) .  No a n g l e - p l y  l am inae  were i n c o r p o r a t e d  i n  t h e s e  con- 
f i g u r a t i o n s  b e c a u s e  o f  d i f f i c u l t i e s  e x p e c t e d  i n  a t t a i n i n g  small bend r a d i i  
d u r i n g  f a b r i c a t i o n  w i t h  a n g l e - p l y  l a m i n a e .  

Mass -s t reng th  c u r v e s  f o r  t h e s e  c o n f i g u r a t i o n s  ( s e e  f i g .  6 ( b ) )  i n d i -  
cate b u c k l i n g  c r i t e r i a  govern  p a n e l  mass up t o  a l o a d  i n d e x  o f  approx i -  
m a t e l y  
N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/L = 6.89 MN/m2 (1000 l b f / i n 2 )  
afso i n d i c a t e  t h e  compos i te  p a n e l  d e s i g n s  o f fer  a 50-percent  mass r e d u c t i o n  
o v e r  c o r r e s p o n d i n g  t i t a n i u m  p a n e l s .  I n  a d d i t i o n ,  c o n f i g u r a t i o n  4a and con- 
f i g u r a t i o n  4b d e s i g n s  o f f e r  a 15-percent  mass r e d u c t i o n  o v e r  comparab le  con- 
f i g u r a t i o n  1 d e s i g n s .  The r e i n f o r c e d  t i t a n i u m  d e s i g n s  ( c o n f i g u r a t i o n  4 c )  
are a p p r o x i m a t e l y  20 p e r c e n t  l i g h t e r  t h a n  t h e  t i t a n i u m  d e s i g n s .  

N /L = 4.83 MN/m2 (700 l b f / i n 2 )  f o r  t h e  t i t a n i u m  d e s i g n s  and 
f o r  t h e  compos i te  d e s i g n s .  The c u r v e s  

Compress ive s t r a i n - s t r e n g t h  c u r v e s  f o r  c o n f i g u r a t i o n s  4a and 4b a r e  

shown i n  f i g u r e  6 ( c ) .  The compos i te  p a n e l  d e s i g n s  are a p p r o x i m a t e l y  1- times 

more s t i f f  t h a n  comparab le  t i t a n i u m  d e s i g n s .  Comparison between t h e  s t r a i n s  
f o r  c o n f i g u r a t i o n  1 and c o n f i g u r a t i o n  4 i n d i c a t e  c o n f i g u r a t i o n  1 d e s i g n s  are 
s l i g h t l y  more st i f f  t h a n  c o n f i g u r a t i o n  4 d e s i g n s .  

1 
2 

The o p e n - c i r c l e  symbols  i n  f i g u r e s  6 ( b )  and 6 ( c )  r e p r e s e n t  r e s u l t s  from 
Buc lasp  2 a n a l y s e s  o f  t h e  d e s i g n s  produced by t h e  o p t i m i z a t i o n  p rocedure  f o r  
l o a d  i n d e x e s  of 1.38 MN/m2 (200 l b f / m 2 )  and 6 .89  MN/m2 (1000 lb f /m2)  and a 
p a n e l  l e n g t h  of 177.8  cm (70  i n . ) .  The Buc lasp  2 a n a l y s e s ,  which i nco rpo -  
rated symmetr ic  boundary c o n d i t i o n s  a l o n g  t h e  p a n e l  e d g e s ,  g i v e  e x c e l l e n t  
agreement  w i t h  t h e  r e s u l t s  from t h e  o p t i m i z a t i o n  p rocedure  e x c e p t  t h a t  t h e  
Buc lasp  2 a n a l y s i s  p r e d i c t s  a s l i g h t l y  l ower  b u c k l i n g  s t r a i n  t h a n  t h e  o p t i m i -  
z a t i o n  p rocedure  a t  the  h i g h e r  v a l u e  o f  l o a d  i n d e x .  The b u c k l i n g  modes from 
t h e  Buc lasp  2 a n a l y s e s  are l o c a l  b u c k l i n g  modes i n  which a l l  e l e m e n t s  behave 
as s imp ly  s u p p o r t e d  p l a t e s .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  c o n s t r a i n t s  
and r e s u l t s  from t h e  o p t i m i z a t i o n  p r o c e d u r e .  

Honeycomb-Core Sandwich P a n e l s  ( C o n f i g u r a t i o n  5 )  

Three  t y p e s  o f  honeycomb-core sandwich p a n e l s  were examined and are 
shown i n  f i g u r e  7 ( a ) .  These c o n f i g u r a t i o n s  were s e l e c t e d  t o  compare t h e  
s t r u c t u r a l  e f f i c i e n c y  o f  sandwich p a n e l s  and s t i f f e n e d  p a n e l s .  T h e  p a n e l s  
shown i n  f i g u r e  7 ( a )  were a n a l y z e d  as i n f i n i t e l y  l o n g ,  s i m p l y  s u p p o r t e d  pan- 
els .  T h i s  a n a l y s i s  d i f f e r s  from t h e  s t i f f e n e d - p a n e l  a n a l y s i s  i n  which t h e  
wide-column a n a l o g y  was a p p l i c a b l e .  Detai ls of t h e  c o n f i g u r a t i o n  5 a n a l y s i s  
are p r e s e n t e d  i n  append ix  B.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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F i g u r e  7 ( b )  p r e s e n t s  t h e  mass-s t reng th  r e s u l t s  f o r  the  c o n f i g u r a t i o n s  
shown i n  f i g u r e  7 ( a ) .  Us ing  c o n f i g u r a t i o n  5 b  r e s u l t s  as a bas is  f o r  compari- 
s o n ,  t h e  less d e n s e  c o r e  d e s i g n s  ( c o n f i g u r a t i o n  5 a )  r e s u l t  i n  a 28-percent  
mass decrease a t  t h e  l o w e r  l o a d  i n d e x  v a l u e s  and a 12-percent  mass decrease 
a t  a l o a d  i ndex  v a l u e  o f  a p p r o x i m a t e l y  2 . 5  MN/m2 (360 l b f / i n 2 ) .  S i m i l a r l y ,  
t h e  c o n f i g u r a t i o n  w i t h  compos i te  face sheets  r e s u l t s  i n  a 28-percent  mass 
decrease a t  t h e  l ower  l o a d  i n d e x  v a l u e s  and a 36-percent  mass decrease a t  a 
l o a d  i n d e x  v a l u e  o f  2 .5  MN/m2 (360  l b f / i n 2 ) .  
t h e  change i n  p a n e l  mass t h a t  r e s u i t s  from c o n s i d e r a t i o n  o f  t h e  core shear 
s t i f f n e s s  is n e g l i g i b l e .  

F i g u r e  7 ( b )  a l s o  i n d i c a t e s  t h a t  

The p a n e l  d e s i g n s  a s s o c i a t e d  w i t h  f i g u r e  7 ( b )  are c o n s t r a i n e d  by maximum 
s t r a i n  c r i t e r i a .  Thus,  t h e  compress i ve  s t r a i n  f o r  c o n f i g u r a t i o n s  5a and 5b  
is  0.0078,  and t h e  compress i ve  s t r a i n  f o r  c o n f i g u r a t i o n  5 c  is a p p r o x i m a t e l y  
0 .0047.  

P a n e l  d imens ions  f o r  c o n f i g u r a t i o n  5 d e s i g n s  may be o b t a i n e d  from f i g -  
u r e  7 ( c )  as a f u n c t i o n  o f  l o a d  i n d e x .  S i n c e  p a n e l  d e s i g n s  are governed by 
maximum s t r a i n  c o n s t r a i n t s ,  c o v e r - s h e e t  t h i c k n e s s  is a l i n e a r  f u n c t i o n  o f  
l o a d  i n d e x .  The r e l a t i o n s  between c o r e  h e i g h t  and l o a d  i n d e x  f o r  v a r i o u s  
v a l u e s  o f  c o r e  shear s t i f f n e s s  i n d i c a t e  o n l y  modest  i n c r e a s e s  i n  c o r e  h e i g h t  
are r e q u i r e d  when c o r e  shear s t i f f n e s s  i s  c o n s i d e r e d  i n  t h e  d e s i g n  p r o c e s s .  

F i g u r e  8 p r e s e n t s  optimum p a n e l  masses f o r  c o n f i g u r a t i o n s  1 th rough  5 
f o r  a l o a d  of 
(35  i n . )  as a f u n c t i o n  o f  p a n e l  aspect r a t i o .  The optimum p a n e l  masses are 
v a l i d  f o r  aspect r a t i o s  greater t h a n  1 (see d i s c u s s i o n  i n  append ix  B ) .  The 
honeycomb-core d e n s i t y  f o r  c o n f i g u r a t i o n s  3 and 5 i s  160 kg/m3 ( I O  l b m / f t 3 ) .  
T h i s  f i g u r e  i n d i c a t e s  t h a t  t i t a n i u m  h a t - s t i f f e n e d  honeycomb-core sandwich 
p a n e l s  are mass c o m p e t i t i v e  w i t h  c o n f i g u r a t i o n  5 p a n e l s  f o r  h a t - s t i f f e n e d  
p a n e l  l e n g t h s  l ess  t h a n  145 cm (57  i n . ) .  Similar r e s u l t s  are shown f o r  o p t i -  
mum compos i te  p a n e l s .  F i g u r e  8 i n d i c a t e s  t h a t  optimum compos i te  p a n e l s  f o r  
c o n f i g u r a t i o n s  I ,  3 ,  and 4 are mass c o m p e t i t i v e  w i t h  c o n f i g u r a t i o n  5 p a n e l s  
fo r  c o n f i g u r a t i o n s  1 ,  3 ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 p a n e l  l e n g t h s  less t h a n  88.9 em (35 i n . ) ,  
198 cm (78 i n . ) ,  and 137 em (54 i n . ) ,  r e s p e c t i v e l y .  Comparison of ex ten -  
s i o n a l  s t r a i n s  f o r  t h e  d e s i g n s  where c o n f i g u r a t i o n s  have t h e  same mass i n d i -  
cates a l l  s t i f f e n e d  p a n e l  d e s i g n s  a r e  more s t i f f  t h a n  t h e  u n s t i f f e n e d  sand-  
wich p a n e l  d e s i g n s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

N, = 1 .75  MN/m ( 1 0  000 l b f / i n . )  and a p a n e l  w i d t h  o f  88 .9  cm 

The wide-column assumpt ion  f o r  t h e  s t i f f e n e d  d e s i g n s  i s  a c o n s e r v a t i v e  
assumpt ion ,  and a c t u a l  b u c k l i n g  l o a d s  would be greater f o r  these d e s i g n s  w i t h  
s imp ly  s u p p o r t e d  s i d e s .  Thus,  t h e  p a n e l  masses shown i n  f i g u r e  8 f o r  st i f -  
fened p a n e l s  would be reduced i f  s i m p l y  s u p p o r t e d  boundary c o n d i t i o n s  were 
used i n  an  o p t i m i z a t i o n  p rocedure  f o r  f u l l - s i z e d  p a n e l s .  

Comparison o f  masses between t h e  optimum u n s t i f f e n e d  sandwich t i t a n i u m  
p a n e l  ( c o n f i g u r a t i o n  5 b )  and t h e  u n s t i f f e n e d  sandwich compos i te  p a n e l  (con-  
f i g u r a t i o n  5c )  i n d i c a t e s  t h a t  t h e  compos i te  p a n e l  d e s i g n  o f f e r s  a 35-percent  
mass r e d u c t i o n  o v e r  t h e  l e n g t h s  i n v e s t i g a t e d .  
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Minimum Gage C o n s t r a i n t s  

Minimum gage  c o n s t r a i n t s  were n o t  c o n s i d e r e d  i n  t h e  f o r e g o i n g  d i s c u s -  
s i o n s .  The effect  of minimum gage c o n s t r a i n t s  on p a n e l  mass fo r  c o n f i g u r a -  
t i o n s  1 t o  4 is a f u n c t i o n  of p a n e l  l e n g t h  (minimum gage  c o n s t r a i n t  ef fects  
on p a n e l  mass d e c r e a s e  w i t h  i n c r e a s i n g  p a n e l  l e n g t h ) ,  l o a d i n g  i n d e x ,  and 
p a n e l  material. For t h e  mass -s t reng th  c u r v e s  p r e s e n t e d  i n  f i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ,  4 ,  5 ,  
and 6 ,  p a n e l  l e n g t h s  and t h e  minimum load - index  v a l u e  were s e l e c t e d  so t h a t  
minimum gage  c o n s t r a i n t s  c o u l d  be  n e g l e c t e d .  F i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 shows t h e  r e s u l t s  of 
a n a l y s e s  on c o n f i g u r a t i o n s  l a  and I C  f o r  v a l u e s  o f  
( I O  l b f / i n 2 )  
g a g e s  used i n  t h e  a n a l y s i s  are shown i n  t h e  f i g u r e .  (The minimum gage  f o r  
t h e  u n i d i r e c t i o n a l  material i n  t h e  s k i n  o f  c o n f i g u r a t i o n  I C  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAzero,.) For 
t h e  l o a d  range  shown, t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  minimum gage c o n s t r a i n t s  
imposed on t h e  t i t a n i u m  p a n e l s  had no  effect  on p a n e l  mass f o r  t h e  177.8-cm 
(70 - in . )  l e n g t h  p a n e l s  and a f fect  t h e  mass of t h e  63.5-cm ( 2 5 - i n . )  p a n e l s  f o r  
l o a d  i n d e x  v a l u e s  below 
cate t h e  approx ima te  maximum v a l u e  o f  l o a d  index  f o r  which minimum gage  con- 
s t r a i n t s  af fect  p a n e l  mass.) 

Nx/L > 0.07 MN/m2 
t o  d e t e r m i n e  t h e  ef fects  o f  minimum gage c o n s t r a i n t s .  Minimum 

N,/L = 276 kN/m2 (40  l b f / i n 2 ) .  (The t i c k  marks  i n d i -  

R e s u l t s  f o r  t h e  compos i te  p a n e l  i n d i c a t e  minimum gage c o n s t r a i n t s  have 
a more pronounced ef fect  on t h e  mass o f  t h e s e  p a n e l s .  T h i s  r e s u l t  i s  l a r g e l y  
caused by t h e  a n g l e - p l y  minimum gage  c o n s t r a i n t .  The dashed l i n e  i n d i c a t e s  
t h e  mass o f  compos i te  p a n e l  d e s i g n s  w i t h o u t  t h e  minimum gage  c o n s t r a i n t s .  

Summary o f  S t r u c t u r a l  E f f i c i e n c y  S t u d i e s  

F i g u r e  10 p r e s e n t s  a summary o f  t h e  b u c k l i n g  and maximum s t r a i n  con- 
s t r a i n e d  mass -s t reng th  c u r v e s  f o r  a r a n g e  o f  l o a d  i n d i c e s  e x p e c t e d  i n  a i r -  
c r a f t  l i f t i n g  s u r f a c e s  and f o r  t h e  f o u r  t i t a n i u m  and B s c / A l  p a n e l  c o n f i g u -  
r a t i o n s  ana lyzed  as wide co lumns.  It may be s e e n  t h a t  a l l  minimum-mass 
compos i te  p a n e l s  are l i g h t e r  t h a n  minimum-mass t i t a n i u m  p a n e l s .  F o r  a g i v e n  
mater ia l ,  b u c k l i n g  c r i t i c a l  p a n e l s  l i s t e d  i n  o r d e r  o f  i n c r e a s i n g  mass are:  

( a )  H a t - s t i f f e n e d  honeycomb-core sandwich p a n e l s  

( b )  Open-sec t ion  c o r r u g a t i o n  p a n e l s  

( c )  H a t - s t i f f e n e d  p a n e l s  

( d )  C o r r u g a t i o n - s t i f f e n e d  p a n e l s  

P a n e l  d imens ions  o f  s e v e r a l  c o n f i g u r a t i o n s  are g i v e n  i n  t a b l e  4 f o r  
v a r i o u s  v a l u e s  o f  l o a d  index  and p a n e l  l e n g t h .  Element w i d t h s  and e lemen t  
numbers a r e  d e f i n e d  i n  t h e  s k e t c h  p r e s e n t e d  i n  t a b l e  4 .  The r e l a t i v e  po.si- 
t i o n  o f  a l amina  w i t h i n  an  e lemen t  i s  d e f i n e d  i n  t ab le  4 by t h e  numbers i n  
p a r e n t h e s e s  ( f o r  example,  ( 1 , l ) )  where t h e  f i rst number,  1 ,  l o c a t e s  t h e  pos i -  
t i o n  of t h e  l am ina  a t  t h e  midp lane  o f  t he  l a m i n a t e  and t h e  second number,  1 ,  
d e f i n e s  t h e  e lemen t  number,  1 ,  as shown i n  t h e  t a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 s k e t c h .  C o r r e l a t i o n s  
between t h e  l am ina  t h i c k n e s s  and p l y  a n g l e  w i t h i n  a l a m i n a t e  may be made 
u s i n g  t a b l e  4 and t h e  c o n f i g u r a t i o n  c r o s s  s e c t i o n s  shown i n  f i g u r e s  3 t o  6 .  
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The r e s u l t s  shown i n  t ab le  4 i n d i c a t e  t h a t  E u l e r  column b u c k l i n g  is a 
g o v e r n i n g  c o n s t r a i n t  i n  a l l  optimum d e s i g n s  e x c e p t  t h e  h i g h l y  loaded d e s i g n s  
i n  which maximum s t r a i n  c o n s t r a i n t s  gove rn  p a n e l  d e s i g n .  T h i s  r e s u l t  i s  i n  
agreement  w i t h  t h e  Buc lasp  2 buckl ing-mode p r e d i c t i o n s  f o r  c o n f i g u r a t i o n s  1 
and 3. . I n  t h e  c o n f i g u r a t i o n  4 d e s i g n s  shown i n  table 4 ,  b o t h  E u l e r  column 
b u c k l i n g  and l oca l  b u c k l i n g  c o n s t r a i n  p a n e l  d e s i g n .  The Buc lasp  2 a n a l y s e s  
for  t h i s  c o n f i g u r a t i o n  i n d i c a t e d  the  l o c a l  b u c k l i n g  mode t o  be t h e  lowest 
b u c k l i n g  mode. 

Another  r e s u l t  i n d i c a t e d  i n  tab le  4 i s  t h a t ,  f o r  c o n f i g u r a t i o n  I C  
d e s i g n s  f o r  p a n e l  l e n g t h s  o f  177.8 e m  (70  i n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) and 63.5 em (25 i n .  1, no 0' 
B s c / A l  l am inae  are r e q u i r e d  i n  t h e  s k i n  of t h e  shorter p a n e l .  I n  a d d i t i o n ,  
t h e  c o n f i g u r a t i o n  3b d e s i g n s  i n d i c a t e  t h a t  i n c r e a s i n g  t h e  p a n e l  compress ion  
l o a d  r e s u l t s  i n  a decrease o f  t h e  honeycomb-core t h i c k n e s s  (see l am inae  ( 1 , l )  
and ( 1 , 4 )  i n  tab le  4 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CONCLUDING R E M A R K S  

The p r e s e n t  s t u d y  has prov ided  a p e r s p e c t i v e  on t h e  r e l a t i v e  mass and 
s t i f f n e s s  per fo rmance o f  f i v e  compress ion  p a n e l  c o n f i g u r a t i o n s  fabr icated 
from t i t a n i u m ,  Bors ic /a luminum,  o r  a comb ina t ion  o f  these materials. Agree- 
ment between e l a s t i c  b u c k l i n g  t h e o r y  and e x p e r i m e n t a l  r e s u l t s  from refer-  
ence 2 f o r  u n i d i r e c t i o n a l  Bors ic /a luminum h a t - s t i f f e n e d  p a n e l s  i n d i c a t e  elas- 
t i c  b u c k l i n g  t h e o r y  may be used i n  p r e l i m i n a r y  d e s i g n  of  Bors ic /a luminum 
compress ion  p a n e l s .  Thus ,  e las t ic  b u c k l i n g  d e s i g n  c r i t e r i a  and p l a t e  lami- 
n a t e  t h e o r y  were used t o  d e t e r m i n e  optimum s t r u c t u r a l  mass and s t i f f n e s s  i n  
t h e  p r e s e n t  s t u d y .  The r e s u l t s  are p r e s e n t e d  i n  t h e  form o f  mass -s t reng th  
c u r v e s  and s t r a i n - s t r e n g t h  c u r v e s .  

The f o l l o w i n g  s p e c i f i c  c o n c l u s i o n s  may be made f rom t h e  s t u d y :  

1 .  For  t h e  s t r u c t u r a l l y  e f f i c i e n t  compress ion-pane l  c o n f i g u r a t i o n s  and 
compress ion- load r a n g e s  s t u d i e d :  

( a )  Composi te p a n e l s  w i l l  have 35 p e r c e n t  t o  50 p e r c e n t  less mass 
t h a n  e f f i c i e n t  t i t a n i u m  p a n e l s  c a r r y i n g  t h e  same l o a d .  

( b )  I n p l a n e  l o n g i t u d i n a l  s t i f f n e s s  o f  Bors ic /a luminum compos i te  pan- 
e ls  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom 25 t o  45 p e r c e n t  h i g h e r  t h a n  t h e  s t i f f n e s s  o f  t i t a n i u m  p a n e l s .  

( e >  Bors ic /a luminum compos i te  r e i n f o r c e d  t i t a n i u m  p a n e l s  w i l l  pos- 
sess 20 t o  35 p e r c e n t  l ess  mass t h a n  t i t a n i u m  p a n e l s .  

( d )  I n p l a n e  s t i f f n e s s  o f  r e i n f o r c e d  t i t a n i u m  p a n e l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  a p p r o x i -  
ma te l y  t h e  same as t h e  s t i f f n e s s  o f  compos i te  p a n e l s .  

2 .  For a g i v e n  l o a d  l e v e l  and p a n e l  w i d t h ,  t h e  mass o f  t h e  l o n g i t u d i -  
n a l l y  s t i f f e n e d  p a n e l s  i n c r e a s e s  w i t h  i n c r e a s i n g  p a n e l  l e n g t h .  Thus,  f o r  s u f -  
f i c i e n t l y  l o n g  p a n e l s ,  t h e  honeycomb-core sandwich p a n e l  becomes t h e  most 
e f f i c i e n t  s t r u c t u r a l  c o n f i g u r a t i o n  o f  t h e  c o n f i g u r a t i o n s  under  i n v e s t i g a t i o n .  
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3. P a n e l  mass is n e a r l y  i ndependen t  o f  o r i e n t a t i o n  of a n g l e - p l y  l a y e r s  
i n  b u c k l i n g  c o n s t r a i n e d  d e s i g n s .  

4 .  Effects o f  minimum gage c o n s t r a i n t s  are greater i n  compos i te  d e s i g n s  
t h a n  i n  t i t a n i u m  d e s i g n s .  

5.  A r e f i n e d  b u c k l i n g  a n a l y s i s  i n d i c a t e s  t h e  buckl ing-mode a s s u m p t i o n s  
used i n  t h e  o p t i m i z a t i o n  p r o c e d u r e  are a d e q u a t e  f o r  p r e l i m i n a r y  d e s i g n .  

6.  For t h e  s t i f f e n e d  c o n f i g u r a t i o n s  s t u d i e d ,  t h e  h a t - s t i f f e n e d  honeycomb- 
core sandwich p a n e l s  showed t h e  h i g h e s t  s t r u c t u r a l  e f f i c i e n c y .  

Lang ley  Research  C e n t e r  
N a t i o n a l  A e r o n a u t i c s  and S p a c e  A d m i n i s t r a t i o n  
Hampton, V A  23665 
Oc tober  28,  1976 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

EFFECT OF ANGLE PLIES AND STACKING SEQUENCE OF COMPOSITE SKIN 

ON MASS OF BORSIC/ALUMINUM COMPRESSION PANELS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The o p t i m i z a t i o n  p rocedure  was used t o  s t u d y  t h e  ef fect  o f  ang le -p l y  

l a m i n a t e s  and s t a c k i n g  sequence o n . c o n f i g u r a t i o n s  similar t o  c o n f i g u r a -  
t i o n s  I C  and I d .  
p l y  l am inae .  The a n g l e - p l y  l am inae  were v a r i e d  i n  15' i n c r e m e n t s  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0' 
( u n i d i r e c t i o n a l  l a m i n a e )  t o  90' l am inae .  The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  
no p e r c e p t i b l e  change i n  p a n e l  mass as a f u n c t i o n  o f  p l y  a n g l e .  A s l i g h t  
decrease i n  mass may be a c h i e v e d  by u s i n g  t h e  a n g l e  p l i e s  on t h e  e x t e r i o r  
s u r f a c e  o f  t h e  s k i n .  S i n c e  p a n e l  mass i s  n o t  a f u n c t i o n  of p l y  a n g l e ,  + 4 5 O  
ang le -p l y  l am inae  were chosen f o r  t h e  main s t u d y  because  o f  t h e i r  shear- 
c a r r y i n g  c a p a b i l i t y .  (No s h e a r  l o a d s  were c o n s i d e r e d  i n  t h e  p r e s e n t  s t u d y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
however. 

I n  t h i s  s t u d y ,  t h e  s k i n  i s  formed from 0' p l y  and ang le -  
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APPENDIX B 

ANALYSIS OF HONEYCOMB-CORE SANDWICH PANELS (CONFIGURATION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 )  

The mass p a r a m e t e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw/L and l o a d  i n d e x  N,/L u s e d  i n  mass compari-  
sons f o r  c o n f i g u r a t i o n s  1 t h r o u g h  4 are i n a p p r o p r i a t e  f o r  honeycomb-core 
sandwich p a n e l s .  The p r e v i o u s  c o n f i g u r a t i o n s  g e n e r a l l y  e x h i b i t  wide column 
beh-v io r  and d e r i v e  min ima l  s t i f f n e s s  from s i m p l y  s u p p o r t e d  edge  c o n d i t i o n s .  
T h i s  b e h a v i o r  c a n  be e x p e c t e d  when t h e  t r a n s v e r s e  bend ing  s t i f f n e s s  o f  t h e  
p a n e l  is small i n  compar i son  w i t h  t h e  l o n g i t u d i n a l  bend ing  s t i f fness .  Fur- 
t h e r m o r e ,  c lass ica l  t h e o r y  f o r  s i m p l y  s u p p o r t e d  o r t h o t r o p i c  p a n e l s  ( r e f .  12)  
i n d i c ~ t s s  t h e  p a n e l  b u c k l i n g  l o a d  i s  e s s e n t i a l l y  i n d e p e n d e n t  of 

p a n e l  l e n g t h  f o r  a s p e c t  r a t i o s  g r e a t e r  t h a n  

c o r e  p a n e l s  w i t h  B s c / A l  face s h e e t s  compr ised of 245' and OO. lam inae ,  

D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/D . F o r  honeycomb- 7 T  
1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 7w 5 1 . 1 2 .  Thus, m a s s - s t r e n g t h  c u r v e s  f o r  c o n f i g u r a t i o n s  5a 

t h r o u g h  5 c  are p l o t t e d  i n  terms o f  t h e  mass p a r a m e t e r  w/b and l o a d  i n d e x  
Nx/b 
a p p r o x i m a t e l y  1 .  

as shown i n  f i g u r e  7 ,  and are v a l i d  f o r  a s p e c t  r a t i o s  greater t h a n  

The m a s s - s t r e n g t h  c u r v e s  shown i n  f i g u r e  7 f o r  t i t a n i u m  p a n e l s  are 
d e r i v e d  u s i n g  b u c k l i n g  e q u a t i o n s  t h a t  ' i nc lude  t h e  e f fec t  o f  t r a n s v e r s e  s h e a r  
d e f o r m a t i o n  as p r e s e n t e d  i n  r e f e r e n c e  7 and t h e  maximum s t r a i n  c o n s t r a i n t .  
I n  t h e  a n a l y s i s ,  t h e  maximum s t r a i n  c o n s t r a i n t  d e t e r m i n e s  t h e  c o v e r - s h e e t  
t h i c k n e s s  as a f u n c t i o n  o f  l o a d  and t h e  b u c k l i n g  e q u a t i o n  d e t e r m i n e s  t h e  
c o r e  h e i g h t  r e q u i r e d  t o  m a i n t a i n  s t a b i l i t y .  The maximum s t r a i n  c o n s t r a i n t  
gove rns  t i t a n i u m  p a n e l  d e s i g n  f o r  l o a d  index  v a l u e s  g r e a t e r  t h a n  0 . 4  M N / m 2  
( 6 0  l b f / i n 2 ) .  

The m a s s - s t r e n g t h  c u r v e  shown i n  f i g u r e  7 f o r  B s c / A l  p a n e l s  ( c o n f i g u r a -  
t i o n  5 c )  was o b t a i n e d  u s i n g  t h e  o p t i m i z a t i o n  p r o c e d u r e .  
c o n f i g u r a t i o n ,  t h e  c o v e r - s h e e t  t h i c k n e s s  was de te rm ined  by maximum s t r a i n  
c o n s t r a i n t s  and' t h e  c o r e  h e i g h t  was d e t e r m i n e d  by s t a b i l i t y  c o n s t r a i n t s .  

A s  w i t h  t h e  t i t a n i u m  
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12. L e k h n i t s k i i ,  S. G .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(S. W .  Tsai and T .  Cheron, t r a n s l . ) :  A n i s o t r o p i c  
Plates.  Gordon Breach S e i .  P u b l . ,  I n c . ,  c .1968.  
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TABLE 1.-  TITANIUM MATERIAL PROPERTY DATA (REF. 3)  

E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 110 GN/m2 (16.0 

G = 43 GN/m2 (6 .2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx IO6 p s i )  

10 6 p s i )  

= 0.33 

max,comp = -0.0078 E 

P = 4400 kg/m3 (0.16 lbm/ in3)  

TABLE 2.- U N I D I R E C T I O N A L  BORSIC/ALUMINUM MATERIAL PROPERTY DATA 

FOR 45-PERCENT FIBER VOLUME FRACTION (REF. 1 )  

E l l  = 207 GN/m2 (30  x l o 6  p s i )  

E22 = 131 GN/m2 ( 1 9  X l o 6  p s i )  

G I 2  = 57 G N / m 2  (8 .3  X I O 6  p s i )  

v = 0.26 

(E l l ,max )comp -0.0066 

y12,max = 0.006 

P = 2700 kg/m3 (0 .098 lbm/ in3)  

12 

(imposed i n  p r e s e n t  a n a l y s i s )  

( imposed i n  p r e s e n t  a n a l y s i s )  

TABLE 3.- T I T A N I U M  HONEYCOMB PROPERTY DATA (REF. 4 )  

P 80 kg/m3 (5  l bm/ f t3 )  

G = 380 MN/m2 (55 k s i )  1 
P = 160 k g h 3  (10 lbm/ f t3 )  

G = 760 MN/m2 (110 k s i )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
17 



:on f ipura t ion  $/m* kg/m3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI lL ! w / L ,  

l b  ~ 1.38  ' 7 . 6 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 1.38 7 . 7 3  I C  

1c 

I C  

l e  

2a 

2b 

2c 

3a 

3b 

3b 

3c 

4a 

4b 

1.38 7 . 8 0  

6.89 19.4 

1.38 10.6 

1.38 17.2 

1.38 8 . 3 2  

1.38 14.0 

1.38 9 . 8 1  

1.38 5 .41  

6 . 8 9  1 9 . 6  

1.38 7 . 2 6  

1.38 12.8 

1 .38  6.48 

3 . 5 6  

2.36 

2.63 

2.41 

4.73 

2 .15  

3.22 

2 . 1 7  

2.00 

6 .09  

3.84 

4.71 

4.64 

4.32 

2.79 

bl  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
cm 

TABLE 4.- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADIMENSIONS OF SELECTED MINIMUM-MASS PANELS 

I-- b4- '1- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAb4 
I Element4  I E l e m e n t 1  I Element4  I 

------ 

Element 2 

bb3+ Element 3 

(a) SI U n i t s  

6.41 

2 . 4 5  

6.36 

I 

10.2 

5 . 5 5  

5.06 

4.21 

3.71 

2.37 I 
5 . 8 2  I 

6 . 7 0  

1.54 

3.11 

4.39 

1 .43  

3.68 10.1 1177.8 * .071 *.164 ----- 
5 . 6 7  5 .46  177.8 "071 ,123 ----- 

5.06 5 . 0 3  127.0 ,149 ----- ----- 

3.49 4.21 127.0  ,123 ----- ----- 

5 . 3 9  3.64 127.0 ,086 ----- ----- 

7 . 6 3  

6 .55  

2.76 

7 .30  

7.27 

3.57 

4.26 

4 .21  

2.82 

13 .2  10.8 10 .4  18.1 10.7 177.8  ,803 .041 ----- 

10.5 8 .75  8 . 6 3  1 3 . 2  8 .70  177.8 ,445 "036 0.0  

1 0 . 9  12.9 1 0 . 6  5 . 7 9 1 2 . 9  177.8 , 1 4 5 Y . 0 3 6  .082 

8 . 3 8  8 . 5 3  4.88 19.0 8 . 3 4  ,177.8  , 7 5 3  "036 ,012 

15.1 9 . 2 6  10 .3  5.14 8 . 9 5  177.8 ----- ----- ----- 

12.0  6 . 9 3  9.49 4.74 6.81 177.8 ----- ----- ----- --- 
*This dimension was p a r t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  opt im iza t ion-procedure  i n p u t  d a t a .  

3.248 

,195 

,079 

"196 

,438 

,133 

. I 4 9  

.123 

,086 

,437 

,339 

.583 

,301 

,315 

,229 

229 _ _ _ _ _  
,092  , ----- 

*.320 _ _ _ _ _  
,574 ----- 

,133  0.937 

~ 

,627 _ _ _ _ _  
.248 ----- 

,086 ,889 

,437 ----- 

,403  ----- 

,786 ----- 

.301 ,494 

,350 ----- 

,314 ----- 

*.071 ,123 ----- 
,297 -_--- _-_-- 
,246 _ _ _ _ _  _ _ _ _ _  
,158 .086 ----- 
,803 ,041 ----- 
,445 *.036 0.0 

,145 *.036 ,082 

,753 *.036 ,012 

,350 _---- ----- 
,314  -_--- ----- 

a t  E u l e r  
load? 

Yes 

Yes 

Yes 

No 



TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.- Concluded 

4.72 2.73 3.74 1.87 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 

I E l e m e n t 4  1 Element 1 I Element 4 I - 

2.68 70 ----- 

Element  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

( b )  U.S. Customary Un i ts  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 7 7 7 7 1  

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN,/L, I w / ~  l o 4 ,  1 Lamina t h i c k n e s s ,  i n . ,  f o r  ( lamina no., element no.) - 'E lements Is column Elemsnts 

( 1 , 1 )  ( 2 , 1 )  ( 3 , 1 )  ' ( 1 , 3 )  ( 2 , 3 )  ( 1 , 4 )  ( 2 , 4 )  ( 3 . 4 )  , s t r a i n  load? buckl inp 
Conf igura t ion  l b f / i n 2  lbm/in3 E X  l o 3  Pn: ' ::: q i :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy ; .  I , a t  max. a t  Euler a t  l o c a l  

. *  

l a  

l b  

1c 

I C  

l c  

l e  

2a 

2b 

2c 

3a 

3b 

3b 

I 3c 

200 

200 

200 

200 

1000 

200 

200 

200 

200 

200 

200 

1000 

200 

5.61 3.56 

2.76 2.36 

2.79 2.63 

2.82 2.41 

7.01 4.73 

3.83 2.15 

6.22 3.22 

3.00 2.17 

5.05 2.00 

3.55 6.09 

1.96 3.84 

7.09 4.71 

, 2.62 4.64 

3.00 3.15 3.11 

2 . 5 8  2.52 2.50 

1.09 .96 . 9 3  

2 .87  2.50 2 .29  

2.86 4.00 2.67 

1 . 4 1  2 . 1 ~  .61 

1.68 1.9q 1.23 

1 .66  1 .66  1.73 

1.11 1.46 .56 

5.20 4.25 4.08 

4 . 1 4  3 . 4 4  3.00  

4.28  5.10 4 .16  

3 .30  3.36 1.92 

1.50 3.15 

1.29 2.52 

.54 .96 

1 . 4 4  2.49 

1.45 4.00 

2.23 2.15 

1 .99  1.98 

1 .38  1.66 

2.12 1.43 

7 .12  4.22 

5.20 3.42 

2 . 2 8  5 . 1 0  

7.47 3.29 

70 0 .093 

70 ,079 

25 *.028 

70 *.028 

70 *.028 

70 ..028 

50 ,059 

50 ,048 

50 ,034 

70 .?16 

70, .175 

70 ,057 

70 ,296 

I 4b 1 200 1 2.34 I 2.79 

, 5 . 9 3  3 .65  4 . 0 5  2.02 1 3 . 5 2  I 7 0  : ----- 

0.097 

,077 

,031 

*.077 

,172 

,052 

,059 

.048 

,034 

. 172 

. I 3 3  

,229 

.119 

0 .097 

,090 

.036 

..126 

,226 

,052 

,247 

,098 

,034 

,172 

,159 

,309 

,119 

0.093 

,079 

----- * .028 

----- *.028 

----- ".028 

0.369 '.O28 

----- ,117 

----- ,097 

,350 .062 

----- ,316 

----- ,175 

.057 

,195 i ,296 

___-_ 

----- 

--___ 



N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Configuration 1 
Hat -stiffened 

panel 

Configuration 2 
C o r  rugat ion- stiffened 

panel 

Configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 
Hat - stiffened 

h one y co mb - co re sandwich 
panel 

Confimration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
~~ 

Open-section corrugation 
panel 

Configuration 5 

Honey comb -core sandwich 
panel 

F igu re  1 . -  Compression-panel c o n f i g u r a t i o n s  examined du r ing  t h e  p r e s e n t  study. 



E zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x, max 

(a )  Typical design curves used as local buckling constraints 
in optimization analysis. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

-/ 400 3000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

b/t 

(b)  Comparisons of 0' Bsc/Al design curves with experimental data. 

Figure 2.- Strength and buckling curves for simply supported plate elements. 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 
r + 4 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 +45 7 

.008 

.006 

.OM 

.002 

0 

. . . . . . . . . . . . . . . .  ... ..,",..,. .. 
................................. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi .......... ' .  tTi O0 

.......... i.._' 

0 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 6 8 1 0 x 1 1  
r I I I I I 

- 
- 

- 

- 

- 

- 

- 0 Buclasp 2 predict ion 

1 1 1 1 1 1 1  

0 2 4 6 

Configuration l a  -Ti tanium 
Configuration l b  - 0' BsclAl 

3 
wlL, kglm 

Configuration IC 
BsclAl  

Configuration I d  
Bsc lAl  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( a )  M a t e r i a l  d i s t r i b u t i o n .  

NJL, lb f l in  

200 1000 10000 
loo. 1 I I I I ' l ' I  

3 wlL. lbml in  

- 

Configuration l e  
BsclAl  and t i tan ium zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E 
X 

2 
N i l .  MNlm NJL. MNlm' 

( b )  Mass-s t rength  c u r v e s .  ( c )  Compressive s t r a i n - s t r e n g t h  c u r v e s .  

F i g u r e  3.-  R e s u l t s  o f  h a t - s t i f f e n e d  pane l  a n a l y s e s  ( c o n f i g u r a t i o n  1 ) .  



0' Bsc lA l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAT 

2 

Configuration 2a - Titanium 
Configuration 2b - 0' Bsc lA l  

Configuration 2c 

( a )  Material d i s t r i b u t i o n .  

2 N i l ,  lbf l in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

wlL. kgl m 

t- I 

3 lbmlin 

t 
1 10 100 

NJL. Ibfl.in 

0 2 4 6 8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o x 1  .me I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I 

.006 . 

EX .OM- 

.002 . 

2 2 
NJL. MNlm F'JL, MNlm 

( b )  Mass-st rength c u r v e s .  

F igu re  4. -  R e s u l t s  o f  c o r r u g a t i o n - s t i f f e n e d  pane l  a n a l y s e s  (conf igura t . ion  2 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( c )  Compressive s t r a i n - s t r e n g t h  cu rves .  

N 
W 



Configuration 3a -Titanium Configuration 3b Configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( a )  M a t e r i a l  d i s t r i b u t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

WlL. 

NJL. lbflin 

- - 

- 

- WlL. 

Buclasp 2 prediction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 10 100 

2 
NxlL, MNlm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 lbmlin 

I,,,,,,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 2 4 6 

NJL, MN/m2 

( b )  Mass-s t rength  c u r v e s .  ( c >  Compressive s t r a i n - s t r e n g t h  c u r v e s .  

F i g u r e  5 .- R e s u l t s  o f  h a t - s t i f f e n e d  honeycomb-core sandwich' p a n e l  a n a l y s e s  ( c o n f i g u r a t i o n  3 ) .  



Configuration 4a - Titanium 
Configuration zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4b - 0' B s c l A l  

,2 

Configuration 4c 

NJL, lbflin 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOO( 

I ,  

0 Buclasp 2 prediction 

( a )  Material d i s t r i b u t i o n .  

o - ~  

wlL. lbflin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o - ~  

E 
X 

1 10 100 

N ~ L ,  M N ~  

N i l .  lbflin 

.om 0 ' 2 4 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 10x1 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 

Configuration / 

-oo21 0 Buclasp 2 prediction 

I,,,,,,, 
0 2 4 6 

NJL, MNlm' 

( b )  Mass-st rength c u r v e s .  ( c )  Compressive s t r a i n - s t r e n g t h  c u r v e s .  

F i g u r e  6 .- R e s u l t s  o f  open-sect ion c o r r u p a t i o n  pane l  a n a l y s e s  ( c o n f i g u r a t i o n  4 ) .  



r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATitanium face sheets 
co, +451 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I- Bsc lA l  face sheets 
I Titanium core 

I I I I I I I I I I I I I  
/ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H I ' H ' H H l i l  
b t 

3 3 = 160 kglm (10 lbmlf t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

Simple supports 

Conf igurat ion 5c p 3 Configuration 5a p,,,, = 80 kglm (5 lbmlft  1 

Conf igurat ion 5b pcore = 160 kglm (10 Ibmlft3) 

b- 

3 
core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( a )  Material d i s t r i b u t i o n .  

N i b .  lb f l in  

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwl b, kgl m 

100 200 300 400 500 16 

l_1 8 

0 100 200 300 400 500 16 

5 x  

12 
4 

8 3 

2 
I n f i n i t e  shear stiffness 

Fini te shear stiffness 

4 
1 --- 

I I I I l o  
0 1 2 3 4 

N i b ,  MNlm2 

( b )  Mass-s t reng th  c u r v e s .  

wlb. lbml in  3 

Fini te shear stiffness 
in core 

--- 

F i g u r e  7. -  R e s u l t s  of honeycomb-core sandwich p a n e l  a n a l y s e s  
( c o n f i g u r a t i o n  5 ) .  
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N i b .  lbflin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t 
b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 1 2 3 4 

N i b ,  MNIm 2 

2 N i b ,  lbflin 

h 
b 
- 

0 100 200 300 400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA500 
.028 I I I I 

I 2  
GCore = 380 MNlm 

cover sheets 

. 0 2 2 l  1 
ti 1 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 4 

N i b ,  MNIm2 

( c )  Pane l  d i m e n s i o n s .  

F i g u r e  7.- C o n c l u d e d .  

27 

11.1 I 1111 11111 11111 I ..I1 111111 1111111111 



W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
PT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAib 

1 Hat-stiffened panel 
2 Corrugation-stiffened panel 

3 Hat-stiffened honeycomb-core zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 Open-section corrugation panel 
5 Honeycomb-core sandwich panel 

sandwich panel 

1 2 3 

L/b 

F i g u r e  8.- Comparison o f  t h e  s t r u c t u r a l  e f f i c i e n c y  of c o n f i g u r a t i o n s  1 t o  5 for 
Nx zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1.75 MN/m (10  000 l b f / i n . )  and b = 88.9 cm (35 in.). 



I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Mater ia l  cm 
Ti 0.038 

OoBsc/Al .018 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
k45' Bsc/Al .071 

in. 

0.015 
.007 
.028 

2 N,/L, lbf/in 

20 100 3 00 
4010 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I l l  I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- Configuration l a  

- 

- L = 177.8 cm (70 in.) 

- - 
- - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 No minimum gage const ra in t  - - 

1 1 1 1  I I I I I I I I  1 

.07 .1 1 3 
- 

N,/L, M N / ~ ~  

w/L, lbm/in 3 

F i g u r e  9.-  E f f e c t  o f  minimum gage c o n s t r a i n t s  on mass -s t reng th  c u r v e s  
f o r  h a t - s t i f f e n e d  p a n e l s  ( c o n f i g u r a t i o n  1 ) .  
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W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 Hat-stiffened 
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 Hat -stiffened 

4 1 Open-section corrugation 

- Corrugation - st iff ened 

- h oneycomb-core sandwich 

Nx/L, lbf/in 2 

200 1000 10 000 
I I I I I I I I  

I I I I I 1 1 1 1  I I I I I l l  

1 10 

Nx/L, MN/m2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

w/L, lbm/in .3 

F igu re  10.- Comparison of mass-s t rength  c u r v e s  f o r  c o n f i g u r a t i o n s  1 t o  4 .  
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