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CXiTICAL COIZl2ESSIVi2 SSnlZSS F C R  OTJTSTAITDIWG FLANGSS 

Sp E u ~ e n e  E .  Lundqu i s t  a n d  E l b r i d % e  Z .  S t o w e l l  

S UX2dA3Y 

A c i a i t  i s  p r e s e n t e d  f o r  t h e  v a l u e s  of t k e  c o e f f i c i e n t  
i n  t h e  Z o r n u l a  f o r  Cke c r i t i c a l  'compres 'sive s t r e s s  a t  t ~ b l e h  
b u c k l i a ~  ma?? -9e e x p e c t e d  t o  o c c u r  i n  o u t s t a n d i r %  E ianqeS .  
These  f l a n g e s  a r e  T i a t  r ec tans ;u la r  g l a t e s  s u p n o r t e d  a l o n ?  
t h e  l o a d e d  eciyes,  s ~ p p o r t e d  axtd. e l a s t i c 8 l l y  r e s t r a i n e d  
a l o n f  one u n l o a d e d  c d . ~ ; e ,  r?,r-d T r e e  ;.,,lon";he o t h e r  u n l o a d e d  
ed.;e. 

The r a t h e o a t i c a l  d e r i v a t 5 o r s  - o f  t he .  I"orr,ulas r e q u i r e d  
f o r  t h e  c o n s t r u c t i a v  of t h e  c h a r t  a r e  3;iven. 

I n  t k e  d e s i y n  of s t r e s s e d - s k i n  s t r u c t u r e s  f o r  a i r -  
c r a f t  as s e l l  as i n  t 3 e  d e s i ~ n  of compres s ion  members, i t  
i s  f i e s i r a b l e  t o  Bnon t l e  com2res s ive  s f r e s s  a t  -m?tich buck- 
l i n q  o c c u r s .  Ir - 9 r k c t i c e  t h e  s t r u c t u r e  i s  u s a a l l ~ r  so i m -  
p e r f e c t  o r  so e c c e n t r i c a l l y  loa i led  t k a t  l a t e r a l  d e f l e c t i o n  
st.z.rt s  v i t h  t h e  b e ~ i n c i n g  of l o a & i n y .  Bhen l a t e r a l  d -e f lec-  
t i o n  s t e r t s  w i t h  t h e  b e ~ i c n i n q  of i o a d f x ? ,  3omever ,  t h e r e  
i s  u s u a l l : ~  a  ser:. gror ,ounced i n c r e a s e  i n  d e l l e c f i o n  a t  ' the  
c r i t i c a l  c o i q r e s  s i v e  s t r e s s  f o r  ..ulich -9ucklinq mould have, 
o c c u r r e d  had t h e  s t r u c t u r e  been  p e r f e c t l y  s t r a i g h t  a n d  cen- 
t r a l l y  l o a d e d .  Tke e v a l u a t i o n  of t h i s  c r i t i c a l  compres- 
s i ~ e  s t r e s s  f o r  a f l a t  ? l a t e ,  v i t h  c e r t a i n  c o n d i t i o n s  of 
e d ~ e  s u p p o r t ,  i s  d i s c u s s e d  9 n  t h i s  9 a p e r .  

V3er a f l a t  p l a t e  5 s  l o a d e d  bn compres s ion ,  t h e  two 
l o a d e d  e a g e s  a r e  e i t h e r  ~ i r n g l y  s ~ p p o r t e d  o r  r e s t r a i n e d  i n  
some manner.  I f  tie t v o  u n l o a d e ?  ed0;es a r e  no t  s u p p o r t e d ,  
t h e  p l a t e  i s  coiisf?.ered t o  -9e a c o l u z n .  Faen a n e ,  o r  S o t h ,  
u n l o k d e &  ecl.;es a r e  a l s o  sup_oolrted o r  r e s t r a 2 n e d  i a  sone  
n a n n e r ,  t h e  c r i t i c a l  compres s ive  s ~ r e s s  i s  ~ r e a t l p  i n -  
c r e a s e d  o v e r  t L a t  f o r  t h e  ? l a t e  n s  a c o l u n n .  T 3 3 t  t h e  com- 
p r e s s i v e  s t r e s s  2 s  i z c r e n s e d  mhen o n e ,  o r  b o t h ,  e d g e s  e r e  
s u p p c r t e d  o r  r e s t r a i n e d  i n  some n a n n e r  h a s  Seen r e c o y n i z e d  

h f o r  Trears. S e c s u s e  o f  t i e  Snpor t s ,nce  of t h e  e d ~ e  condi -  
t i o n s ,  f o r m u l a s  bnsed  on t h e  a s s u z p t i o n  t h a t  e a c 2  ed?e of 
t h e  $ l a t e  i s  f r e e ,  s i m p l y  s u p p o r t e d ,  o r  f i x e d  have  j e e n  
err.plo?red i n  d e s i ; n ,  (See  t h e  su!:liary o f  t b e s e  f o r m u l a s  
4 i v e n  i n  r e f e r e n c e  1 , )  



A s t u d y  of t h e  t h e o r y  a n d  t h e  zoore r e l i a b l e  t e s t  d a t a  
on t h e  j u c k l i c q  of p l a t e  e l e a e n t s  i n  s t r e s s e d - s k i n  s t r u c -  
t u r e s  znd  com3res s ion  menbe r s ,  r e v e a l e d  t h e  n e c e s s i t y  f o r  
a  n o r e  c a r e f u l  c o n s i d e r a t i o n  of t h e  ed%e  c o n d i t i o n s  o f  
p l a t e s  t h a n  h a s  a s e n  p r e - r i o u s l g  a l t e n p t  e d .  B c c o r d i n $ l y  , 
s t u d i e s  mere made of t S e  c r i t i c a l  co r?p res s ive  s t r e s s  f o r  
I - ,  Z - ,  c h a n n e l ,  a n d  rec tangul2 . r - tube  s e c t i o n s  i n  n h i c h  
p r o p e r  c o n s i d e r a t i o n  was y i v a n  t o  t h e  i n t  e r s c t i o n  j e tmeen  
t h e  indivi?-up.1 p a r t s  of t h e  c r o s s  s e c t i o n .  (See  r e f e r &  
e n c e s  2 ,  3,  2 r d  4.) I n  o r d e r  t o  n ~ 2 c o  f h e  r e s u l t s  of  t h e  
a o r k  n o r o  q e n e r a l l r  a ; > p l i c a b l e ,  s t u d i e s  were a l s o  nade  of 
t h e  b a s i c  p l a t e  e l e m e n t s  t h a t  c o n p r r s e  t h o s e  s e c t i o n s .  
A l l  t h e  d e s i g n  c h a r t s  r e s u l t i n ?  f r o =  t i f s  i ~ v c s t i 7 n t i o n  
r e r e  nnde a v a i l . % b l c  i n  1938 .  The c o n b i a n t i o n  of t b e  p r o s -  
e n t  p a p e r  n i t h  r e f e G s n c e s  2 ,  3 ,  4 ,  ar,'d 5 i s  a more con -  
p l e t e  p r e s e a t a t i o n  of  a l l  t 5 i s  m a t e r i a l .  

The b a s i c  e l e m e n t  t r e a t e d  i n  t h i s  g a p e r  i s  a p l a t e  
s i n p l y  s u p p o r t e d  a l o n %  t h e  l o a d e d  ed.qes, s u g p o r t e d  a n d  
e l a s t i c ~ l l g  r e s t r a i n e d  a s a i n s t  r o t a t i o n  a l o n g  one u n l o a d e d  
edqe  a n d  f r e e  alon-;  t L e  r e n a f n i n g  u n l o a d e d  edqe.  T b i s  
b a s i c  e l e n e n t  i s  r e p r e s e n t a t i v e  o x t h e  o-bt s t a n d i n g  f  l a n c e  
on t h e  I-, Z - ,  a r d  c h a ~ l n e l - s e c t i o n  c o l u c n s .  En r e f e r e n c e  
5 i s  t r e a t e d  t h e  j e s i c  e i e n e z t  r e p r e s e n t a t i v e  o f  t h e  n e b s  
of  t h e s e  s e c t i o n s  n i t 3  e l a s t i c  r e s t r a i n t  a l o n q  b o t h  un load -  
e d  e d g e s .  

The z a t h e n a t i c a l  d e r i v a t i o n s  r e q u i r e d  f o r  t 3 e  i n v c s t i -  
% a t i o 3  of t h e  p r e s e n t  2 n y e r  a r e  f i v e n  i n  a p s e n d i x e s  A a n d  
B. The r e s u l t s  of p r a c t i c a l  u s e  z s e  q5ven i n  t h e  bod.. of 
t h e  p a g e r .  

EVSLUBTIOY OF GSI T I C A L  STBESS 

n-' .I. t i l l b i n  t h e  e l a s t i c  raSq2.-  V i t h i n  t h e  e l a s t i c  r a n < e  
i n  which t h c  e f f e c t i v e  n o d u l u s  05  e l a s t i c i t 2  i s  You-n?ls 
n o d u l u s ,  t h e  c r i t i c a l  c o z p r e s s i v e  s t r e s s  f c r  f o r  a t S i n  
f l a t  r e c t a n q u l a r  p l a t e  i s  e x p r e s s e d  as ( r e f e r e n c e  6 ,  p. 
531, e q u a t i o n  ( 2 1 4 ) )  

B no;adir?ensional  ' c o e f f i c i e n t  t3at depends  upon 
c o z d i t i o a s  of  c d ~ e  restraint and  shape  o f  

. ? l a t  o . 



t t b i c l m e s s  of ? l a t e  

p P o i s s o n l s  r a t i o  

5 w i d t h  of l ~ i a t e  

Be~rona t h e  e l ~ ~ s & & q . g g . g ~ g . -  Then t h e  p l a t e  i s  s t r e s s e O  
i n  comnress ioc  beyond t k e  e l a s t i c  rp,nge: t h e  e f f e c t i v e  
modulus o f  e l a s t i c 5 t y  f o r  t.h; ? l a t e  i s  J e s s  t h a n  Youn";s 
modu-lua. If a s i n ~ l e ,  o v e r - a l l  e c f ' e c t i ~ e  p l a t e  n o d u l u s  -- v 3  i s  s u 3 s t i t ~ t e d  f o r  iou i ;g f s  r r- .odui~~~s ' E ,  t h e  c r i t i c a l  
s t r e s s ,  cr'ne:? t k e  n a t e r i a l  o l  $he ? la t e  ,f s  1oade2 3e:-ond 
t h e  e l a s t i c  r a n g e ,  cz,n 3 a  o b t a i ~ e d  f r o %  e q u a t i o n  (1). 
The nondZmensiona1 c o e f f i c i e n t  %as a. v a i u e  t h a t  l i e s  
b e t t ~ e . e n  z e r o  and  u r i t y  all& i s  d e t e r e i n e d '  by t h e  s t r e s s .  
For. s t r e s s e s  w i t h i n  t h e  ~ l a s t i ' c  r a n < e ,  7 = 1. For a more 
comple te  d i s c u s s i o n  ar;2 2 - e f i c i t i o n  of , s e e  r e z e r e n c e  2 

If qE z s  s ~ b s t i t a t e d  f o r  E i n  e q u a t i o n  (i), t h e  
r e s u l t i n g  e q u a t i o r  cannot  be  d i r e c t l y  s o l v e d  f o r  f c r  ' 

. , .XI' t h e  equa-iior? i s . - d i v i d e d .  bg 7 ,  h o v e v e r ,  / i s  

g i v e n  d i r e c t l y  by t h e  g e o ~ e t r i c a l  d imens ions  o f  t h e  p l a t e ,  
Y o u c g  ! s  noc?ulus 3 ,  .a.:n2 P o i  s s o n f s  r a t i o  p.. Thus 

TOT a ~ i v e i i  m a t e r i d ,  t 3 e  r e l a t i o n s h i p  betmeen f c r  
326 -  f C  t e n d s  t o  be f i x e d  b:r ;he compress ive  s t r e s s -  

q7 ?=< straiil curve .  ,, ,s r e l a t t o n s k i p  i s  discu-sse3- i n  r e f e r e n c e  
2 ,  where i t  i s  s5or;n hotr p r o b a b l e  r e l a t i o c s ? ~ i p  b e t n e e 2  

f,, a n d  fcr/T aye  obta ined .  f r o 2  t h e  coLunn cu rve  of t h e  

m a t e r i a l  3ecause  coluc:; c u r v e s  a r e  n o r e  r e a $  l l z r  a v Z i l a b i e  
t h a n  compress ive  s t r e s s - s t r a i n  c ~ - r v e s .  , The a_ues t io5  i s ,  
t h e r e f  ? r e ,  nha t  colv-mc f o r z u l a  s5ou-l3 3e u s e & ?  Equ-at ions 
( 5 )  anA ( 9 )  of r e f e r e ~ c e  7 d e f i n e  colurm c u r v e s  t h a t  applY 
m?en t n e  x a t e r i a l  i u s t  s a t i s f i e s  t h e  ainimurn r e q u i r e m e n t s  
or' Uav?~  De?artme~",?ecif icat ;on 45EA9a Z o r  24S-E?aluminv-r~ 
s l io:r .  The r e 1 a t l o n s : l i y s  b e t v e e n  f c ,  e n &  fc,/?; f o r  
t h i s  c a s e  a r e  ~ i . . r e n  i n  r e f e r e l l c e s  2, 3 ,  and 4 a;?& i~ f'5.r;- 
uke  1 o f  t h i s  gape r . .  



The 245-T m a t e r i a l  d e l i v e r e d  u n d e r  s p e c i f i c a t i o n  
46A9i a lmos t  a l w a y s  h a s  p r o p e r t i e s  t h a t  a r e  S e t t e r  t h a n  
t h e  ninimurn r e q u i r e d  p r o p e r t i e s .  The r e l a t i o n s h i p s  be- 
tmeen f c r  and  I " ~ ~ / T  f o r  t h e  a v e r a q e  24s-T m a t e r i a l  de- 
l i v e r e d  a r e  q i v e n  i r  f i g u r e  2 .  T h i s  f i g u r e  b a s  Seen p re -  
p a r e d  i n  t & e  mfi-nner d e s c r i b e d  i n  r e f e r e n c e  2 ,  t h e  columr 
c u r v e s  f o r  a v e r a g e  24s-T = a t e r i a l  as g i v e n  hn r e f e r e n c e  8 
b e i n g  used ,  

F i y u r e s  s i m i l a r  t o  l 2 of  t h i s  p a p e r  mag -oe p r e -  
p a r e d  f o r  any  m a t e r i k l .  The e n % i n e e r  i ~ s i r ~  t h i s  p a p e r  
must t h e r e f o r e  d e c i d e  i ~ h e t i e r  t h e  c o ~ p u t a t i o n  shouli! be 
S a s e d  on m i n i ~ u m  r e q u i r g b  m a t e r i a l  p r o y e r t i e s  o r  a v e r a ? e  
m a t e r i a l  p r o n e r t i e s .  

R e g a r d l e s s  of whether  f i < u r e  1 c r  2 i s  u s e d ,  i f  t h e  
r e s t r a i n t  a g a i n s t  t h e  r o t a t i o n  of t?te f l a n $ e  a t  i t s  b a s e  
i s  n e a r  z e r o  and  h / b  i s  ~ r e a t e r  t h a n  appro:rimatelyr 2.5, 

be used.  i t  i s  recommended t h a t  t h e  c u r v e  ? = ------ 
2 

F o r  a l i  o t h e r  v a l u e s  of  t h e  r e s t r a i n t ,  t k e  curve  Q = 

T + 3 d F  
--we- - sl?oulE. be s c z t i s f a c t o r y .  I n  f i g u r e s  1 a n d  2 t h e  

4 
d i f f e r e n t  e q u a t i o n s  i n ~ a l t i ~ g  T mere ly  i d o r - t i f p  d i f f e r -  
e n t  c u r v e s  t h a t  r e s n l t  f rom t h e  r e l a t i o n s h i p s  i n d i c a t e d .  - 
Tbe v a l u e  of  T i s  3 ,  t h e  r a t i o  of  t h e  e f f e c t i v e  c o l -  
umn modulus f o r  %end in?  f a i l u r e  a t  t h e  s t r e s s  f c r  t o  
Young I s  modulus.  

Then t h e  r e s t  ra in :  a 4 a i n s t  k3e r o t a t i o n  a p p r o a c h e s  

T -+ t f i  z e r o ,  t h e  Q = ----- 
'T 

curve  i s  recoaxended i n  r e c o g n i t L o n  
L 

o f  t h e  f a c t  t L a t  t h e  r e s i s t a n c e  of t 3 e  p l a t e  e l e m e n t s  t o  
b u c k l i n q  a r i s e s  large::- f r o s  t h e i r  t o r s i o n a l  r i ~ i d i t y .  
The two c u r v e s  r e e o z n e r a e d  t o  SLOW t h e  r e l a t i o n s h i p  b e t a c e n  

'cr and  f c r / ?  s h o ~ i d  bs u s e d  u n t i l  f u t u r e  e x ~ e r i m e n t a l  
& a t a  i n d i c a t e  t h a t  d i ? f  e r e n t  c u r v e s  s h o u l d  be  use&.  

The v s l u e  of  fc, /q a t  which b u c k l i n 4  o c c u r s  i s  ~ i v e n  

by e q u a t i o n  ( 2 ) ,  i n  which a l l  of t h e  q u a n t i t i e s  a r e  known 
e x c e p t  t h e  v a l u e  of t h e  c o e f f i c i e n t  k, The v a l u e s  o f  k 



c a n  be  o j t a i n e d  Zrom f i q u r e  3; f i p r e  3 ( 5 )  i s  a p o r t i o n  of 
f i % v - r e  3(a) 2 l o t t e C  t o  a l a r 2 e r  s c a l e .  I n  % i i s  &a r t ,  B 
i s  p l o t t e d  a";inst t b e  r a t i o  of t h e  ha l f -wave  l e n ~ t h  t o  
t h e  : ~ i d t h  A/!% f o r  d i f T e r e n t  ~ r a l u e s  of  a  p a r a m e t e r  E ,  
t e r m e d  t h e  " r e s t r a i n t 1 '  c o e f f i c i e n t .  ( I n  r e f e r e n c e  9 
T r a y e r  a n d  I.laarcb r e f e r  t o  E a s  t h e  n f i x i t g "  c o e f f i c i e n t .  
Dn $ h i s  p z u e r  c i s  c a l l e d  $he  r e s t r a F n t  c o e f f i c i e n t  t o  
a v o i d  c o r f u s i o n  w i t h  t h e  f i x i t y  c o e f f i c 5 e n t  c  f o r  c o l -  
umn s . ) 

T3e r e s % r a i n t  c o e f f i c i e n t  E d e 2 e ~ d s  upon t h e  r e l a -  
t i v e  s t i f f n e s s  of 5ie n l a t s  and  t h e  r e s t r a 9 n i c g  e i e m e l t  
=Lon3 t h e  s i d e  e$<e of the s l a t e .  The s l m g l e s t  c o n c e p t i o n  
of  E is  o b t a i n e d  wke2 t h e  r e s t r a i n i n g  e l e m e n t ,  o r  s t i z f -  
n e s s ,  i s  a s s u n e d  t o  be re-glaced by as e l a s t i c  niediun io 
x h i c h  r o t a t i o n  a t  one 130int d o e s  n o t  i n f l u e n c e  r o t a t i o n  a t  
a c o t h e r  ~ o i n t .  Bor t b l s  tpi2e of r e s t r a i n i n g  r e d i u n  a l o n g  
L - " a e  e d ~ e  of t h e  p l a t e ,  

4S07s 
a t t h i n  t h e  e l a s t i c  r a - ~ g e  E = --- 

D 

4S,b 
- beyond  t i e  e l c s t i c  reng,e f - ---- 

73 

Sd s t i f f n e s s  p e r  u c i t  l e n g t 3  of e l a s t i c  r e -  
s t r a i ~ i n ?  r e E i u n  o r  ~ z o r e l t  r e q u i r e d  t o  
r o t a t e  a  u n i t  L e r _ . ~ t h  ol" e l a , g t i c  nediv-n 

D r " i e x u r a l  ri<iii;;itsi. of : g l a t e ,  p e r  u; i i t  1cns ; th  - 
-7.3 7 . i -__;-_r--._i 

L 1 2 ( 1  - &*)J 

"? 
1 1  c o e f f f  c i e n t  t o  a l l o n  f o r  z Ciecrease i n  D 

due t o  t h e  a1: ;gl icat ion of s t r e s s e s  3onond 
t h e  e l a s t i c  r a a s e  

Inasmuch a s  i s  a f u n c t i o n  of s t r e s s ,  i t s  v z l u e  
f o r  .24S-T r a t e r i a l  can be o b t a i n e d  fsor: f i y ~ r e  4  o r  5 ,  de- 
g e n d i q g  upon n h e t L e r  n5n inun  r e q u i r e d  p r o p e r t i e s  o r  a v e r -  
a g e  p r o g e r t i e s  a r e  "sefng u s e d .  The v a l u e s  of TI, , T, 
a l s o ,  - ; iven in f i g u r e s  4 a n d  5 o c c u r  i n  a p p e n d i x  .A. 



If So is.  z e r o ,  E i s  a l s o  ze ro  2nd t h e  c o s d i t i o n  
of  s imple  suppor5 ,  o r  zero  r e s t r a f n t ,  i s  o b t a i n e d .  I f  
So i s  i n f i n i t e ,  E i s  z l s o  i n f i n i t e  2nd t h e  cond5 t ion  of 
cz f i x e d  ec?.<e o r  of i n f i n i t e  r e s t r a i n t  i s  o b t ~ ~ i n e d .  There- 
f o r e  a v c r i n S i o n  of E f r o n  ze ro  t o  i n f i n i t y  n i l 1  cover  
a11 p o s s i b l e  c o n d i t i o n s  of r e s t r a i n t  a t  t h e  s i d e  edge of 
t h e  p l a t e .  

F i q u r e  3  shovs  t h a t  f o r  each vnlue  of E t h e r e  i s  2 
q n l u e  of h / b  f o r  m'nich k i s  a ninimum. S t r i c t l y ,  a 
-ho le  nun3er m o f  h ? l f - r a v e  l e n g t h s  h  =us% e x i s t  i n  
t h e ,  l e n g t h  of t h e  ~ 1 z t e  a.  Eience, 

m - & n u s ,  t o  r e c d  a  vzlu-e of k from ? i g u r e  3 ,  i t  i s  ceces -  
sc7rg t o  s u b s t i t u % e  m = 1, 2 ,  3 ,  e t c . ,  i n  e q u a t i o n  ( 5 1  
u n t i l  2 v a l u e  f o r  A / %  i s  obtaine5- t 4 5 " v i v e s  t k e  sna11- 
e s t  vnliae o f  k i n  f i ~ u r e  3 .  T h i s  s rna i l e s t  ~ n l u e  of k 
i s  t h e  one t o  be u s e d  i n  e q u a t i o n  ( 1  o r  ( 2  T h i s  Ten- 
e r a 1  p rocedure  n i l 1  e l - , ~ ? y s  y ive  t 3 e  c o r r e c t  vnlue  of k 
f o r  u s e  i n  e q u a t i o r  (1) o r  ( 2 )  re$crd . less  o i  x h e t h e r  o r  
n o t  So ,  aicd hence  E ,  i s  a f u n c t i o n  of t i e  h-lf-wave 
l e n l ~ t h  h .  

For  t h e  s p e c i ~ l  c a s e  i n  which S o ,  s n d  hence E ,  i s  
independen t  .of t i e  k ~ i f - w a v e  l e n g t h  A, t h e  c ;enerz l  ;?roo 
c e d u r e  d e s c r i b e d  f o r  o 3 t a l n i n %  a vgq.lue f o r  z cnn be u s e d  
t o  c o n s t r u c t  c nen  c h a r t ,  a i t h  t h e  a b s c i s s a  A / %  r e p l a c e d  
b y  a T h i s  ne17 c h z r t  i s  % i v e n  io f L % u r e  6 .  

When So,  z n d  hence E ,  ~ a r i e s  n i t h  h o r  A/%,  
f i 5 u r e  6 shou ld  not '  -2e used  but  $Le g e n e r a l  n rocedure  a s  
z g p l i e d  t o  f i g u r e  3 s5ould. be used  t o  ' o b t a i n  t h e  c o r r e c t  
v n l u e  of k f o r  e q u a t i o n s  ( 1 )  and ( 2 2 .  

Before  i t  i s  p o s s i b l e  t o  de te rmine  k from f i q u r e  3 
o r  6 ,  i t  i s  n e c e s s a r y  f i r s t  t o  e v z l u a t o  t h e  r e s t r a i n t  co- 
e F f i c i e n t  . The v a l u e  93 So t o  be s u b s t L t u t e d  i n  
ea-uatf on. ( 3 )  o r  ( 4 )  n i l :  depend iigon tfie c ~ n r a c t c r i s t i c s  
of  t h e  s t r u c t u a l  ~ e n b e r ,  o r  cembors,  t h a t  p r o ~ i d e  t h e  r e -  
s t r a i n t .  I n  t h i s  paper  f t  i s  assumed t h a t  t h e  r e s t r a i n t  



i s  provif ied 3;; 9" s :?ecfs i ly  defined e l a s t i c  r e s t r a i n i n <  m e -  
dium. As a  r e s u l t  of t h i s  z s s u ~ p t l o n ,  i t  h a s  been p o s s i -  
b l e  t o  d e r i v e  t h e  g e n e r a l  c h c r t  of f i g u r e  3 ,  ~ 2 i c h  i s  in+-e- 
pendez t  o f  t h e  s t r u c t u r e  t h a t  provid.es t h e  r e s t r a i n t .  

?be S a s i c  p r o p e r t g  of t h e  e l c ? u s t i c - r e s t r a i n i n ~  mediun 
. i s  t h a t  r o t a 3  on ct one p o i n t  of t h e  medium does no t  a f f e c t  
r o t a t i  on at  ?,nother p o i n t  of t h e  ne5-ium. I n  n2up p r a c t i c a l  
problems tLe  e l z s t i c  r e s t r a i n t  i s  grovSded by a, s t i f f e n e r ,  
a p l z t e ,  o r  some o t h ~ r  s t r u c t u r e  f o r  v 3 i c h  r o t a t i o n  n t  one 
p o i n t  zff ocks r o t a t i o n  n t  a n o t k c r  p c i n t .  Consequent ly ,  t h e  
e v ~ d u a 5 i o n  of So i n  8.ily q i v c z  ~ r o b i e n  n u s t  t a k e  i n t o  ac- 
count  t h e  e f f e c t  o f  t h i s  i n t e r a c $ l o n  v i t h i c  t 3 e  e l a s t i c  r e -  
s t r a i n i n g  s t r u c t u r e .  

The f o r n u l a  f o r  So t o  be used  i n  2;ivea p r o j l e n  
:?ill depend upon t h e  t;~:_s~? of s t r a c t u r a l  ~rer;.,-~er %'act prp- 
v i d e s  t h e  r e s t r a i n t .  Secnuse t h i s  e n t 2 r e  s u b j e c t  c f  re -  
s t r j i n t  s u 2 p l i e d  t o  t h e  s i d e  cdqe of n ? l a t e  k a s  j e e n  
r a t h e r  s u p e r f i c i a i l ; ~  t r c c t e d  i n  t h e  I f t e r a t u r e ,  i t  5 s  be ing  
made t h e  s7nbjec.t; or" 3 s e r i e s  o f  ; ~ a ? e r s  5;' t h e  9TACA, t h e  
f i r s t  o f  a h l c h  i s  r o f e r e r c e  10.  

Lnneley  irenorizl:  Aeron2c t i  c n l  Lnborat  or:.., 
iqction-1  advisor;^ C o n n i z t e e ' f o r  Agronautic 's ,  

Lanqley P i e i d ,  Va. 



SOLUTION BY DIFFEREBTIBL EQUATION 

T2e p r o c e c u r e  f o r  o b t a i n i c T  t h e  c r i t i c a l  s t r e s s  of  a 
p l a t e  unf form127 compressed a l o n g  two o p p o s i t e ,  s i m p l y  sup- 
p o r t e d  e d g e s  i s  g5ven i n  r e f e r e n c e  6 ( p .  337). I n  t h i s  
me thod ,  which v a s  a l s o  u s e d  -G;- Dann i n  r e f e r e n c e  11, t h e  
c r i t i c a l  s t r e s s  i s  f o u n d  by s ~ l ~ i n g  t h e  d i f f e r e n t i a l  eqna- 
t i o n  e x p r e s s i n $  t b e  e q u i l i b r i u m  o f  t h e '  >uckle i?  p l a t e .  T2e 
same n e t h o d  i s  a p p l i e d  i n  thf s  pa;Der t o  ths c a s e  i n  r b i c h  
a3 e l a s t i c  r e s t r a i n t  a y a i r s t  r o t a f i o n  i? p r e s e n t  a i o r q  one 
u n l o a d e d  edTe c f  $ h e  ? l a t e ,  w h i l e  t h e  o t h e r  un loadeZ e3ge  
r e n s i n s  f r e e  t o  d e f i e c t  a n d  t o  r o t s t e .  F o r  c ; e n e r a l 2 t p ,  
t h e  e l a s t ' t c  r e s t r a i n t  i s  assu-ned t o  a r i s e  f r o n  a n  e l a s t i c  
neLium G i s t r i - ~ u t  ed  a l o n g  t h e  u n l o z d e d  e?-<e; t h i s  ne?.iun 
h a s  t h e  b a s i c  p r o p e r t y  t h a t  y o t a t i o n  a t  o c e  2 o i n t  ~ i t h i n  
it d o e s  r o t  i n f l u e n c e  t h e  r o t a t i o n  a t  a n y  o t h e r  n o i n t .  

F i q u r e  7 s h o ~ v s  t h e  c o o r 5 i n a t e  system a n d  t h e  n l a t e  
d i n e n s i o n s .  The b i f f e r e n t i a l  e q u a t i o n  f o r  t h e  e q u i l i b r i -  
un o f  a ? l a t e  e l e n e n t  i s  

f uaifornlp $5  s t r f  b u t e d  c o c p r e s s i v e  s t r e s s  

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

a d e f l e c t i o n  n o r n a l  t o  p l a t e  

x l o n g i t u d 9 n a l  c o o r d i n a t e  i n  d i r e c t f ~ n  of 
a p p l i e d  s t r e s s  

D f l e x u r a l  r i 3 i d i t y  of p l a t e ,  p e r  n n i t  l e n 3 t h  

J? t r a n s v e r s e  c o ~ r ? ~ i n a t e  e c r o s s  w i d t h  o f  p l a t e  

TI, T,, amd T, coefficients e q u a l  tso o r  l e s s  

t h a n  u n i t y  



I n  e q u n t i b n .  (A-1). t h e  * t c r ~  f t  (a2u/3x2) i s  con- 
c e r c c d  ~ i t h  t h o  e x t e r n a l  f o r c e s  on t h e  p l z t e ' t h a t  c a u s e  

4' 4 - a w  + t u c k l i n ~ ;  + h e r e a s  t h e  t e r m  - ,D (Ti 2 2  4- 2~~ ------ 
a x  ax2  a~ 2 

a 4 w  
T3 --x) i s  concern2d. o i t h  t h e  i n t e r n a l  r e s i s t a n c e  of  %ie 

ay 
p l a t e  t o  b u c k l ? c % .  Tlie t e r n s  i n r o l r i n g  T1 a n d  T3 i n  

e q u a t i o n .  (A-1) a r e  co r r ce~- red  r;i.it> t i e  los.o;i"uudinzl e n d  t h e  
t r a n s v e r s e  b e n d i n ? ,  r e s 3 e c t i v e l y ;   hereas as t h e  t e rm invol-7- 
i n %  T2 i s  c o n c e r n e d  p r i r c i p a i l g  w i t h  t h e  t o r s i o n a , l  s t i i ' f -  

n e s s .  The c o e f f i c i e r t s  T ~ ,  T, ,  a::& T3 a'Lloa f o r  t h e  
change  i n  t h e  n a g ~ i t u d s  of t h e  v a r f o u s  t e r ~ s  a s  t i e  p l a t e  
i s  s t r e s s e d  Segond ;he 3 l a s t i c  r anqe .  I p  t 2 e  e l a s t i c  
r a n g e  TI = T2 = T, = 1,. 

The l o a d e d  e d q e s  are s i o p l ~  s u p p o r t e d  acZ a r e  n o t  d i s -  
p l a c e d  i n  t h e  c?irec; ion.  n .  Of  tho, s e v e r a l  5orms o f  t h e  
q e n e r a l  s o l u t i o n  of equal;j.oi; ( A - I ) ,  t h e  r"ollo;rir4; fo rm was 
s e l e c t e d  as a n p r o p r i a t e  f o r  t h i s  73robiem: 

qr BY 
w = ( c ~  c o s i  -- 

b 
+ Z 2  s i c h  1;- 4 G3 c o s  -- 

0 b 

a n d  

xquabvion ( 8 - 2 )  ' s a t i s f  i 2 s  ";e bov-ndarp c o n 0 i t i G n s  a t  t h e  
l o a d e d  e d q e s  a n d  q i v e s  r e % l  v2 . l~ -e s  f o r  b o t h  a 2nd $ 
n e 2 r  t h e  buc l r l inq  s t r e s s  f = f c r .  



- The v a l u e s  of t > e  c o o f f i c f  s n t s  GI., C2, C3, a n d  G4 
a r e  t o  be lound  from t h e  boundary c o n d i t i o n s  alono; t h e  s i a e  
e d % e s  of t h e  ? l a t e ,  The v s l u e  of A ,  t h e  hal2-wave l e n q t b  
of *be  buck le  p a t t e r c ,  i s  found from t h e  c o n d i t i o n  t 3 a t  
there must 3e an i n t e g r a l  number of ha l f -aave  l e n q t h s  i n  
t h e  l e n g t h  a o f  %5e p l a t e ;  t h u s  

v h e r e  n = 1, 2, 3 ,  e t c .  

I n  t ' r e ~ e i a s t i c  r a s z e ,  where TI = T2 = T3 = 1 ,  t h e  

~ a i u e s  02 a a n d  13 a r e  

(a-r ) 

( A - 8 )  

The s o l u t i o i l  g i v e n  -a;? e q u a t i o n  (A-2)  ras  s e l e c t e d  t o  
s a t ?  s f g  t h e  bourdar :~  c o ~ d f t i o n s  of no d e f i e c t i o r  a2d sim- 
p l e  su-gyort (no n o r e n t )  s l o n ~  t h e  l o a d e d  efiges. The bound- 
ar:? c o n d i t i o n s  a l ~ i l o ;  t 3 e  u ~ l o a d e d  s i d e  edges  heve a l s o  t o  
be s a t i s f i e d .  The bound-ry c o n d i t i o n s  a l o n ~  t h e  un loaded  
s i a e  ed?es are: 

- - 

v h e r e  So i s  t h e  s t i f f n e s s  p e r  u n i t  len%Lh o f . t h e  e l a s t i c  



r e s t r z i n i u g  medium o r  t h e  moment r e q u i r e d  t o  r o t a t e  a u n i t  
l e n s t h  o f  t h e  medium t h r o u g h  o a e - f o u r t h  r a d i a n .  

P ron  e q u a t i o n s  (A-9) and (8-13) a r e  o b t a i n e d :  

where 

From e q u a t i o n s  (A-1;) and (A-2.21, a r e  o b t a i n e d :  

C ,  / p s i n h  a  + -aL ( p  c o s h  a +  q c o s  $ 1 ,  i 
L a2 + p2 J 

- 
- c4 j q  s i n  B ---ls---, a (, cosh  a +  q  c o s  B ?  = o I ( A 4 6  ) 

L a + B  

' a €  C ,  1 q a  c o s h  a + ------- 
a: (qa s i n b  a  - p @  sin B )  / 

L a  + pS J 

- C 4  [ P B  c o s  fl - --@-F- ( q a  s i n h  a  - p @  s i n  B),=G (-4-17' ) 
L a" + p "  

where  

Tie b u c k l e d  form of e q u i l i b r i u m  of the p i a t e  i s  0%- 

t a i n e d  mhen t h e  d e t e r n i n a n t  formed by t h e  c o e f f i c i e n t s  o f  
C 2  and  C4 f n  e q u a t i o c s  (A-16) and  (A-1'7) equals z e r o ,  
Thus : 

2 ( a 2  + P 2 j  ( ~ ~ 8  s i a h  a c o s  /3 - q a cosh  a  s i l r  B )  
i 

2 2 + E 1 (P +q ) a$ c o s h  n c o s  B + 2pqaB 
i - 

+ ( p 2 p 2 - ~ " a 2 )  s i n h  a  s i n  p j  = 0 (A-20 ) 



T h i s  e q u a t i o n  e s t a b l i s h e s  t h e  c r i t i c a l  compressive s t r e s s  
f o r  a n  ~ u t ; s t . ~ n d i n q  f l n n q e  e l a s t i c a l l y  r e s t r a . i n e d  a g a i n s t  
r o t a t i o n  a t  one unloaded s iOe efige. Thus e q u a t i o n  ,(A-20) 
mas u s e d  t o  e s t a b l i s h  t h e  e x a c t  v a l u e s  of k 3 i v e n  i n  
t a b l e  I. 

The c o n d i t i o n  of s imple  suppor t  (no r e s t r a i n t )  a l o n g  
t h e  s u p 2 o r t e d  edge i s  d e s c r i b e d  by d = 0 .  For  t h i s . s p e w  
c i a 1  c n s e ,  t h e  problem i s  t o  f i n d  t h e  s n a l l e s t  v a l u e  of 
k f  0 t h a t  t v i l l  s a t i s f y  equa5ion (A-20)  when € = 13. 
h convenf e n t  n e t h o d  f o r  cletermining t h i s  va lue  of k i s ,  
f i r s t  t o  s o l v e f o r  c :  

" \ I  . (a2+$"  I , p 2 @  s i n h  a cos  $-q2a cosh  a s i n  B )  6 =... ---I------------------------------------ - 
2 2 - 2 2  ( p 2 + q 2 ) a $  cosh  a cos $+2pqa/3+(p /3 q a ) s i n h  a s i n  P 

(A-21) 
Then & = 0 ,  e i t h e r  

0 r 
2 y B s i n h  a cos  13 - q2a cosh a s i n  j? = 0 ' (A-23) 

o r  

( p 2 + q 2 ) a $  cosh  a cos  $+2pqap+(p2$2-q2a2)sinh a s i n  $=m 

E q u a t i o n  (A-22) i s  t r u e  on ly  if 4 = 0 ,  r h i c h  c a n  3e  
t r u e  o n l y  i f  t h e  compress ive  s t r e s s  f I s  ze ro .  2qua- 
t i o n  (A-24) a p p l i e s  o n l y  if k = m, v h i c h  can be t r u e  
o n l y  i f  t h e  compress ive  s t r e s s  f i s  i n f i n i t e .  Conse- 
q u e n t l y ,  i f  a f i n i t e  va lue  of k # 0 ,  f o r  which € = 0 
e x i s t s ,  ea-uat ion  (A-23) mist be s a t i s f i e d .  

The s p e c i a l  c a s e  of 2, f i x e d  s i d e  edqc ( i n f i n i t e  re -  
s t r a i n t  a l o n q  t h e  sugpor ted  c d q c )  i s  d e s c r i b e d  by C = m. 
Equ-ntion (A-21) shons t h a t ,  if & = , e i t h e r  

0 r 
2 2 

p  P s i n h  a cos  f3 - q a cosh a s i n  f3 = oc, ( 8 - 2 6 )  

o r  

(p2+q2:aP ccsh  a cos (j+2pqcz(j+(p2pa-q%a)sinh a s i n  B=0 

(A-27) 



Ev-untion ( A - 2 5 )  i s  t r u e  onljr f o r  k = a, which can be 
t r u e  o l l g  if t h e  compressive s t r e s s  f i s  i n f i n i t e .  Equa- 
t i o n  ( 8 - 2 6 )  cennot  3e t r u e  f o r  a  f i n i t e  v a l u e  of k .  
Hence i f  a f i n i t e  va lua  o f  k ,  f o r  r ~ h i c h  E = OJ e x i s t s ,  
e q u a t i o n  ( 8 - 2 7 )  must be sat :  s l i e d .  

SOLUTIOB EY EKERGY METHOD 

Because t h e  e x a c t  s o l u t i o n  of t h e  d i f f e r e n t i a l  equa- 
t i o n  g iven  i n  append ix  A does n o t  l e n d  i t s e l f  t o  a d i r e c t  
c a l c u l a t i o n  of k ,  a s  i n  tLe  c a s e  of t h e  e n z r ~ y  method of 
s o l u t i o n ,  an  enerqg  s o l u t i o n  mas made t o  a i d  i n  t h e  con- 
s t r u c t i o n  of t h e  c h a r t  of f i y u r e  3 .  T3e ener%p method 
~ ; i v e s  a p p r o x i a a t e  ~ i a l u e s  f o r  k ,  t h e  accuracy  of which 
depends  upon how c l o s e l y  t h e  assuned  d e f l e c t i o n  s u r f a c e  - 
d e s c r i b e s  t h e  t r u e  d e f l e c t i o n  s u r f a c e .  

The e n e r s g  met%o& as a l p l i e d  t o  t 9 e  c a l c u l a f i c n  of 
c r i t i c a l  compress ive  s t r e s s ,  i s  g iven i n  r e z e r e n c e  5 (p .  
3 2 ' 7 ) .  The p l a t e  i s  s t a b l e  vben (vl + V2) > T ,  and  U- 

s ta '5 fe  whec ( Q ~  + T J a j  < T ,  where T i s  t h e  work done by 
compress ive  f o r c e s  0 3  t h e  p l a t e ,  V1 i s  t h e  s t r a i n  enes-  
$37 i n  t h e   late, and 'Ja i s  t h e  s t r a f r -  s n e r 4 ~ :  5.21 t h e  a l a s -  
t i c  r e s t r a 2 n i n q  medium a l o n q  one s i d e  ed<e  of t h e  p l a t e .  
The c r i t i c a l  s t r e s s  i s  o b t a i c e d  from t h e  c o x d i t i o n  of neu- 
t r a l  s t a b i l i t y  : 

If  v i s  t h e  d e f l e c t i o n  norm21 t o  t h e  p l a t e  a t  ans 
p o i n t  x , y  i n  t h e  p l a n e  of t h e  p l a t e  shovn i n  f i g u r e  7 ,  
a n d  S o  i s  t h e  s t i f f n e s s  p e r  u n i t  l e n = t h  of t h e  e l a s t i c  - - 

r e s t r a i n i n g  medtun o r  mozent r e q u i r e d  t o  r o t a t e  a u n i t  
l e n g t h  of e l a s t i c  ~ e d i u n  t h r o u g h  ooe-four th  r a d i a n ,  t h e n  
T , Vl , and Q~ a r e  ~ i v e n  -op t h e  f o l l o w i n <  e q u a 3 o n s  ( gee 
r e f e r e n c e  6 ,  e q u a t i o s s  ( 1 9 5 )  an& ( 2 0 1 ) ~  and r e f e r e n c e  9 ,  
e q u a t i o n  ( 7 3 ) ) :  



I n  o r d e r  t o  e v a l u a t e  T ,  iT,, and V 2 ,  i t  5 s  n e c e s s a r y  

t o  a s s u r ~ e  a d e f l e c t e d  s u r f a c e  m c o n s i s t e n t  w i t h  t h e  
boundary c o n d i t i o n s .  These boundary c o n d i t i o n s  a t  t h e  s i d e  
edges  of t 5 e  p l a t e  a r e ,  i r  t k e  c o o r d i n a t e  system oZ f i T u r e  
7. 

Vhen S u c k l i n q  o c c u r s ,  a r e s t r a i n i r ?  moment  ill be 
a p p l i e d  t o  t h e  ? l a t e  a l o n g  t h e  e$-ge p = 0 ;  t h e  magnitude 
o f  t 3 e  ~ o n e o t  a i i l  depend ugon t h e  s t i f f n e s s  of t h e  e l a s t i c  
r e s t r a i r i n f l ;  ned9um. I f  t h e  e l a s t i c  medium o f f e r s  n o  re-  
s t r a i n t  a 5 a i n s t  r o t a t i o n ,  t h i s  monent w i l l  be zero  and t h e  
p l a t e  m i l l  swisg  about  t h e  edge y = 0 ,  as about  a  h i n ~ e .  
Ir t 5 i s  c a s e  t i e  p l a t e  m i l l  remain e s s e n t i a l l y  flat a c r o s s  
i t s  v i d t h .  On t h e  o t h e r  Sand, if t h e  e l a s t i c  medium o f f e r s  



i n f i n i t e  r e s t r a i n t  a g a i n s t  r o t a t i o n ,  t h e  p l a t e  m i l l  n o t  
r o t a t e  a l o ~ . ~  t h e  edge y = 0 ,  and t h e  p l a t e  n i l 1  d e f l e c t  
a c r o s s  i t s  wid th  i n t o  a skape  s i m i l a r  t o  t h a t  f o r  a c a n t i -  
l e v e r  beam. F o r  any r e s t r a i n t  of t h e  e l a s t i c  medium be- 
tween ze ro  aad  i n f i n i t y ,  t h e  d e f l e c t i o n  curve  a c r o s s  t h e  
w i d t h  of t h e  p l a t e  i s  t a k e n  a s  t h e  sum of t h e  s t r a i g h t  
l i n e  and t h e  c a n t i l e v e r - d e f l e c t i o n  curve .  I n  t h e  d i r e c t i o n  
of t h e  i e n g t h ,  t h e  u s u a l  s i n e  curve  i n d i c a t e d  by t h e  so lu-  
t i o n  of t h e  d i f f e r e n t i a l  e q u a t i o n  i s  used .  Thus t h e  de- 
f l e c t i o n  s u r f a c e  a s s u ~ e d  f o r  t h e  ? l a t e  i s ,  i n  t h e  coord i -  
r a t e  system of f i ~ u r e  7 ,  

Y \2 T X  
+ a, ('j I) cos  -r 

v h e r e  A and B a r e  a r b i t r a r y  d e f l e c t i o n  a m p l i t u d e s  and 
al = - 4,963,  a ,  = 9  .i352, ar,d a 3  = - 9.778. These v a l -  

u e s  of  a ~ ,  a2, and  a, were s e l e c t e d  bg takine;  t h e  pro- 
p o r t i o n  of tvo  OeZlect ion  c u r v e s  t h a t  qave t h e  l o v e s t  c r i t -  
i c a l  c o n o r e s s i v e  s t r e s s  f o r  a f i x e d  ed4e f l a n % e  f o r  mhich 
LL = 0.3. T3ese two d e f l e c t i o n  curves  mere f o r  a  c a n t i l e v e r  
beam m i t 2  l a t e r a l  u n i f o r ~  l o a d  and f o r  a  1a te ra . l  l o a d  2x0- 
p o r t i o n a l  t o  y. 

ELe c o n d i t i o n  B = 0 ,  r e p r e s e n t s  t h e  chse o f  a  s i n -  
p l y  s u g p o r t e d  o r  h i n % e d  edse  a t  y = 0 .  The c a s e  of .& = 
0 r e g r e s e n t s  t h e  c o n d i t i o n  of a clamped ed%e a t  ?$ = 3 .  
The r a t i o  A/B  f s  t h e r e f o r e  a measure of edye r e s t r a i n t  
and  i s  r e l a t e d  t o  t h e  r e s t r a i n t  c o e f f i c i e n t  E t h r o u g h  
t h e  boundary c o n d i t i o n  y i v e n  i n  e q u a t i o n  (3-6), Su-bstiEu- 
t i o n  of w a s  q i v e n  537 c q v a t i o n  (3 -9 )  i n t o  e q u a t i o n  (3-6) 
q i  v e s  : 

v h e r e ,  3g d e f i n i t i o n ,  



S u b s t i t u t i o n  of t h e  v a l u e  of B a s  qiven  i n  e x p r e s s i o n  
(B-1O)into  the d e f l e c t i o n  e q u a t i o n  (3-91, ~ i v e s :  

E q u a t i o n  (3-12) shovs horn t h e  shape of t h e  d e f l e c t i o n  sur-  
f a c e  i s  n f f e c t e d  b:r t h e  r e s t r a i n t  c o e f f i c i e n t  E .  T h i s  
e q u a t i o n  f s u s e d  i n  t h e  e v z l u a t i o n  of V1, V,, and T. 
Thas, 

- 
1 IT% vL =; -- 1 ( + T I T  cbh , C (g + c2 -.. 

where 

2 c 2  = -- (1 + a, + 8 2  4- a,) = 0.79546 
a3 



"" 144 a," + 48a2 + 12a2? + 16ala3 + 4a3 2 c5 = -3 (-;- + --- 
a3 5 

I t  i s  p e r m i s s i b l e  t o  s u b s t i t - a t e  t h e  ~ r a l u e s  of IT, ?;, 

and V2 a s  ~ f v e n  b r  e q u a t i o n s  (3-14) t o  <B-15) i n t o  equa- 
t i o x  (B-l), o n l y  when t h e  a p p l i e d  s t r e s s  f has i t s  c r i t -  
i c a l  value fcr. A f t e r  t k i s  s u b s t i t u t i o n ,  i t  i s  found t h a t  





Eq.uat ion ( ~ - l 7 - )  s a s  u s e d  tso  c ~ l c u l a t e  t h e  v a 3 u e s  o f  
k l i s t e d  i n  t h e  ~ o l u n n s  d e s i q n a t e d  ( a )  of  t a b l e  I .  Wi th  

,. . t h e s e  v a l u e s  o f  k a s  a q u i d e ,  a n u c b o r  or" c o r r e c t  va lu l ss  
o f  k were  o b t a i n e d  by s a t i s f g i n q  e q u a t i o n  (A-29)  of  ap- 
p e n 6 . i ~  A. I n  t h i s  n a n n c r  t h e  e r r o r s  i r ,  k as  ~ ; i v e n  by 
e q u a t i o n  (E-17)  were  e s t a b l i s h e d  a t  i s o l a t e d  p o i n t s .  
F r o 3  t h i s  knoxrledge of t.he e r r o r s ,  c o r r e c t i o n s  mere  n a d e  
t o  a l l  t b e  v c l u e s  of k g i v e n  i n  c o l u n n s  (a) of  t a b l e  I ,  
T h e s e  c o r r e c t e d  v a l u e s  of k ,  v i i c h  a r e  r e c o c n e n d e d ,  a r c  
l i s t e d  i n  t 'ne c o l u n n s  desi .p;n.zted ( b )  of t a b l e  I .  The r e c -  
onnend-od v ~ l u e s  of k we re  u s e d  i n  t h e  c o n s t r u c t i o n  o f  
f i g u r c s  Z a n d  6.  
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NAC A Figs, 1,2 

f,,/v, Ib/sq in. (fhousonds) 
Figure 1.- Variation of f c r  with fcr/q for 24s-T aluminum 

alloy of minimum required properties. (When 
f cr/q< 19,600 lb/sq in. , q = 1 and f cr= f cr/q . ) 



NACA Fig. 3a 

f c r  k n 2 ~ t 2  
Figure 3a,b.- General design char t  g iv ing  values of k .  -- 

q - 



NACA Fig.  3b  
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Figure 3.-  Concluded. 



NACA Fig, 4,5 

Figure 5,- Variation of T 
1 3 T 2  9 T3 

,and q with the 

compressive stress, f, for 24s-T aluminum 
alloy of average properties, 





NACA Fig. 7 

Figure 7.- Outstanding flange under edge compression. 




