
POSTBUCKLINGRESPONSEOFGRAPHITE-EPOXYPLATESLOADEDIN COMPRESSION

Flat unstiffened rectangular plates were loaded to failure in compression to

study their postbuckling behavior (ref. 1). Unidirectional tapes of Thornel 300

graphite fibers preimpregnated with Narmco 5208 epoxy resin (T300/5208) were used to

make 16- and 24-ply quasi-isotropic and 24-ply [+45/02/+45/02/+45/0/90]s orthotropic
plates. The plates were 20 inches long and from--3.5 to 9.0 inches wide. The loaded

ends of the plates were clamped and the sides were simply supported.

Load-shortening results from the tests are summarized below in Figure 1. The

applied load P is normalized by the buckling load Pcr and the measured end

shortening u is normalized by the end shortening at buckling Ucr. Buckling is

indicated by the filled circle and failure is indicated by the open symbols. All
specimens had some postbuckling response. Specimens with lower values of width-to-

thickness ratio (e.g, b/t = 24) failed at applied loads that are slightly higher
than the buckling load. Specimens with higher values of width-to-thickness ratio

(e.g., b/t = 115) failed at applied loads that are several times larger than the
buckling load.
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STRAIN D I S T R I B U T I O N  AND FAILURE MODE OF A GRAPHITE-EPOXY PLATE 

Long i tud ina l  s t r a i n  d i s t r i b u t i o n s  across t h e  w i d t h  o f  a t y p i c a l  buck led specimen 
i n  F igure 1 are  shown below i n  Figure 2 f o r  an a p p l i e d  compressive l o a d  o f  about 
t h r e e  t imes t h e  bu ' ck l i ng  load. The f i g u r e s  on t h e  l e f t  o f  Figure 2 show t y p i c a l  
measured sur face  s t r a i n  da ta  from back-to-back s t r a i n  gages and t h e  r e s u l t i n g  com- 
puted membrane s t r a i n s  across a nodal l i n e  o f  t h e  b u c k l i n g  mode and across t h e  p l a t e  
a t  a p o i n t  o f  maximum b u c k l i n g  mode ampli tude. These da ta  show t h a t  t h e  membrane 
s t r a i n s  a re  low i n  t h e  i n t e r i o r  o f  t h e  buck led p l a t e  and h igh  a t  t h e  edges o f  t h e  
p l a t e .  

The b u c k l i n g  mode shape of t h e  t y p i c a l  specimen i s  represented by t h e  moire-  
f r i n g e  p a t t e r n  shown i n  t h e  l e f t  photograph. The panel f a i l e d  a long a nodal 1 ne o f  
t h e  b u c k l i n g  mode as i n d i c a t e d  by t h e  m o i r e - f r i n g e  p a t t e r n  shown i n  t h e  cen te r  photo- 
graph. 
t h e  ou t -o f -p lane d e f l e c t i o n  g rad ien ts  a t  t h e  nodal l i n e  t o  cause t h e  shear f a i  u r e  
shown i n  t h e  r i g h t  photograph. 

Apparently, t h e  h ighe r  membrane s t r a i n s  near t h e  specimen edges couple w i t h  
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POSTBUCK LING RESPONSE OF FLAT GRAPH ITE-EPOXY PLATES WITH HOLES 

The e f f e c t s  o f  c i r c u l a r  ho les  on t h e  p o s t b u c k l i n g  behavior  o f  f l a t  T300/5208 
graphi te-epoxy p l a t e s  s i m i l a r  t o  those descr ibed i n  Figure 1 were s t u d i e d  i n  r e f e r -  
ence 1 and some t y p i c a l  r e s u l t s  a re  shown i n  F igure 3. Back-to-back s t r a i n  gages 
were d i s t r i b u t e d  across t h e  specimen a long a l a t e r a l  l i n e  ( l a b e l e d  Y on t h e  l ower  
r i g h t  f i g u r e )  t h a t  passes through t h e  c e n t e r  o f  t h e  hole. 
l e s s  than  t h e  b u c k l i n g  l o a d  
g r a d i e n t  e x i s t s  near t h e  h o l e  as shown i n  t h e  upper l e f t  f i g u r e .  The l e f t  photograph 
shows a m o i r e - f r i n g e  p a t t e r n  o f  t h e  specimen b e f o r e  b u c k l i n g  and i n d i c a t e s  t h a t  no 
ou t -o f -p lane  deformat ions have occurred. The r i g h t  photograph shows a m o i r e - f r i n g e  
p a t t e r n  o f  t h e  b u c k l i n g  mode shape w i t h  f o u r  l o n g i t u d i n a l  waves. br a p p l i e d  l oads  
g r e a t e r  t han  t h e  b u c k l i n g  load, t h e  back-to-back s t r a i n  gages i n d i c a t e  t h a t  t h e  
b u c k l i n g  mode shape has caused a severe l o c a l  bending s t r a i n  g r a d i e n t  t o  occur near  
t h e  h o l e  as shown i n  t h e  upper r i g h t  f i g u r e .  

br a p p l i e d  loads P 
Pc r  these s t r a i n  gages i n d i c a t e  t h a t  a membrane s t r a i n  

Measured end s h o r t e n i n g  r e s u l t s  U f o r  t y p i c a l  specimens w i t h  va r ious  h o l e  
d iameters D and p l a t e s  aspect r a t i o s  L/b equal t o  2.2 and 5.0 a r e  shown i n  t h e  
lower  l e f t  f i g u r e  as a f u n c t i o n  o f  t h e  a p p l i e d  l o a d  
by t h e  p l a t e  l e n g t h  L and t h e  a p p l i e d  l oad  i s  normal ized by t h e  p l a t e  l o n g i t u d i n a l  
modulus E and c r o s s - s e c t i o n a l  area A. The f i l l e d  c i r c l e s  rep resen t  f a i l u r e  of 
specimens w i t h o u t  h o l e s  and t h e  open c i r c l e s  represent  f a i l u r e  o f  specimens w i t h  
holes.  
s t r e n g t h  o f  t h e  l o w - a s p e c t - r a t i o  specimens b u t  t h e  postbuckl  i n g  s t r e n g t h  o f  t h e  
h igh -aspec t - ra t i o  specimens decreased as t h e  h o l e  d iameter  increased. 

P. End sho r ten ing  i s  normal ized 

The r e s u l t s  i n d i c a t e  t h a t  a h o l e  had l i t t l e  e f f e c t  on t h e  p o s t b u c k l i n g  
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POSTBUCKLING RESPONSE OF FLAT GRAPH ITE-EPOXY PLATES WITH 
LOW-SPEED IMPACT DAMAGE 

The e f f e c t s  o f  low-speed impact damage on t h e  pos tbuck l i ng  behav io r  o f  f l a t  
T300/5208 graphi te-epoxy p l a t e s  s i m i l a r  t o  those descr ibed i n  F igure 1 were s t u d i e d  
i n  re fe rence  1 and some t y p i c a l  r e s u l t s  a re  shown below i n  Figure 4. Specimens were 
impacted w i t h  0.5-inch-diameter aluminum b a l l s  a t  va r ious  impact speeds V and then  
t e s t e d  t o  f a i l u r e .  Measured end sho r ten ing  r e s u l t s  U f o r  t y p i c a l  16- and 24-p ly  
q u a s i - i s o t r o p i c  specimens a r e  shown i n  t h e  lower  l e f t  f i g u r e  as a f u n c t i o n  o f  t h e  
a p p l i e d  l o a d  P. End s h o r t e n i n g  i s  normal ized by t h e  p l a t e  l e n g t h  L and t h e  
a p p l i e d  l o a d  i s  normal ized by t h e  p l a t e  l o n g i t u d i n a l  modulus E and c ross -sec t i ona l  
area A. The f i l l e d  c i r c l e s  represent  f a i l u r e  o f  specimens w i t h o u t  impact damage 
and t h e  open symbols rep resen t  f a i l u r e  o f  specimens w i t h  impact damage. The open 
c i r c l e s  represent  f a i l u r e  o f  specimens impacted i n  t h e  c e n t e r  and t h e  open squares 
represent  f a i l u r e  o f  16-ply specimens impacted near a specimen side. The r e s u l t s  
i n d i c a t e  t h a t  impact damage i n  t h e  c e n t e r  o f  t h e  16-p ly  specimens had l i t t l e  e f f e c t  
on p o s t b u c k l i n y  s t r e n g t h  rega rd less  o f  t h e  impact speed. The l e f t  photograph shows 
t h e  m o i r e - f r i n g e  p a t t e r n  corresponding t o  t h e  ou t -o f -p l  ane deformat ions o f  a 16 -p l y  
specimen loaded t o  approximately t h r e e  t imes t h e  b u c k l i n g  l o a d  and t h e  r i g h t  photo- 
graph shows t h e  m o i r e - f r i n g e  p a t t e r n  corresponding t o  t h e  f a i l e d  specimen. F a i l u r e  
occu r red  a long a buckl ing-mode nodal l i n e  away f rom t h e  impact s i t e .  The membrane 
s t r a i n  d i s t r i b u t i o n  across t h e  specimen j u s t  before f a i l u r e  i s  i n d i c a t e d  i n  t h e  
upper l e f t  f i g u r e .  Apparent ly,  t h e  s t r a i n  i n  t h e  c e n t e r  o f  a 16-ply specimen i s  
n o t  h i g h  enough t o  cause t h e  impact damage t o  propagate t o  f a i l  t h e  specimen. The 
r e s u l t s  a l s o  i n d i c a t e  t h a t  impact damage i n  t h e  c e n t e r  o f  t h e  24-ply specimens and 
a t  t h e  s ides  o f  t h e  16-p ly  specimens decreases p o s t b u c k l i n g  s t r e n g t h  as impact speed 
increases. Apparent ly ,  t h e  s t r a i n s  a t  these impact s i t e s  a r e  h i g h  enough t o  cause 
t h e  impact damage t o  propagate t o  f a i l  t h e  specimens. 
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POSTBUCK LING RESPONSE OF FLAT GRAPH ITE-EPOXY STIFFENED 
COMPRESS I O N  PANELS 

F l a t  graphi te-epoxy s t i f f e n e d  panels were loaded t o  f a i l u r e  i n  compression t o  

Specimens w i t h  16- and 24-ply s k i n s  and 4.0-, 5.5- and 7.0-inch s t i f f e n e r  

study t h e i r  postbuckl  i n g  behavior  ( r e f .  2 ) .  
graphi te-epoxy u n i d i r e c t i o n a l  t ape  and had f o u r  s t i f f e n e r s  o f  a common s t i f f e n e r  
design. 
spac ing were tes ted .  
Figure 5. Some t y p i c a l  r e s u l t s  a r e  a l so  shown i n  F igure 5. Measured end sho r ten ing  
r e s u l t s  u f o r  specimens w i t h  va r ious  s t i f f e n e r  spacing b and s k i n  th icknesses a r e  
shown i n  t h e  upper f i g u r e s  as a f u n c t i o n  o f  t h e  a p p l i e d  l o a d  End sho r ten ing  i s  
normal ized by t h e  panel  l e n g t h  L and t h e  a p p l i e d  l o a d  i s  normal ized by t h e  panel 
l o n g i t u d i n a l  modulus E and c ross -sec t i ona l  area A. A1 1 specimens e x h i b i t e d  some 
postbuck l  i ng capabi 1 i t y  . 
represen t  f a i l u r e .  The end loadings Nx a t  f a i l u r e  f o r  t h e  specimens ranged from 
1400 l b / i n  t o  4920 l b / i n  which i s  r e p r e s e n t a t i v e  o f  t r a n s p o r t  f use lage  loads. 
to-back s t r a i n  gages were d i s t r i b u t e d  across t h e  s k i n  o f  t h e  panels  between t h e  two 
i n t e r i o r  s t i f f e n e r s  and some t y p i c a l  membrane s t r a i n  r e s u l t s  e a r e  shown i n  t h e  
lower  l e f t  f i g u r e  f o r  severa l  values o f  a p p l i e d  load.  
i z e d  by t h e  s t r a i n  a t  b u c k l i n g  and t h e  a p p l i e d  l o a d  i s  normal ized by t h e  buck- 
l i n g  l o a d  Per. 
f i c a n t l y  h i g h e r  than  t h e  s t r a i n s  i n  t h e  c e n t e r  o f  t h e  s k i n  between s t i f f e n e r s .  
panels f a i l e d  when t h e  s t i f f e n e r s  separated f rom t h e  s k i n  as shown i n  t h e  photograph 
and sketch a t  t h e  l ower  r i g h t .  Apparent ly,  t h e  h i g h  l o n g i t u d i n a l  s t r a i n s  a t  t h e  
s t i f f e n e r s  (shown i n  t h e  lower  l e f t  f i g u r e )  i n t e r a c t  w i t h  t h e  ou t -o f -p lane  d e f l e c t i o n  
g r a d i e n t s  a t  t h e  s t i f f e n e r s  (shown i n  t h e  l ower  c e n t e r  photoyraph o f  t h e  m o i r e - f r i n g e  
p a t t e r n  of  o u t - o f - p l  ane d isp lacements)  t o  f a i  1 t h e  panels.  

The specimens were made f rom T300/5208 

A t y p i c a l  specimen i s  shown i n  t h e  upper l e f t  photograph o f  

P. 

The open c i r c l e s  rep resen t  buck1 i ng and t h e  crossed c i  r c l  es 

Back- 

The membrane s t r a i n  i s  normal- 

The r e s u l t s  i n d i c a t e  t h a t  t h e  s t r a i n s  near t h e  s t i f f e n e r s  a r e  s i g n i -  
A l l  
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POSTBUCKLING ANALYSIS OF FLAT GRAPHITE-EPOXY 
STIFFENED COMPRESSION PANEL 

The STAGSC-1 n o n l i n e a r  s t r u c t u r a l  a n a l y s i s  code ( r e f .  3 )  was used i n  r e f e r e n c e  2 
t o  p r e d i c t  t h e  response o f  a t y p i c a l  panel descr ibed i n  F igure 5 and t h e  r e s u l t s  a r e  
shown below i n  F igure 6. The r e s u l t s  shown a re  f o r  a panel w i t h  a 16-p ly  s k i n  and 
7 .O-inch s t i f f e n e r  spacing. It was necessary t o  model t h e  s t i f f e n e r  at tachment 
f l anges  and webs w i t h  f l e x i b l e  p l a t e  elements i n  t h e  f i n i t e  element model used f o r  
t h e  a n a l y s i s  i n  o r d e r  t o  o b t a i n  t h e  c l o s e  agreement between t e s t  and a n a l y s i s  shown 
below. 
photograph o f  t h e  m o i r e - f r i n g e  p a t t e r n  o f  t h e  ou t -o f -p lane  d e f l e c t i o n s .  
c i r c l e s  i n  t h e  f i g u r e s  below a re  t e s t  d a t a  and t h e  s o l i d  l i n e s  a re  a n a l y t i c a l  data.  
The crossed c i r c l e s  rep resen t  f a i l u r e  o f  t h e  specimens. The upper r i g h t  f i g u r e  com- 
pares r e s u l t s  f o r  end sho r ten ing  u (normal ized by end sho r ten ing  a t  b u c k l i n g  Uc r )  
as a f u n c t i o n  o f  a p p l i e d  l o a d  P (normal ized by t h e  b u c k l i n g  l o a d  Per). The lower  
l e f t  f i g u r e  compares r e s u l t s  f o r  measured ou t -o f -p lane  d e f l e c t i o n  
t h e  s k i n  (no rma l i zed  by t h e  s k i n  th i ckness  t )  as a f u n c t i o n  o f  a p p l i e d  load. The 
lower  c e n t e r  f i g u r e  compares s t r a i n  r e s u l t s  
t h e  s k i n  (no rma l i zed  by t h e  s t r a i n  a t  b u c k l i n g  
The lower  r i g h t  f i g u r e  compares membrane s t r a i n  d i s t r i b u t i o n  r e s u l t s  across t h e  panel  
s k i n  between two s t i f f e n e r s  f o r  severa l  va lues o f  a p p l i e d  load. The r e s u l t s  i n d i c a t e  
t h a t  t e s t  and a n a l y s i s  compare w e l l  up t o  f a i l u r e .  

The con tou r  p l o t  a t  t h e  upper l e f t  o f  t h e  f i g u r e  compares w e l l  w i t h  t h e  
The open 

w a t  a p o i n t  on 

e f rom back-to-back s t r a i n  gages on 
e c r )  as a f u n c t i o n  o f  a p p l i e d  load. 

BUCKLED PANEL 
TEST ANALYSIS 

P - 
Per 

0 1 2 3  

t 
w __ 

SURFACE STRAINS 

I P  

e -- 
%r 

END S H ~ R T E ~ I N ~  

0 1 2 3 4  
U - 

"Cf 

e 
ecr 
- 

MEMBRANE STRAIN ~ I ~ T ~ I B U T I O N  
ACROSS CENTER BAY 

b I -Y 
w L 

T 

pci 
2.8 

2.3 

1 4  

% 

b 

F i g u r e  6 

144 



EFFECT OF CUT STIFFENERS ON POSTBUCKLING STRENGTH OF FLAT
GRAPHITE-EPOXY COMPRESSION PANELS

Several 1300/5208 graphite-epoxy stiffened panels, similar to those described in

gure 5, were subjected to low-speed impact damage and the results of residual

strength tests on these damaged panels are presented in reference 2. It was found in

reference 2 that low-speed impact damage could degrade the postbuckling strength of a

panel if a region near a stiffener attachment flange were damaged. Several other

stiffened panels, similar to those described in _gure 5, were damaged by cutting a

2.0-inch-long slot completely through the skin and one stiffener as indicated by the

upper left figure in _gure 7. A slot was cut into panels with 16- and 24-ply skins

and 4.0- and 7.0-inch stiffener spacing and then tested to failure to determine their

residual strength. The results of these residual strength tests are shown below in

gure 7. End shortening results u (normalized by panel length L) are shown as a

function of applied load P (normalized by panel longitudinal modulus E and cross-
sectional area A). The results for undamaged specimens from _gure 5 are shown for

comparison. The open circles represent panel buckling and the filled circles repre-

sent failure of the undamaged panels. The filled squares represent failure of the
panels with slots. The results indicate that the slots degraded the postbuckling

strength of the panels. The reduction in postbuckling strength observed for the

slotted panels was greater than the reduction in postbuckling strength observed for
the low-speed impact damaged panels reported in reference 2.
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STIFFENER ATTACHMENT CONCEPTS FOR PANELS DESIGNED TO BUCKLE 

F a i l u r e  o f  t h e  s t i f f e n e d  panels descr ibed i n  F igure 5 was caused by separa t i on  
o f  t h e  s t i f f e n e r  f rom t h e  panel sk in .  
i n tended  t o  suppress t h e  s k i n - s t i f f e n e r  separa t i on  f a i l u r e  mode have been evaluated 
t o  determine t h e i r  e f f e c t i v e n e s s .  
16-ply s k i n s  were made w i t h  a s i n g l e  s t i f f e n e r  a t tached t o  a s k i n  w i t h  one o f  f o u r  
s t i f f e n e r  attachment concepts. 
graph i n  Figure 8. 
da ry  bonding o p e r a t i o n  t o  represent  t h e  s t i f f e n e r  attachment concept used f o r  t h e  
panels  descr ibed i n  F igure 5. 
w i t h  mechanical f a s t e n e r s  through t h e  s k i n  and s t i f f e n e r  attachment f langes. The 
at tachment f l anges  o f  t h e  t h i r d  specimen were s t i t c h e d  t o  t h e  s k i n  and t h e  s k i n  and 
s t i f f e n e r  were cocured. 
desc r ibed  i n  r e f e r e n c e  4 and inc ludes  an a d d i t i o n a l  twe lve  p l i e s  o f  AS4/3502 t a p e  i n  
t h e  s k i n  under t h e  s t i f f e n e r  as shown i n  t h e  lower  l e f t  f i g u r e .  
t e s t e d  t o  f a i l u r e  and t h e  r e s u l t s  o f  t h e  t e s t s  a r e  shown i n  t h e  lower  r i g h t  f i g u r e .  
The f a i l u r e  loads o f  t h e  panels w i t h  mechanical f a s t e n e r s  and s t i t c h i n g  were b o t h  
h i g h e r  than  t h e  f a i l u r e  l o a d  f o r  t h e  panel w i t h  t h e  cons tan t - th i ckness  1 6 - p l y  s k i n  
and bonded s t i f f e n e r .  However, t h e  f a i l u r e  l o a d  o f  t h e  panel w i t h  t h e  padded s k i n  
was h i g h e r  than t h e  f a i l u r e  loads o f  t h e  o t h e r  t h r e e  panels.  Whi le  t h e  panel w i t h  
t h e  padded s k i n  was approx imate ly  n i n e  pe rcen t  h e a v i e r  than t h e  panel w i t h  t h e  bonded 
s t i f f e n e r ,  i t s  f a i l u r e  l o a d  was 30 pe rcen t  h i g h e r .  The panel w i t h  t h e  padded s k i n  
f a i l e d  by s t i f f e n e r  c r i p p l i n g  as shown i n  t h e  upper r i g h t  photograph r a t h e r  than  by 
s k i n - s t i f f e n e r  separa t i on .  

Three s t i f f e n e r  attachment concepts t h a t  were 

Four Hercules AS4/3502 graphi te-epoxy panels  w i t h  

A t y p i c a l  specimen i s  shown i n  t h e  upper l e f t  photo- 
(he specimen had t h e  s t i f f e n e r  bonded t o  t h e  s k i n  w i t h  a secon- 

The second specimen had a bonded s t i f f e n e r  r e i n f o r c e d  

The f o u r t h  specimen was based on t h e  padded s k i n  concept 

The f o u r  panels were 
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POSTBUCKLING RESPONSE OF CURVED GRAPHITE-EPOXY PANELS WITH HOLES 

The e f f e c t  o f  c i r c u l a r  ho les  on t h e  p o s t b u c k l i n g  response of  curved T 3 0 0 / 5 2 0 8  
graphi te-epoxy pane ls  i s  shown below i n  Figure 9. The r e s u l t s  a re  f o r  16-ply quas i -  
i s o t r o p i c  panels w i t h  a 15 i n c h  radius.  The panels a r e  14 i nches  l o n g  and have a 14 
i n c h  a rc  length.  Panels w i t h  no h o l e  and w i t h  0.5-, 1.0- and 2.0-inch-diameter ho les  
were t e s t e d  t o  f a i l u r e .  The panels  were t e s t e d  i n  a manner s i m i l a r  t o  t h a t  desc r ibed  
f o r  t h e  panels i n  F i g u r e  1. A l l  panels  e x h i b i t e d  some p o s t b u c k l i n g  c a p a b i l i t y .  As 
shown i n  t h e  f i g u r e ,  t h e  panel w i t h  no h o l e  (a  = 0) and t h e  panel w i t h  t h e  0.5- inch- 
diameter h o l e  suppor ted h ighe r  p o s t b u c k l i n g  loads than  t h e  panels  w i t h  1.0- and 
2.0-inch-diameter holes.  Severe l o c a l  bending occurs near t h e  h o l e  a f t e r  buck1 i n g  
as i n d i c a t e d  i n  t h e  photograph o f  t h e  m o i r e - f r i n g e  p a t t e r n  o f  t h e  b u c k l i n g  mode o f  
t h e  panel w i t h  t h e  1.0-inch-diameter hole. This severe l o c a l  bending caused delami-  
n a t i o n  t o  occur a t  t h e  h o l e  edge as shown i n  t h e  photograph o f  t h e  2.0-inch-diameter 
h o l e  edge shown i n  F igure 10. Apparent ly,  t h e  de lamina t ion  a t  t h e  h o l e  edge reduced 
t h e  l o c a l  s t i f f n e s s  o f  t h e  panel enough t o  reduce t h e  p o s t b u c k l i n g  s t r e n g t h  o f  t h e  
panels w i t h  t h e  l a r s e r  holes. 

F i g u r e  9 
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DELAMINATED HOLE EDGE OF CURVED GRAPHITE-EPOXY PANEL 

The delaminated h o l e  edge o f  t h e  panel w i t h  t h e  2.0-inch-diameter h o l e  desc r ibed  
i n  Figure 9 i s  shown i n  Figure 10. 

3 6-PLY PANEL, 2.0-IN.-DIAMETEER HOLE, R = 15 IN. 
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POSTBUCKLING ANALYSIS OF A CURVED GRAPHITE-EPOXY
COMPRESSION PANEL WITH A HOLE

The STAGSC-I nonlinear structural analysis code (ref. 3) was used in reference 5
to analyze the postbuckling response of the curved T300/5208 panel with a 2.0-inch-
diameter hole described in Hgure 9. The analytical results are compared with the
test results in the upper left figure in Hgure II. The end shortening u (normal-
ized by the panel length L) is shown as a function of the applied load P (normal-
ized by the panel longitudinal modulus E and cross-sectional area A). Test and
analysis compare reasonably well until the buckling load is approached. Near buck-
ling the analysis predicts large symmetric local radial deflections w near the hole
as indicated by the lower left contour and deformed shape plots for the load cor-
responding to point A on the upper left figure. An arc-length projection method
(ref. 6) was used to continue the analysis past the limit point and onto the unstable
postbuckling equilibrium path. After buckling the analysis predicts severe local
bending and large nonsymmetric radial deflections near the hole as indicated by the
lower center contour and deformed shape plots for the load corresponding to point B
on the upper left figure. On the stable postbuckling equilibrium path, the analysis
again predicts severe local bending and large nonsymmetric radial deflections as
indicated by the lower right contour and deformed shape plots for the load corres-
ponding to point C on the upper left figure. Apparently, the severe local bending
near the hole causes sufficiently large surface rotations to exceed the capability
of the moderate rotation formulation used in STAGSC-I. Also, this severe local
bending apparently causes enough local transverse shearing deformations to delaminate
the panel at the edge of the hole as shown in _gure I0. Once delamination occurs,
the finite element model does not accurately represent the panel near the hole.
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POSTBUCKLING RESPONSE OF CURVED GRAPHITE-EPOXY
STIFFENED COMPRESSION PANELS

Curved graphite-epoxy stiffened panels were loaded to failure in compression to
study their postbuckling behavior. The panels were made from T3UO/5208 graphite-
epoxy tape and had an 85 inch radius. The panels had the same 16-ply-skin and stif-
fener designs as the flat panels described in _gure 5 and had a 4.0- or 7.0-inch
stiffener spacing. The results of the tests of these panels are shown in Figure 12.
End shortening results u (normalized by panel length L) are shown as a function
of the applied load P (normalized by the panel longitudinal modulus E and cross-
sectional area A). The results for the corresponding flat specimens from Hgure 5
are shown for comparison. The square symbols represent the curved panel results and
the circles represent the flat panels. The open symbols represent buckling and the
filled symbols represent failure. As expected, buckling loads for both curved panels
are higher than for the corresponding flat panels. However, the flat panel with 4.0-
inch stiffener spacing failed at a higher load than the corresponding curved panel,
and the curved panel with the 7.0-inch stiffener spacing failed at a higher load than
the corresponding flat panel. Additional testing and analyses are currently being
conducted to resolve this apparent anomaly.
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POSTBUCKLINGRESPONSEOFUNSTIFFENEDGRAPHITE-EPOXYSHEARWEBS

Flat unstiffened shear webs were loaded to failure in shear to study their
postbuckling behavior and failure characteristics. Theresults of this study of
unstiffened shear webs are part of the research being conducted by the third author
to fulfil the requirements for the degree of Master of Science from the School of
Engineering and Applied Science of George WashingtonUniversity. Unidirectional
tapes of Hercules AS4 graphite fibers and 3502 epoxy resin (AS4/3502) were used to
make8-, 16-, and 24-ply webs with quasi-isotropic, orthotropic, and ali-+45 stacking
sequences. All of the webs had 12.0-inch by 12.0-inch test sections and were tested
in a picture-frame shear fixture.

Membraneshear strain results are shownin figure 13. The applied load T is
normalized by the applied load at buckling Tcr and the membraneshear strain y
is normalized by the membraneshear strain at buckling Ycr. Theopen symbols
indicate failure of the webs. Thefailure loads of the 8- and 16-ply webs were
approximately 50 and 8 times the buckling load, respectively. The failure loads of
the 24- and 32-ply webs were approximately 4.5 and 2.5 times the buckling load,
respectively. There was a significant reduction in postbuckling stiffness as indi-
cated by the change in slope of the postbuckling curves whenthe stacking sequence
of the 8-ply webswas changedfrom a quasi-isotropic to an ali-+45 laminate. The
16-ply quasi-isotropic and orthotropic webs had essentially the-same postbuckling
stiffness, but the ali-+45 webs had a slightly lower postbuckling stiffness. The
24-ply webs had essenti_lly the samepostbuckling stiffness. Test results indicate
that laminate stacking sequenceand thickness can influence the postbuckling stiff-
ness and strength of graphite-epoxy shear webs.
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OUT-OF-PLANEDEFLECTIONSOFUNSTIFFENEDSHEARWEB

Out-of-plane deflections measurednear a point of maximumbuckling-mode ampli-
tude are shownin Hgure 14 for the 8-, 16-, and 24-ply websdescribed in _gure 13.
The applied shear flow (T/_b) is plotted on the vertical axis and the out-of-plane
deflection w normalized by the web thickness is plotted on the horizontal axis.

The symbols represent test data for the various laminates defined in the figure.
The filled symbols indicate failure. The 8-ply webs had maximum out-of-plane deflec-

tions at failure of over five times the thickness. There was significant reduction

in the maximum deflection when the thickness of the specimen was increased from 8

plies to 16 plies and a further reduction when the thickness was increased to 24

plies. The results shown in the figure indicate that a significant amount of bending

can occur when a graphite-epoxy shear web is loaded into the postbuckling range and

the bending stiffness is influenced by the thickness.
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FAILURE CHARACTERISTICS OF AN 8-PLY SHEAR WEB 

Some f a i l u r e  c h a r a c t e r i s t i c s  o f  an 8 -p l y  shear web t h a t  was loaded i n t o  t h e  
pos tbuck l i ng  range a r e  shown i n  Figure 15. The specimen was loaded w e l l  i n t o  t h e  
p o s t b u c k l i n g  range and then  unloaded f o r  i nspec t i on .  The photograph on t h e  l e f t  
shows t h e  m o i r e - f r i n g e  p a t t e r n  of t h e  buck led web a t  i t s  maximum load. The panel 
was c ross  sec t i oned  so t h e  i n t e r i o r  cou ld  be examined. 
a c ross  s e c t i o n  o f  t h e  web. The photograph on t h e  r i g h t  shows t h e  r e s u l t s  o f  an 
u l t r a s o n i c  C-scan i n s p e c t i o n  o f  t h e  web. 

The c e n t e r  photographs show 

The photograph o f  t h e  m o i r e - f r i n g e  p a t t e r n  i n d i c a t e s  t h a t  a h i g h  displacement 
g r a d i e n t  occurred near  t h e  c e n t e r  o f  t h e  web p r i o r  t o  f a i l u r e .  The photograph o f  
t h e  u l t r a s o n i c  C-scan i n d i c a t e s  t h a t  a de lamina t ion  had occurred i n  t h e  web. The 
c e n t e r  photographs show a t ransve rse  c rack  i n  t h e  l a m i n a t e  and a de lamina t ion  between 
p l i e s .  Resul ts  f o r  8 -p l y  shear webs i n d i c a t e  t h a t  de lamina t ion  may be a f a i l u r e  mode 
l i m i t i n g  t h e  p o s t b u c k l i n g  s t r e n g t h  o f  a graphi te-epoxy shear web. 

BUCKLED WEB 

TRANSVERSE CRACK 

C-SCAN 

DELAMINATION 
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POSTBUCKLING BEHAV I O R  OF STIFFENED GRAPH ITE-EPOXY SHEAR WEBS 

F l a t  s t i f f e n e d  graphi te-epoxy shear webs were loaded t o  f a i l u r e  . i n  shear t o  

The 19-p ly  shear webs,had a 4.5- 

study t h e i r  p o s t b u c k l i n g  behavior.  U n i d i r e c t i o n a l  tapes o f  Hercules AS4/3502 
graphi te-epoxy were used t o  make 19-, 25-, and 33 -p l y  shear webs. A l l  o f  t h e  shear 
webs had 22.5-inch by 22.5-inch t e s t  sec t i ons .  
i n c h  s t i f f e n e r  spacing and t h e  25- and 33-ply webs had a 7.5-inch s t i f f e n e r  spacing. 
There was a common s t i f f e n e r  des ign f o r  a l l  o f  t h e  webs t h a t  were tes ted .  The s t i f -  
f ene rs  were a t tached  t o  t h e  s k i n s  w i t h  mechanical f a s t e n e r s  and/or bonding. A photo- 
graph o f  a 19-p ly  shear web i s  shown i n  t h e  upper l e f t  o f  Figure 16. 

Membrane shear s t r a i n  r e s u l t s  f rom t h e  t e s t s  a r e  summarized below i n  t h e  lower  
l e f t  o f  Figure 16. The a p p l i e d  shear f l o w  q i s  p l o t t e d  as a f u n c t i o n  o f  membrane 
shear s t r a i n .  
c a t e  f a i l u r e .  A l l  o f  t h e  shear webs e x h i b i t e d  some p o s t b u c k l i n g  c a p a b i l i t y .  The 
33-ply shear webs f a i l e d  soon a f t e r  buck l i ng .  
more p o s t b u c k l i n g  response a f t e r  buck l ing.  
c a t e  t h a t  specimens w i t h  mechanica l ly  fastened s t i f f e n e r s  d i d  n o t  e x h i b i t  s i g n i f i c a n t  
improvements i n  p o s t b u c k l i n g  performance compared t o  t h e  specimen w i t h  adhes ive l y  
bonded s t i f f e n e r s .  An improved f a s t e n e r  concept d i d  improve t h e  postbuck l  i n g  p e r f o r -  
mance o f  19-ply shear webs w i t h  mechanica l ly  fastened and adhes ive l y  bonded s t i f -  
feners.  The photograph i n  t h e  upper r i g h t  o f  F igure 16 shows t h e  t y p i c a l  f a i l u r e  
mode f o r  a l l  of t h e  shear webs. These specimens f a i l e d  when t h e  s t i f f e n e r s  separated 
f rom t h e  s k i n  a long  t h e  s k i n - s t i f f e n e r  i n t e r f a c e .  

B u c k l i n g  i s  i n d i c a t e d  by t h e  open symbols and t h e  f i l l e d  symbols i n d i -  

Test r e s u l t s  f o r  25-ply shear webs i n d i -  
The 19- and 25-ply shear webs had 

Figure 16 
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POSTBUCKLING RESPONSE OF CURVED GRAPH ITE-EPOXY S T I F F E N E D  
PANELS LOADED I N  SHEAR AND COMPRESSION 

Curved AS4/3502 graphi te-epoxy s t i f f e n e d  panels  were loaded t o  f a i l u r e  i n  shear 
and combined shear and compression t o  study t h e i r  p o s t b u c k l i n g  behavior.  The panel 
designs were based on a minimum-weight buck led-sk in  des ign ob ta ined  from t h e  POSTOP 
s t r u c t u r a l  o p t i m i z a t i o n  code ( r e f .  7 )  and had bo th  s t i f f e n e r s  and frames as i n d i c a t e d  
i n  Figure 1 7  below. The padded-skin s t i f f e n e r  at tachment concept descr ibed i n  Figure 
8 was used a t  each s t i f f e n e r  l o c a t i o n  and a f a i l s a f e  s t r a p  was i n c l u d e d  under each 
frame and midway between each frame. 
and had a 143 i n c h  rad ius .  
v i d e  a c losed  t o r q u e  box s u i t a b l e  f o r  shear l o a d i n g  and t e s t e d  i n  t h e  Lockheed- 
Georgi a Company ' s mu1 t i  -ax4 s combined 1 oad t e s t  machi ne. 

The panels were 60 inches l ong ,  42 inches wide 
The panels were mounted i n  a D-box t y p e  f i x t u r e  t o  pro- 

F i g u r e  17 
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POSTBUCKLINGRESPONSEOFCURVEDGRAPHITE-EPOXYPANELS
LOADEDIN SHEARANDCOMPRESSION

The results of the shear and combined shear and compression tests of the panels

described in Figure 17 are shown in Hgure 18. Three panels were tested to failure.

The first panel was loaded in shear only, the second panel was loaded with approxi-

mately equal magnitudes of shear and compression stress resultants and the third

panel was loaded with approximately three times as much compression as shear. The

predicted buckling and failure interaction curves for shear Nxy and compression
Nx loading are shown on the figure. The open circles on the figure represent the

buckling data from the tests and the filled circles represent failure of the speci-
mens.
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FAILURE MODES OF CURVED GRAPH ITE-EPOXY PANELS 
LOADED I N  SHEAR AND COMPRESSION 

A t y p i c a l  f a i l e d  specimen t h a t  had been loaded i n  combined shear and compression 
i s  shown i n  F igure 19. The panel f a i l e d  a long a d iagonal  f rom frame t o  frame as 
shown i n  t h e  l e f t  photograph. 
d iagonal  f a i l u r e  i n t e r s e c t e d  t h e  s t i f f e n e r s  as shown i n  t h e  magn i f i ed  photograph o f  
t h e  s t i f f e n e r  on t h e  r i g h t .  
was t e s t e d  i n  shear o n l y  s i n c e  no compression l oad  was a p p l i e d  t o  t h e  s t i f f e n e r s  o f  
t h i s  panel. Some frame damage was observed a f t e r  f a i l u r e  o f  t h e  panel loaded i n  
shear on ly ;  however t h e  frame damage may have been caused by t h e  t e s t  f i x t u r e .  

The s t i f f e n e r s  appear t o  have c r i p p l e d  where t h e  

No s t i f f e n e r  c r i p p l i n g  was observed i n  t h e  panel t h a t  

F i g u r e  19 
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CONCLUDING REMARKS

o Graphite-epoxy structural components loaded in compression, shear and combined
shear and compression can exhibit substantial postbuckling strength.

o Unstiffened laminates fail along buckling-mode nodal lines where interlaminar
shear stresses are large.

o Holes and low-speed impact damage can degrade postbuckling strength if local
strains are high enough to initiate and propagate damage.

o Postbuckling strength of stiffened panels can be limited by skin-stiffener
separation.

o Increasing the skin thickness under a stiffener suppresses skin-stiffener
separation.

o Stiffened panels can fail by stiffener crippling if skin-stiffener separation is
suppressed.

o DBmaged stiffeners can degrade postbuckling strength.

o Local delamination degrades postbuckling strength of curved panels with holes.

o Postbuckling response can be predicted analytically if local bending flexibility
is adequately modeled.

o _rge rotation and transverse shear deformation theories may be needed to
accurately predict postbuckling behavior of components with severe local bending
gradients.
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