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SUMMARY 

Experimentally observed f a i l u r e  character is t ics  o f  compressively-loaded graphite- 
epoxy components are described i n  the paper. Experimental resu l t s  f o r  both 
strength-cr i  t i c a l  laminates and s t ruc tu ra l  components w i th  postbuckl i n g  strength 
are discussed. Ef fects  o f  low-speed impact damage and c i r c u l a r  holes on compres- 
s ive strength are a lso discussed. Delamination and shear c r i pp l i ng  f a i l u r e  
mechanisms tha t  1 i m i  t the performance o f  s t reng th -c r i t i ca l  laminates are described. 
Transverse shear and sk in -s t i f fener  separation f a i l u r e  mechanisms t ha t  l i m i t  the 
performance o f  components wi th  postbuckling strength are a lso described. The 
inf luence o f  matr ix propert ies on compressive-strength improvements f o r  impact- 
damaged laminates i s  discussed. Experimental data and resu l t s  from a f a i l u r e  
analysis f o r  s t reng th -c r i t i ca l  lamindtes w i t h  cutouts are discussed and compared 
w i th  t e s t  resu l t s  f o r  impact-damaged specimens. Typical postbuckl i ng  t e s t  r esu l t s  
are compared w i th  a ~ a l y t i c a l  predict ions. 

INTRODUCTION 

Current design pract ices f3r metal a i r c r a f t  structures are based on many years o f  
experience and provide ef: . ient, re1 i abl e compressi on-carrying s t ruc tu ra l  com- 
ponents. Some s t ruc tu ra l  components (e.g., wing skins) are designed t o  be buckl ing 
res is tant  and are usual ly e i t he r  strength or  stiffness c r i t i c a l  a t  the design 
u l t imate load condition. Other components (e.g., fuselage skins) are o f ten 
designed t o  al low skin buckling t o  occur a t  appl ied loads below those o f  the design 
u l t imate load condition. I n  general, response character is t ics  and f a i l u r e  mechan- 
isms o f  these metal components are wel l  established and understood. Design prac- 
t i c e s  f o r  graphite-epoxy a i r c r a f t  structures are not ye t  as wel l  established as 
those f o r  metal structures, but. the experience necessary t o  understand the  behavior 
o f  compressively-loaded graphi ,e-epoxy s t ruc tu ra l  components i s  being gained. For 
exampie, resu l ts  from tes ts  on s t i f fened  graphite-epoxy panels (e.g., V i  11 iams and 
M i  kul  as, 1475) have shown t ha t  buck1 i ng-resi s tant  graphi te-epoxy s t i f f ened  panels 
can be successfully designed t o  sa t i s f y  the  t r ad i t i ona l  strength and buckl ing 



requirements used f o r  metal structures and t o  have s i g n i f i c a n t l y  lower weights 
than corresponding s t ruc tu ra l  l y - e f f i c i en t  metal panels. Results from tes t s  
(e.g., Starnes, Knight and Roilse, 1982) have a lso shown t ha t  s t i f f ened  graphite- 
epoxy panels can have considerable postbuckling strength. However, r esu l t s  from 
other t es t s  (e.g., Rhodes, M i l  liams and Starnes, 1977, 1978) have shown t h a t  com- 
pressi ve strength o f  graphi te-epoxy s t  i f fened panel s can be severely reduced by 
low-speed impact damage t yp i ca l  o f  t ha t  wnich could occur i n  service and by loca l  
s t r a i n  concentrations tha t  ex i s t  near c i r c u l a r  holes. As a r esu l t  o f  these com- 
pressi  ve-strength reductions, invest igat ions o f  the f a i l u r e  charac te r i s t i cs  and 
mechanisms o f  compressively-loaded graphite-epoxy s t ruc tu ra l  components have been 
conducted. 

The present paper summari zes r e s ~ l  t s  o f  research conducted a t  NASA Langl ey Research 
Center t o  understand the behavior and f a i l u r e  character is t ics  o f  laminated 
graphite-epoxy s t ructura l  components loaded i n  compression. Experimental resu l t s  
f o r  both s t reng th -c r i t i ca l  laminates and s t ruc tu ra l  components w i t h  postbuckling 
strength are presented, and the  e f f ec t s  o f  low-speed impact damage and c i r c u l a r  
holes on compressive strength are discussed. Many o f  the f a i l u ~  mechanisms t ha t  
l i m i t  the s t ruc tu ra l  performance o f  compressively-loaded components are unique t o  
1 ami nated composites, and some o f  these mechanisms and t he i  r e f f ec t s  on s t ruc tu ra l  
performance are described herein. Delamination and shear c r i pp l i ng  f a i l u r e  mechan- 
isms tha t  1 i m i  t the performance o f  s t reng th -c r i t i ca l  laminates are described. 
Transverse shear and sk in -s t i f fener  separation f a i l u r e  mechanisms t ha t  1 i m i t  the  
performance o f  s t ruc tu ra l  components w i t h  postbuckl i ng strength are a1 so described. 
The inf luence o f  matr ix  propert ies on improving the compressive strength o f  impact- 
damaged laminates i s  discussed. A f a i l u r e  analysis tha t  pred ic ts  the  compressive 
strength reduction o f  strength-cr i  t i c a l  laminates w i th  c i r c u l a r  holes i s  discussed 
and compared w i th  impact-damage resul ts.  Comparisons between t yp i ca l  t e s t  r esu l t s  
and nonl i near postbuckl i ng analyses are a1 so presented. 

SPECIMENS, APPARATUS AND TESTS 

Both unst i f fened (Fig. 1) and s t i f f ened  (Fig. 2) f l a t  graphite-epoxy specimens 
were tested. A l l  specimens were fabr icated from c m e r c i a l l y  ava i lab le  450K-cure 
preimpregnated graphi te-epoxy tape materials. The tape mater ia ls were made from 
Union Carbide Corporation Thornel 3001 graphi te f i be r s  and e i t he r  Narmco Materials, 
Corporation R ig id i  t e  52081 epoxy res in  o r  American Cyanamide Corporation Cycom 907. 
epoxy resin. Specimens made from R i g i d i t e  5208 epoxy are re fer red t o  hereaf ter  as 
specimens made from T30015208, and those made from Cycom 907 epoxy are re fer red 
t o  as specimens made from ?300/BP907. Representative propert ies used i n  designing 
specimens made from these two graphite-epoxy mater ia ls are given i n  Table 1. 
Some unst i f fened T300f5208 specimens were s t i t ched  through-the-thickness w i t h  Du 
Pont Kevlar X-loo1 thread i n  a 6.4-mn by 6.4-mm g r i d  pattern. 

411 specimens were autoclave cured f o l  1 owing the epoxy manufacturer's recomnended 
procedure, inspected u l t rason ica l l y ,  and cut t o  the desired sizes. The ends o f  a l l  
specimen; were ground f l a t  and para1 l e l  t o  permit uniform compressive loading. 
The ends of the s t i f fened  specimens were a lso potted i n  an epoxy res i n  p r i o r  t o  
grinding. Ci rcu lar  holes were machined i n  the center o f  some unst i f fened speci- 
mens w i th  diamond impregnated core d r i l l s .  One side of each specimen was painted 

11de3t i f ica t ion o f  commercial products and companies i n  t h i s  paper i s  used t o  
describe adequately the t e s t  materials. The i d e n t i f i c a t i o n  of these products does 
not const i tu te  endorsement, expressed o r  implied, o f  such products by the National 
Aeronautics and Space Administration o r  the publ isher of these proceedings. 



Fig. 1. Specimen mounted Sn Fig. 2. Stiffened panel specimn. 
suppwt f ix ture.  

T.r\BLE 1 Unidirect ional  Tape Hater ia l  Propert ies Used i n  Design 

- 
L o n g i t u d i n s l e a  r m o r  PI Y 
M a t e r i a l  Modulus, Modul us, Modulus, Poisson's, Thickness, 

GPa GPa GPa Ratio m 

whi te  t o  r e f l e c t  1 f ght so t ha t  a moire-fr inge technique (Dykes, 1970) could be 
used t o  moni to r  out-of-plane deflections. 

Hydraulic test ing machines were used t o  load the  specimens i n  a x i a l  compression. 
A machine w i t h  a 1.33-MN loading capab i l i t y  was used t o  t e s t  the unstif fened 
specimens. The ends of  these specimens nere clamped by f i x t u res  dur ing test jng,  
and the sides were simply supported t o  prevent wide-column buck1 ing. A t yp i ca l  
uns t i f f ened  specimen mounted i n  the support f i x tu res  i s  shown i n  Fig. 1. The 
length o f  the u n r t i  ffened specimens used t o  study strength-cr i  t i c a l  behavior was 
approxjmately 25 crn and the width  Mas approximately I3 crn. The length 07 the 
unst i  ffened specfmens used t o  study postbuckl i ng behavior was approximately 5 1  cm 
and t h e i r  widths va r ied  frm 8 t o  24 cm. A mazhfne with  a 4.45-HN capacity was 
used t o  t e s t  the stiffened specimens. The s t i f fened  specimens were f lat-end tested 
without any res t ra in ts  on the unloaded edges. The lengths of the s t i f f ened  panels 
va r ied  from 51 t o  81 cm, the widths var ied from 38 t o  61 crn, and the  st i f fener 
spacings varied from 10.2 t o  17.8 cm. E lec t r i ca l  resf stance s t r a i n  gages were 
used t o  monitor strains,  and direct-current d i f f e r e n t i a l  t r a n s f o m r r  were used t o  
monitor 1 ongi tudi  nal i n-pl ane and out-of-pl ane displacements a t  selected 1 ocationr . 
Moi re-fringe patterns representing out-of -p l  ane def lec t ions were recorded photo- 
graphical ly. 

Three types of  specimens were tested: specimens without holes o r  impact damage; 
specimens n i t h  a s ing le  c l  rcular hole; and specimens t ha t  were subjected t o  lon- 
speed impact  damage. Specimens without holes o r  impact damage were t es ted  t o  
f a i l u r e  t o  establ ish a reference response. Other specimens n i t h  el ther  a s ing le  
c i r c u l a r  h o l ~  o r  with  low-speed fmpact d a ~ g e  were a1 so tested t o  establ ish the 
ef fects  o f  local df scont inui t ies.  Impact damage was introduced by propel l  i n g  
2 27-cm-diameter aluminum spheres normal t o  the plane of  the  specimen wi th  the 
compressed a i r  gun described by Rhodes, W i l l  iams and Starnes (1977). Some speci- 
mens were impacted before any a x i a l  1 aad was appl f ed and then tested t o  detemlne 
the1 r residual strength. Other specimens nere loaded i n  compression t o  a pre- 
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scribed 1 ongi t ud i  t ~ a l  s t r a i n  leve l  and then impacted whi le under load. Specimens 
tha t  d i d  not f a i l  on impact were subsequently loaded t o  f a i l u r e  t o  determine t h e i  r 
residual strength. 

RESULTS AND DISCUSSION 

The f a i l u r e  character is t ics  o f  bdth s t reng th -c r i t i ca l  laminates and s t ruc tu ra l  
components wi th  postbuckl i n g  strength have been studied. The f a i l u r e  mechanisms 
t ha t  l i m i t  the performance o f  these graphite-epoxy laminated s t ructures has been 
found t o  be inf luenced by loca l  e f f ec t s  caused by low-speed impact, by s t r a i n  
concent ra t ions near holes , and by h i  ghl y s t  r a i  ned and deformed regions o f  buck1 ed 
components. 

S t  rength-Cri ti cal  Lami nates With Impact Damage 

Delamination and shear c r i pp l i ng  f a i l u r e  mechanisms can reduce the compressive 
strength o f  strength-cr i  t i c a l  1 ami nates wi th  impact damage. Results from studies 
(e.g., Rhodes, Will iams and Starnes, 1979; and Starnes, Rhodes and Williams, 1979) 
have shown tha t  the e f fec ts  o f  low-speed impact darlage on the  compressive strength 
o f  s t reng th -c r i t i ca l  structura? components can be determined by t es t i ng  r e l a t i v e l y  
small 13-cm-wi de by 25-cm-1 ong 48-ply 1 ami nates. Lami nates w i t h  these dimensions 
are representative of  the width and s t i f fness  o f  the skin between s t i f f ene rs  of 
panels tested by Rhodes, M i l  l iams and Starnes (1977, 1978) and have s im i l a r  reduc- 
t i ons  i n  strength due t o  impact damage. 

E f fec t  o f  impact damage on compressive strength. A t yp i ca l  example o f  the e f f ec t  
o f  low-speed impact damage on the compressive strength o f  a 48-ply T300/5208 ortho- 
t r o p i c  laminate i s  shown i n  Fig. 3. The ax ia l  compressive s t r a i n  applied t o  the 
specimen p r i o r  t o  impact i s  showc on the  ordinate and the p r o j e c t i l e  impact speed 
i s  shown on the abscissa. The corresponding p r o j e c t i l e  k i n e t i c  energy i s  a lso 
shown on the abscissa. The f i l l e d  c i r c l e s  represent specimens t ha t  f a i l e d  on 
impact and the open c i r c l es  represent specimens tha t  continued t o  support the 
applied load a f t e r  impact occurred even though they may have sustained l oca l  
damage. The curve labeled " f a i l u r e  threshold" was f a i r ed  between the open and 
f i l l e d  c i rc les .  The data shown on the ordinate represent f a i l u r e s  o f  undamaged 
specimens and can be used as reference strength values. The data shown i n  Fig. 3 
ind icate  tha t  the laminate compressive strength can be severely reduced by impact 
damage. 

0 DID NOT FAIL JN IMPACT 
FAILED OW IMPACT 

8 RESIDUAL STRENCTH 

PROJECTIE K I M I I C  ENERGY. I 

PROJECTIU S E E D  AT IMPACT. m l s r  

Fig. 3. Effect  o f  low-speed impact on a T300/5208 laminate f a i l u r e  s t ra in .  
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Specimens t h a t  did not f a i l  du r l ng  impact, as well as several specimens that were 
damaged without any appl i e d  s t a t i c  1  oad, were subsequently tes ted t o  determf ne 
r he i  r res idua l  cmpressi ve strength. The residual s t rength  r e s u l t s  are shown by 
f i l l e d  square symbols on Fig. 3. Every data p o i n t  rep~esent ing  residual strength 
i s  on or above the f a i l u r e  th resho ld  curve. These r e s u l t s  suggest that a f a i l u r e  
th resho ld  curve obtained by impacting test specimens while under l oad i s  a lower 
bound f a r  t h e  s t a t i c  cornprezsi ve s t rength  of graphi te-epoxy 1  ami nates subjected 
t o  1 cw-speed impact damage. The compressive s t rength  reduct ions represented by 
t h e  f a i l u r e  th resho ld  curve i n  Fig. 3 are typical of t h e  severe strength reduc- 
t i o n s  t h a t  can occur far many cu r ren t l y  used graphite-epoxy ma te r i a l  systems. F o r  
example, the f a i  1 ure s t r a i n  of  an undamaged T300/5208 o r t h o t r o p i c  l amina te  i s  
reduced from over 0.008 t o  approximately 0.003 when subjected t o  impact danage 
from a projectile w i t h  a k i n e t i c  energy of 15 3.  

Physical character i  s t i  cs o f  impact damage. f a  determine the c h a r a c t e r i s t i c s  o f  
impact damage, specimens were impacted by 1 ow-speed p r o j e c t i l e s  and examined. The 
specimens were visual  1 y inspected f o r  front- and back-surface damage and u l t r a -  
son1 ca l  l y  i nspected f o r  i n d i c a t i o n s  o f  i n t e r i o r  damage. Swne specjmens were a l s o  
cross sectioned through the impacted region and inspected rni ctoscopi cal l y  f o r  
i n t e r i  o r  damage. Photographs of the  back-surface danage and the ultrasonic C-scan 
data and a photomicrograph o f  a cross sect ion through the impacted reg ion  of a 
typical 48-pl y or tho t rop i c  T300/5208 specimen impacted a t  approximate1 y 100 m/s 
are  shown i n  F i g .  4, This impact event caused v i s u a l l y  detectable back-surface 
damage and consid%rab!e i n t e r i o r  damage t o  t h e  laminate a s  shown i n  Fig. 4.  
lnteri or damage included del aminati ons between p l i e s  with d i  f ferent o r i e n t a t i o n  as 
we1 1 as through-the-th ickness rnatr i  x cracks. There was no p e r c e p t i b l e  f ront -  
surface damage a t  the  impact s i t e  ( indicated  by the arrow i n  Fig. 4). 
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CROSS-SECT t ON 

F i g .  4.  Damage i n  a 48-ply T300/5208 o r t h o t r o p i c  laminate f o l l o w i n g  impact from 
a 1.27-cm-diameter a? urninurn sphere t ravel  i ng a t  1 ll0 m/s. Arrow i ndf cates 
impact s i te .  

Several response mechanisms are a c t i v e  i n  c r e a t i n g  the l o c a l  damage i l l u s t r a t e d  i n  
Fig,  4. The specimen response sequence f o l l o w i n g  impact f s i l l u s t r a t e d  i n  Fig. 5 
i n  t h e  temporal order  tha t  the events occur. On contact, a t r a n s i e n t  compressive 
normal st ress  wave i s  j n i t f  ated and propagates through the lamjnate. This  compres- 
s i v e  wave r e f l e c t s  from the  back surface a s  a tension wave and may produce ma t r i x  
damage. The w-shaped p a t t e r n s  shown i n  F i g s .  4 and 5 are  s i m i l a r  t o  the f r a c t u r e  
pat tern  created by s t r e s s  waver I n  hmogeneous b r i t t l e  p la tes  t h a t  have been 
impu l  s i  rely 1 oaded on one surface. Coca? t r ans ien t  bending waves 3re i n i t i a t e d  
f ol lowtng several ref lect ions of the t r a n s i e n t  normal waves. The 1 acal transient 
bending def lect ions o f  a t y p i c a l  48-ply laminate impacted a t  91 m/s were contained 
wi th in  a region wi th  a radius o f  approximately 2 cm and had a maximum out-of-plane 
de f l ec t i on  of approximately 1 mn. I n te r l am ina r  st resses assocfated with the l o c a l  
bending may czuse local damage or If damage i s  present, t h i s  local bendlng def l  ec- 
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Fig .  5. Response of laminate fo l l ou fng  lrm-speed Impact. 

tian may cause the damage t o  propagate. To i s o l a t e  the  ef fec t  of the loca l  tran- 
s ient  bending def lect ions on f a i l u r e  strength, metal blocks were mounted i n  c lose 
proximity (within 0.1 mn) t o  the back surface o f  selected specimens t o  l i m i t  the  
amp1 i t ude  o f  the local bending def lect ions caused by impact. The f a i l u r e  stra ins 
fcr t h e s e  specimens were s i g n i f i c a n t l y  higher than the Failure strains bar s im i l a r  
specimens tested nfthout t h e  metal blocks. This dif ference i n  f a1  lure s t ra ins  
indicates t h a t  the local trans1 ent bending deflections can a f f e c t  f a i  1 ure strength. 
Deformations due t o  the overal l  p l a t e  structural  response are i n i t i a t e d  long a f t e r  
the t ransient bending wave occurs. It i s  suspected tha t  the overall s t ruc tu ra l  
response caused no addi t i  ona l 1 ocal damage. 

Delarninatfon i n  an impact-damaged region o f  a laminate divides the laminate locally 
i n t o  a number sublaminstes. The local bendtng s t  i ffnesses of  the sublaminates 
are s i gn i f i can t l y  loner than those o f  the o r i g i na l  laminate and, as a resul t ,  a 
sublami nate may buckl e a t  an appl ied s t r a i n  t h a t  i s  sf gniffcantly lower than the 
s t ra i n  required t o  buckle o r  t o  f a i l  the undamaged l amina te ,  An example o f  local 
sublaminate buckl f ng and subsequent delamination propagation t ha t  was observed 
dur ing the residual -strength t e s t  of an frnpact-damaged 1 ami natc i s  shown by the 
moi re-f r i  nge pattern photographs i n  F i  g, 6, The f i .st photograph shows the 1 ocal 
surface damage caused by impact and the  succeeding $hatographs show the buckled 
sublaminate and the damage propagation across the specimen n i t h  lncreasfng appl ied 
load.  The amp1 i tude of the  sublaminate buckl ing mode grows wf  t 9  increasing app l i ed  
load, and 1 t i s  suspected t h a t  high values of stress are developed i n  the m a t r i x  
a t  the delamination boundary. When the matr ix  stresses a t  the  delamination boun- 
dary exceed the c r i t i c a l  stress of the matrix, the buckled delamination grows i n  
size  u n t i l  the matr ix  stresses a t  the delamination boundary are rel ieved. Addi- 
ti onal 1 onding eventual l y causes the buckl ed delamination t o  propagate compl etel y 
across the lamf nate as  shown i n  the r i g h t  photograph.  Analyses o f  this propagating 
delamination pherrmrron have been developed by Chai , Babcock, and K R ~ U S S  (1981) 
f o r  beams and by Chai (1982) for  plates. There analyses couple the e f fec t  o f  
1 ocal buckl i ng w l  t h  a f rac ture mechani cs-based energy r s l  ease r a t e  c r i t e r i o n .  
These analy t ica l  resu l t s  a r e  qua! i t a t i  vely cons4 stent n i t h  the experimental obser- 
vat ions shown i n  Fig .  6. 



Fig. 6. Propagation o f  impact damage w i t h  increasjng compresstve load. 

I Impact d a ~ g e  t o l e r a n t  mater ia ls .  The i d e n t j f l c a t i o n  of delamination as a cause 
of  compressi ve strength reduct ion o f  f mpact-damaged T300/5208 laminates svpgested 
t ha t  the use o f  a del ami nation-resi s tant  res in  mater ia l  might improve a 1 ami nate's 
to1 erance t o  jmpact damage. A1 though the specific materi a1 requi rements t ha t  could 
improve delamfnatton resistance are not we1 1 understood, i t  was anticipated that a 
delamination res is tant  ~ e s i n  m a t e r i a l  should have a greater stsaf  n a t  fa1 l u r e  than 
the 1.5 percent charac te r i s t i c  of T300f5208. 

A study o f  the e f f e c t  o f  res in  formulat ion on the impact damage to lerance of 
graphite-epoxy l amina tes  was conduc:ed by Willlams and Rhoder (1981). Laminates 
w1th the same graphi te f i b e r  and s tack ing sequence were made frm each o f  24 d i f -  
ferent resins. The neat res in  fa1 lure  s t r a i n  f o r  most o f  the resf  ns was greater  
than 4 percent. The laminates were subjected t o  Impact damage wtth ne ap:l fed 
load and then tes ted t o  determine t h e f r  residual strength. Five o f  the resins 
were sf gni f i cantly more impact damage talerant than the others. Ul t rason ic  
inspect ion showed that  1 arni nates made from these f i v e  damage t o 1  erant  res ins  had 
smaller areas of local damage than t h e  other laminates for identical impact condi- 
t i o n s ,  and the  residual strength tests showed t ha t  the  damage t o l e r a n t  1 amlnates 
f a i l e d  a t  higher stra ins.  The f a i l u r e  th resho ld  curre f o r  one o f  t h e  damage t o l e r -  
ant material systems, namely T300/BP907, i s  compared i n  Fig, 7 with the fadlure 
th resho ld  curve for  T300/5208. Far the range o f  t es t  c ~ n d i t i o n s  considered, the 
impact damaged T300/8P907 1 ami nate f a i  led a t  s i  gni f i cant1 y hf gher s t r a i n s  than 
the impact-damaged T300/5208 laminate, These resu l t s  i nd ica te  t h a t  the properties 
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Fig .  7. Fa1 1 ure thresh01 d curves f o r  impact-dnmaqed graph4 tc-epoxy 1 am1 nates 
made from d l  f fercnt resins. 
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o f  t h e  mat r ix  mater ia l  have a considerable e f f e c t  on t h e  impact damage to le rance  
o f  graphite-epoxy laminates. The s t r a i n  a t  f a i l u r e  f o r  Cycom 907 neat r e s i n  i s  
approximately 4.8 percent wh i l e  t h e  s t r a i n  a t  f a i l u r e  f o r  R i g i d i t e  5208 neat r e s i n  
i s  on ly  1.5 percent. Laminates made from some o f  t he  o ther  res ins  w i t h  neat r e s i n  
f a i l u r e  s t r a i n s  greater  than 4 percent were found t o  be l ess  impact damage t o l e r a n t  
than laminates made from T300/BP907. These r e s u l t s  i n d i c a t e  t h a t  a h igh  neat 
r e s i n  f a i l u r e  s t r a i n  w i l l  not  necessar i l y  guarantee t h a t  a laminate w i l l  be impact 
damage to le ran t .  The r e s u l t s  o f  t h e  study by Wi l l iams and Rhodes (1981) i n d i c a t e  
t h a t  i n  add i t i on  t o  a h igh  neat r e s i n  f a i l u r e  s t ra in ,  an impact damage t o l e r a n t  
r e s i n  should have h igh  shear and tens ion  modulus values and laminates should have 
a s u f f i c i e n t l y  h igh  r e s i n  volume f r a c t i o n  (e.g., 40%) t o  a l l ow  l o c a l  p l a s t i c  de for -  
mation t o  occur between t h e  f i be rs .  Although improved damage to le rance  i s  an 
important considerat ion,  o the r  f a c t o r s  such as s t rength  r e t e n t i o n  f o r  e levated- 
temperature and moisture-content cond i t i ons  a re  a1 so important.  Unfor tunate ly ,  
many o f  t he  changes i n  r e s i n  fo rmula t ions  t h a t  have been considered f o r  improving 
damage to le rance adversely a f f e c t  o ther  des i rab le  p rope r t i es  and, as a r e s u l t ,  
compromises are  l i k e l y  t o  be necessary when developing improved r e s i n  formulat ions.  

Another approach f o r  suppressing delamination i n  graphite-epoxy laminates i s  t o  
provide t ransverse reinforcement t o  t h e  1 ami nate. One such r e i n f o r c i n g  concept 
(e.g., Rhodes and Wil l iams, 1981) i s  t o  s t i t c h  t h e  laminate p r i o r  t o  cu r i ng  w i t h  
h igh-st recgth threads. A comparison o f  impact damage f a i l u r e  th resho ld  data f o r  
T30015208 and T300/BP907 1 ami nates w i t h  and w i thout  t ransverse s t  i t c h i n g  i s  pre-  
sented i n  Fig. 8. Transverse s t i t c h i n g  s i g n i f i c a n t l y  increased t h e  fa1  1 ure  
th resho ld  s t r a i n s  f o r  t he  delaminat ion prone T300/5208 laminates but  had no e f f e c t  
on t h e  f a i  1 ure th resho ld  s t r a i n s  f o r  t h e  delamination r e s i s t a n t  T300/BP907 lami-  
nates. 
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Fig. 8, E f f e c t  o f  t ransverse s t i t c h i n g  on f a i l u r e  th resho ld  curves o f  impact- 
damaged graphi te-epoxy lami nates. 

- T a 0 1 B P W  
W lTH AND WITHOUT . STITCHING 

- 

- 
STITCHED 

F a i l u r e  c h a r a c t e r i s t i c s  of impact damage t o l e r a n t  laminates. Cross sect ions o f  
f a i l e d  T30015208 and T300/BP907 impact damaged laminates are  shown i n  Fici. 9. The 
cross sec t ion  o f  t h e  ~300/5208 laminate i nd i ca tes  t h a t  extensive delaminat ion has 
occurred. The cross sec t ion  of t h e  T300/BP907 laminate i n d i c a t e s  t h a t  t h e  laminate 
has f a i l e d  i n  a t ransverse shear c r i p p l i n g  mode r a t h e r  than by delamination. The 
T30015208 laminates w i t h  t ransverse s t i t c h i n g  a l s o  f a i l e d  i n  t h i s  t ransverse shear 
c r i p p l i n g  mode. Apparently, suppressing delamination, e i t h e r  by t h e  use o f  a 
delamination r e s i s t a n t  r e s i n  o r  by t ransverse s t i t c h i n g ,  can r a i s e  t h e  laminate 
f a i l u r e  s t r a i n  t o  a l e v e l  where t h e  shear c r i p p l i n g  f a i l u r e  mechanism becomes 
c r i t i c a l .  
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Fig. 9. Empact-damage i n i t i a t e d  fa1 1 ure modes. 

,! 
1 
? A hlgh magniffcation photograph of  a cross sectton through the failed region cf an 
I impqst-damaged T300/BP907 laminate i s  shown i n  Fig .  10. The band of broken f i b e r s  

1 shown i n  Fig .  10 runs across t w o  00 p l l e s  and appears t o  be a f i be r  shear crippling 

i 
fajlure mode. The broken pieces o f  the f ibers are  approxlmately four  f iber  
diameters long. Impact damage may cause local s t r a i n  concentrations, local 
changes i n  f iber  curvature and local f iber-to-matrix bond failures i n  a d d i t i o n  t o  

! del ami nation. Apparently, these local effects couple with the appl ied compress1 ve 
load t o  cause f i b e r  microbuckling which, in turn, can cause suff ic ient ly  high I 

local bending and extensional strains t o  f a 1  1 the f ibers  by shear crippling. The 
broken f l  bers i n  t h i s  specimen were only observed to occur i n  00 I;? i e s  which are 
cu: l lvrsr  with the  applied compressive loading direct ion,  Apparently,  the local 
buckl ing of the  Oo f ibers i n i t i a t e s  the transverse shear c r i p p l i n g  fa f lu re  of 
the lamlnate shown I n  F ig .  9.  

I 
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Fig. 10. Scanning electron photomicragraph o f  crass sect1 on showFng shea t 
crippling fajlure mode. 
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Strength-Cri t i c a l  Lami nates w i t h  C i  r c u l  a r  ~ o l  es 

The s t r a i n  concentrat ions near holes cause reduct ions i n  t h e  compressive s t reng th  
o f  s t rength-cr i  t i c a l  lami nates w i t h  c i  r c u l a r  holes. Resul ts  from s tud ies  (e.g., 
Starnes, Rhodes and W i  11 ianls, 1979) have shown t h a t  t he  e f f e c t s  o f  c i r c u l a r  holes 
on the  zompressive s t rength  o f  s t rength-cr i  t i c a l  graphi te-epoxy s t r u c t u r a l  compo- 
nents can be determined by t e s t i n g  t h e  same r e l a t i v e l y  small laminate? r , t o  
study the  e f f e c t s  o f  impact damage, Results from other  s tud ies  (e.?, . ; v ? f i .  

1980; and Rhodes, Mikulas and McGowan, 1982) have shown t h a t  t h e  e t  ~ t s  01' . ~ ~ i i -  

nate width and stacking sequence on t h e  compressive s t rength  o f  g raph i te -epox j  
laminates w i t h  holes can be pred ic ted by a h e u r i s t i c  techniques known as t h e  p o i n t  
s t ress  f a i l u r e  c r i t e r i o n  (Whitney and Nuismer, 1974). 

E f fec t  of c i r c u l a r  holes on compressive strength. Typical  examples o f  t h e  e f f e c t s  
o f  c i  r cu l  a r  holes on t h e  com~ress i  ve s t renqth  o f  quasi -i s o t r o ~ i  c  T30015208 and 
T300/BP907 1 ami nates (~hodes; Mi k u l  as and ~ c ~ o w a n  ; 1982) a re  shown i n *  ~i g. 11. 
The t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  laminate f a i l u r e  s t r a i n  decreases as t h e  ho le  
diameter increases and t h a t  t he re  i s  l i t t l e  d i f f e rence  i n  t h e  e f f e c t s  o f  c i r c u l a r  
holes on t h e  compressive strengths o f  t he  laminates made from t h e  two resins.  
Mikulas (1980) showed t h a t  t he  r e s u l t s  could be bounded by simple no tch - insens i t i ve  
and notch-sensi t ive f a i l u r e  c r i t e r i a .  The notch- insens i t i ve  curve represents 
r e s u l t s  f o r  mater ia ls  t h a t  a l l ow  y i e l d i n g  o r  other forms o f  r e l i e f  from t h e  s t r a i n  
concentrat ions a t  the  +o le  edge t o  occur. For notch- insensi tve mater ia l ,  t h e  
f a i l u r e  s t r a i n s  are d l .  s c t l y  propor t iona l  t o  the  reduct ion i n  t h e  specimen cross 
section. The notch sensl t i v e  curve represents r e s u l t s  f o r  mater i  a1 s t h a t  f a i  1 
when the s t r a i n  concentrat ion a t  t he  ho le  edge equals t h e  f a i l u r e  s t r a i n  o f  t h e  
mater ia l .  The r e s u l t s  i n  Fig. 11 i n d i c a t e  t h a t  t h e  notch-sens i t i ve  f a i l u r e  predic-  
t i o n  underestimates laminate f a i l u r e  by a not iceab le  amount when t h e  a/a r a t i o  i s  
l ess  than 0.2 f o r  these 13-cm-wide specimens. Th is  d i f f e rence  i n  f a i l u r e  r e s u l t s  
i nd i ca tes  t h a t  one o r  more l o c a l  mechanisms (e.g., delamination, shear c r i p p l i n g ,  
o r  so f ten ing due t o  mater ia l  o r  geometric n o n l i n e a r i t i e s )  a c t  t o  r e l i e v e  t h e  h igh  
s t r a i n  concentrat ions a t  t he  edge o f  t h e  hole. These l o c a l  r e l i e f  mechanisms can 
be accounted f o r  successful l y  when p r e d i c t i n g  t h e  f a i l u r e  o f  compressi vely- loaded 
laminates w i t h  holes by using a h e u r i s t i c  p o i n t  s t ress  f a i l u r e  p r e d i c t i o n  c r i -  
t e r i  on (Whi tney and Nui smer, 1974). The po in t  s t ress  f a i  1 ure  c r i  t e r l  on assumes 
t h a t  f a i l u r e  occurs when the  s t ress  ( s t r a i n )  a t  a c h a r a c t e r i s t i c  value from t h e  
edge o f  a hole reaches t h e  u l t ima te  s t ress  ( s t r a i n )  o f  t he  mater ia l .  F a i l u r e  pre- 
d i c t i o n s  based on the p o i n t  s t ress  f a i l u r e  c r i t e r i o n  aoree w i t h  t h e  t e s t  r e s u l t s  
shown i n  Fig. 11. 
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Fig. 11. E f f e c t  o f  vary ing ho le  diameter on t h e  f a i l u r e  s t r a i n  o f  48-ply 
quasi -1  s rop i  c  specimens made from two d i f f e r e n t  graphi te-epoxy 
mater ia i r . .  w = 13 cm. 
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The e f fec ts  o f  transverse s t !  t c h l  ng on the f a1  1 ure stral ns of  T300/5208 1 aminates 
with holes are shown as a functlon of a/w r a t i o  I n  Fig. 12. Results of vnstltched 
T300/5208 lamlnatea w l  t h  holes are a1 so shown i n  Fig. 12 for  comparison. The 
results indlcate that  transverse stitching has no apparent effect on t h e  f a f l u r e  
strains o f  laminates w i t h  holes and t h a t  the point st ress  f a i l u r e  c r i t e r i o n  pre- 
d i  c t s  the  f a t  1 ure strains reasonably we1 1. The f n i  1 ure mechwl sm far 1 am1 nate 
with c i rcu la r  holes i s  discussed i n  the  next sectioc. 

Fig.  12. Effect o f  varying hole  dlaneter on the f a i l u r e  s t r a i n  o f  48-ply 
orthotropi c f 300~5208 specimen; wi th  and w l  thout transverse 
st i tch ing.  n = 11.4 cm. 

Failure characterist ics o f  l a r f  nates with holes. C ;erf es o f  photographs of m ~ i  r ~ -  
frlnge o f  propagatf onmage 1 n the  vl  c i  n l : ~  of  ; 
1.91-CR-diameter hole i n  a T303/5208 l a m i n a t e  I s  shown i n  Fig. 13. The m o l  
fr lnge patterns represent local out-of-plane deformations t h a t  appear t, br I .ed 
delaminations. A cross section through the hole of the fai led lamlnate i s  sh,,,, 
In the  f a r  r i g h t  photograph I n  F I G .  13, and many delaminations and broken f i b e r s  
are evident. Far appl ied loads below 93 percent o f  the ult imate f a i l u r v  load o f  
the laminate, there were no local fa l lures Indicated by the moire-frlnge patterns. 

- 
p/Pult = 0.94. P / P , l t  = 0.98. Fa1 l e d  spcclmn. Cross ~ e c t l o n  A-A. 

F l g .  13. Propagation o f  local fa l lu res  i n  a graphite-epoxy specimen wlth a 1.91- 
cm-dl ameter hole. Moi re-f r i  nge patterns f ndl  cate apparent del am1 nat  l on. 
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The sirnil nri t i e s  between the eompressi ve s t rength  teduct  ions f o r  unsti tched T3001 
5208 1  amt nates (del  slni q a t i  on prone when impacted) and st i tched T306/5208 and T300/ 
8P907 l a m 1  nates {hn ch delamination res i ls tant  when impacted) wl th  hales (see Figs. 
11 and 12) suggest , h q  a local f a i l u r e  rnechanlsm o the r  t h a ~  delamlnat jon may 
occur a t  app l ied  laaos below thore correspondlng t o  the v i s i b l e  l o c a l  f a i l u r e s  
shown i n  Flg. 13. To determine if such a mechanf srn e x j s t s ,  a lamlnate specjrnen 
w i t h  a hole was loaded t o  less t h a n  t h e  expected f a1  1 urr load; and then unloaded 
without any v l s l  b l e  evldence of  l o c a l  fa1 1 ures. A small sectjon was cut from the 
region adjacent t o  t h e  hole where a hloh str? :? concent ra t lsn  ex i s t s .  The outer  
four teen p l  l e s  were ground away So expose an In ter ior  30 ply, and a scarning 
e lec t ron  photomicrograph a f  t h i s  00 ply i s  shown i n  Fig.  14. The pa t te rn  o f  
broken f f  hers on t h e  micro;copic l e v e l  suggests a shear c r i l pp l  I ng faf l u re  mode 
e x i s t s  t h a t  may have been initiated by micrabuckllng o f  the graph i te  f l be rs .  
Apparently, the s t r a i n  concentrat; ; a t  the edge o f  the hole I s  s u f f i c i e n t l y  l a r g e  
t o  cause local microbuckl ing of  the 00 f i be rs ,  and t h e  cthnbfnation o f  bendlng and 
a x i a l  s t r a i n s  causes these f i b e r s  t o  f a l l  i n  t h e  shear crippling  mod^ a t  app l i ed  
loads below those correspondlng t o  the r i s i b l e  local f a l l u r e s  shown i n  Fig. 13, 
The loads t h a t  were supported by the broken f i be rs  are  subsequently r e d f s t r f b u t e d  
t o  adjacent f i b e r s  away from the hole. For small holes (a Jw < 0.2 f o r  these spec1 - 
menr) t h e  strain concentrat ion near the ho le  decays t o  the average laminate s t r a i n  
wit.hin a s m a l l  distance f rom the hale edge. As a resu l t ,  the loads former ly  sup- 
por ted  by t he  broken f i b e r s  are r e d i s t r i b u t e d  t o  other f i b e r s  t h a t  a r e  below the  
c r l t l c a l  microbuckl ing s t r a i n  and no addit ional  f i be rs  are  broken u n t i l  a higher 
l oad i s  applied.  Thf s l oad r e d i s t r i b u t i o n  I n t o  a region of  lower s t r a i n s  may 
prov ide  some o f  the s t r a i n  re1 ief necessary t c  a1  1 ow 1 aminates t o  h p p o r t  loads 
greater  than those correspond1 ng t o  t h e  notch-sensi t i  ve f a 1  l u r e  curve shown i n  
Fig. 11. For l a rge  holes (a/w > 0.2) a l a r g e r  reg ion  near the h o l e  i s  1::ghly 
s t ra lned  and t h e  loads from t h e  broken f i b e r s  a r e  redistributed t o  a h i g h l y  
s t r a l n e d  tegfon where add l t i ona l  f i b e r  f a i l u r e s  can occur wi thout  any a d d i t i o n a l  
applled load. This  l oad r e d i s t r i b u t i o n  I n t o  a highly s t ra ined reg ion  may e x p l a i n  
why the f a i l u r e s  of  lam.nates wlth l a r g e r  hales are l i k e l y  t o  correspond t o  the 
f a i l u r e s  predicted 'by the notch s e n s i t i v e  r e s u l t s  i n  Ffg. 11. 

Fig. 14. Shear c r i p p l i n g  f a f l u r e  mode t n i t t a t e d  by f ibcr  microbuck l fng  i n  a hlgh 
s t r a i n  concentrat ion reglon near a ho le  I n  an o r t h a t r o p ? ~  laminate. 

Comparison of e f f e c t s  aS Inpact aamage and holes. Both Impact damage and c i  ~ c w l a r  
h o l e s h a v e e d u c e  the cornpressi ve strength o f  graphi te-epoxy 1 ami  - 
nates. A cmnparison of  t h e  e f f e c t s  of impact damage and holes on f a l l u r e  s t r a i n  
4s shown I n  Fig .  15 f o r  a '200/5208 lamfnate. The open clrc les represent hole 
data f o r  both s t i t ched  sf,. unstftched lanlnates from F lg .  12. The dashed curve 
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Fig. 15. Comparison of f a i l u re  s t ra ins  of 48-ply T300/5208 or thot rop ic  1 aminates 
w i t h  holes and impact damage. w = 11.4 cm. 

represents impact data f o r  uns t i  tched T300/5208 1 ami nates. To generate the dashed 
o r  impact curve, the f a i l u r e  s t ra ins  from Fig. 3 were p l o t t ed  as a funct ion of an 
u l  t rasonical  ly-determined damage width (Rhodes, W i l l  iams and Starnes, 1979) f o r  
the corresponding impact speed. By p l o t t i n g  the impact data i n  t h i s  manner, hoies 
appear t o  reduce the compressive strength o f  these T300/5208 laminates more than 
impact damage when the a/w r a t i o  i s  less than 0.3 and s l i g h t l y  less than impact 
damage when the a/w r a t i o  i s  greater than 0.3. 

Unsti ffened Laminate.; w i th  Postbuckl i ng  Strength 

Fai lures i n  h igh ly  deformed and strained regions 1 i m i t  the posthuckl i n g  strength 
o f  unst i f fened laminates. The ef fec ts  o f  c i r c u l a r  holes and low-speed impact 
damage may also l i m i t  the postbuckling strength o f  a laminate. Typical graphitc- 
epoxy unst i f fened 16- and 24-ply quasi- isotropic specimens and 24-ply or thot rop ic  
specimens were tested by Starnes and Rouse (1981). The specimens were 51 cm long 
and had length-to-width r a t i os  ranging from 2.1 t o  6.7 and width-to-thickness 
r a t i o s  ranging from 24 t o  115. 

Postbuckl i ng  behavior o f  unst i  f fened laminates. Typical end-shortening resu l t s  
(Starnes and Rouse, 1981) are shown as a funct ion o f  the appl ied compressive load 
i n  Fig. 16. The reduction i n  long i tud ina l  s t i f f ness  tha t  occurs a f t e r  bucki ing i s  
i l l u s t r a t e d  by the change i n  slope o f  these load-shortening curves. I n  Fig. 16, 
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Fig. 16. Postbuckling response o f  16- and 24-ply unst i f fened 
graphite-epoxy laminates. t = specimen thickness. 



the applied load P and end-shortening displacement u are normalized by the 
analy t ica l  buck1 ing  load Pcr and corresponding end shortening a t  buck1 i n g  ucr  
determined by the STAGS analysis code (Almroth and Brogan, 1978). Buckling i s  
indicated by the f i l l e d  c i r c l e  i n  Fig. 16, and f a i l u r e  o f  the specimens i s  i n d i -  
cated by the open symbols. The open c i r c l e s  represent f a i l u r e  o f  the  quasi- 
i so t rop ic  specimens and the  open squares represent f a i l u r e  o f  the or thot rop ic  
specimens. The width-to-thickness ra t i os  b / t  f o r  several t yp i ca l  specimens are 
shown on Fig. 16, and the resu l t s  ind ica te  t ha t  the r a t i o  o f  f a i l u r e  load t o  buck- 
l i n g  load :or these specimens increases w i th  b / t  ra t io .  

The e f fec ts  o f  varying the specimen aspect r a t i o  L/b and width-to-thictness 
r a t i o  b / t  on the postbuckl i ng  response o f  t yp i ca l  51-cm-1 ong, 24-p?y or thot rop i  c 
specimens (Starnes and Rouse, 1981) are shown i n  Fig. 17. The end shortening u 
o f  each specimen normalized by the specimen length L providas a measure o f  t he  
specimen long i tud ina l  s t r a i n  and i s  shown as a funct ion o f  the appl ied load P 
normalized by the specimen membrane s t i f f ness  €A. The c i r c l e s  on the f i gu re  repre- 
sent i n i t i a l  buckl ing and the plus signs represent specimen fa i lu re .  The data 
ind icate  tha t  the s t r a i n  a t  buckl ing increases and the r a t i o  o f  the  s t r a i n  a t  
f a i l u r e  t o  the s t r a i n  a t  buckl ing decreases as L/b increases and as b / t  
decreases. 
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Fig. 17. Postbuckl i ng response o f  uns t i  f fened graphite-epoxy 1 ami nates w i t h  
d i f f e ren t  aspect I at ios.  t = specimen thickness. 

Longitudinal surface s t r a i n  meas~rements j u s t  before f a i l u r e  from nine pa i rs  o f  
back-to-back s t r a i n  gages d is t r ibu ted  across a t yp i ca l  16-ply specimen a t  two 
locat ions are shown i n  Fig. 18. The gage locat ion y i s  ncrmalized by t he  speci- 
men width b. One row o f  s t r a i n  gage pa i rs  was located so the center p a i r  would 
be near a point  of  maximum out-of-plane def lect ion,  and the  data for  t h i s  row are 
shown i n  Fig. 18a. The other row o f  gages was located near a buckling-mode nodal 
l i ne ,  and the data f o r  t h i s  row are shown i n  Fig. 18b. The measured data are 
represented by the c i r c l es  on the f igure.  The curves on the f i gu re  are the  average 
o f  the s t ra ins f o r  each p a i r  o f  gages and represent the  membrane s t ra in .  No gages 
were located a t  the specimen edges so an estimate \f the membrane s t ra ins  near the  
edges based on measured end shortening data i s  represented by the d a s k d  par ts  o f  
the curves. As expected, the data ind ica te  tha t  the bending s t r a i c  i s  greatest i n  
the specimen center near the po in t  o f  maximum out-of-pl ane de f lec t ion  and t ha t  the 
membrane s t r a i n  i s  greatest near the specimen edges. A photograph o f  the moire- 
f r i nge  pattern representing the out-of-pl ane def 1 ect ions o f  a t yp i ca l  16-ply 
specimen jus t  before f a i l u r e  i s  shown i n  Fig. 19a. Fa i lu re  occurred across the  
specimen a t  a nodal l i n e  as indicated by the moire-fr inge pat tern shown i n  Fig. 
19b. The f a i l u r e  mode appears t o  be a shear f a i l u r e  mode as shown i n  Fig. 19c. 
Apparently, the higher membrane s t ra ins  near the  specimen edges couple w i t h  t he  
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Fig. 20. Comparison o f  experimental and ana ly t i ca l  postbuckl i n g  resul ts.  
t = specimen thickness. 

was used i n  the nonlinear analysis, The amplitude of the i n i t i a l  imperfect ion 
was assumed t o  be small. The experimental and ana ly t i ca l  resu l t s  shown i n  the  
f igure cor re la te  wel l  up t o  fa i lu re .  A capab i l i t y  f o r  r e l i a b l y  and accurately 
pred ic t ing f a i l u r e  i s  not ye t  available. 

Ef fects o f  c i r c u l a r  holes on postbuckling behavior. The e f f ec t s  o f  c i r c u l a r  holes 
on the  postbuckling response o f  unst i f fened laminates were studied by Starnes and 
Rouse (1981), and the long i tud ina l  s t r a i n  d i s t r i b u t i o n  near a 1.91-cm-diameter 
hole i n  the center of a t yp ica l  24-ply specimen i s  shown i n  Fig. 21 The c i r c l e s  
i n  the f i gu re  r t?resent  measured long i tud ina l  s t r a i n  data from n ine pa i rs  o f  back- 
to-back s t r a i n  gages d is t r ibu ted  across the specimen on a l i n e  passing through t he  
hole center. P r i o r  t o  buckling, t he  specimen remains f l a t  as ind icated by the  
moire-fr inge pat tern o f  Fig. 22a. The s t r a i n  d i s t r i b u t i o n  near the  hole shown i n  
Fig. 21a f o r  the specimen loaded t o  90 percent of i t s  buckl ing load i s  s im i l a r  t o  
resu l t s  found i n  many c lass ica l  references (e-g., Howland, 1930). A f t e r  buck1 ing, 
the specimen i s  deformed out of plane as ind icated by the moire-fr inge pat tern 
shown i n  Fig. 22b. The moi re- f r inqe pat tern ind icates tha t  the hole i s  near a 
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Fig. 21. Longitudinal s t r a i n  gage data near a c i r c u l a r  hole. 
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Fig. 22. Out-of-plane deflection patterns for an unstiffened laminate with a 
cf rcv la r  hole. 

point o f  maximum out-of-plane deflection o f  the buckling mode and the stra ln  
distr ibut ion near the hole s h m  i n  Fig. Zlb indicates t h a t  bucklf ng causes a 
change i n  s t r a l n s  across the panel t o  include large local bending st ra in  components 
a t  the edge of the hole and large membrane stra ins  at the specimen edges, 

The results showing the effects of holes on the postbuckling behavior of  sane 
typical  lamlnates are shown i n  Fig. 23 and are canpared w i t h  s imi la r  results fo r  
specimens without holes. The f i l led circ les i n  Fig. 23 represent f a i l u r e  o f  specf- 
mens without hol es , and the open cf rc l  es represent fa i  1 ure of speci mnr w I  t h  hol es. 
The results for two typical 16-ply laminates w i t h  Lfb = 2.2 and bf t  = 109 a r e  shown 
i n  the figure. One specimen had a 1.91-cm-diameter hole, and the other had no 
h o l r  . The response curves are v i  t-tual l y  the same f o r  the two speeimns, and f a l l -  
11 . occurred along a buck1 ing-made nodal 1 ine  i n  both cases uf t h  no apparent 
f nfluence of the hole. The results f o r  three typical 24-ply specimens with 
L/b = 5.0 and b/ t  = 30 are also s h m  i n  the f f  gure. One specimen had a 0.95-m- 
df a m t e r  hole, one had a 1.91-cm-diameter hole, and the th i rd  specfmen had no 
hol e. All three specimens had simi  1 ar response characterist ics up t o  f a i  lure. 
The specimens with  holes fa i led  at lower loads than the specimen without a hole, 
and fa4 lu re  occurred along a 1 ine across the laminate through the hole rather than 

Fig. 23. Effect o f  c l rcu la r  holes on the postbuckllng response o f  unstfffened 
larninat~s. t 3 specjmen thickness. 



along a buckling-mode nodal l i ne .  Apparently the loca l  s t ra ins  near t he  hole 
(e.g., Fig. Z!b) were s u f f i c i e n t  t o  cause f a i l u r e  t o  occur a t  t he  hole. These 
l im i t ed  resu l t s  suggest tha t  t he  postbuckling strength o f  laminates t ha t  have 
r e l a t i v e l y  high i n i t i a l  buckl ing s t r a i n  w i l l  be inf luenced more by a hole than 
laminates wi th  r e l a t i v e l y  low i n i t i a l  buck1 ing  stains. 

Effects of impact damage on postbuckling behavior. The e f f ec t s  o f  low-speed impact 
damaqe on the vostbucklinq resDonse of unst i f fened laminates were studied by 
~ t a r n e s  and ~ o u s e  (1981).- sixteen- and 24-ply quasi- isotropic specimens ( ~ / b  of 
3.6 and 5.0; b / t  between 30 and 70) were subjected t o  impact damage t h a t  ranged 
from barely v i s i b l e  t o  eas i l y  seen surface damage (impact speeds between 43 t o  95 
m/s) and then tested t o  fa i l u re .  Some t yp i ca l  load-shortening resu l t s  f o r  impact- 
damaged and undamaged specimens are shown i n  Fig. 24. Fa i lu re  o f  the undamaged 
specimens i s  represented by the  f i l l e d  c i r c les .  Fa i lu re  o f  specimens impacted a t  
the midpoint o f  a l i n e  across the  specimen width near the loca t ion  o f  maximum 
out-of-pl ane def lect ion i s  represented by the open c i  rcles. Fai 1 ure o f  16-ply 
specimens impacted ~ i t h i n  3.2-cm o f  a specimen edge (where the  postbuckling mem- 
brane s t ra ins are bighest) i s  represented by the  open squares. A l l  24-ply speci- 
mens f a i l e d  across the specimen through the impact s i t e  a t  appl ied loads less than 
the f a i  1 ure load o f  the correspondi ng undamaged specimen. The 16-ply specimens 
impacted a t  the midpoint o f  a l i n e  across the specimen f a i l e d  across the  specimen 
along a buckling-mode nodal l i n e  some distance from the impact s i t e  as ind icated 
by the moire-fr inge patterns shown i n  Fig. 25. The 16-ply specimens impacted near 
the specimen center f a i l e d  a t  approximately the same f a i l u r e  load as the corres- 
pondi ng undamaged specimens. The 16-ply specimens impacted near the specimen side 
f a i l e d  across the specimen through the damage s i t e  a t  a load below the f a i l u r e  
load o f  the corresponding undamaged specimens. 

These 1 i m i  ted  t e s t  resu l t s  ind icate  t ha t  specimens wi th  1 ow-speed impact damage 
may have reduced postbuckling strength. The resu l t s  shown i n  Fig. 24 suggest t ha t  
the f a i l u r e  loads o f  s~ecimens w i th  r e l a t i v e l y  high i n i t i a l  buckl ing s t ra ins  can 
be reduced more than the f a i l u r e  loads o f  specimens w i th  lower i n i t i a l  buckl ing 
strains.  The resu l t s  a lso ind ica te  t ha t  the impact-damage loca t ion  can a f fec t  
postbuckling strength. A specimen impacted i n  regions where the  postbuckling 
membrane s t ra ins are r e l a t i v e l y  low w i l :  have a higher f a i l u r e  load than a s im i l a r  
specimen impacted where the postbuckling membrane s t ra ins  are high. 
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Fig. 24. Effect  o f  law-speed impact damase on the postbuckling response 
o f  unst i f fened quasi -i sotropic laminates. 



( a )  PIPcr = 3.15. (b) Failed specimen. 1 
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Ffg. 25. Out-of-plane def lect lan patterns for an unstiffened quasf-isotropic 
1 aminate with impact danage. 

Stiffened Panels w i t h  Postbuckling Strength I 
The postbuckl ing strength of st1 ffened panels i s  1 imited by a skin-st i f fener  ! 
separation failure mode. Stiffened graphite-epoxy panels vf th  16- and 24-ply 
quasf-isotropic skins were tested by Starnes, Knight and Rouse (1982). The s t i f -  
fener spacing for each panel tested was e i ther  10.2, 14.0 or 17.8 cm, and a l l  
s t  i ffeners were ident ica l .  Panel s with  1 ow-speed impact damage were a1 so tested. 

t 

Postbucklinq behavior of stfffened panels, The effect of varying skin thfckness 
and s t  f ffener spacing on the postbuckl ing  behavior of the panels i s  show i n  Fig .  
26. The resul ts  fndicate t h a t  each specimen has some postbuckling strength and 
that  specimens nith loner i n i t i a l  buckling strafns can be loaded t o  a greater 
multiple of the buckling st ra in  before f a i l i ng .  Typical m b r a n e  s t r a i n  distribu- 
t ions  i n  the skin between st i f feners  an t yp ica l  16-ply-skin panels nith di f ferent  
s t i f f e n e r  spacfngs are shown just before faflure in Fig.  27. The fllled c i rc les  
on Fig. 27 represent the average s t r a i n  f rom back-to-back st ra in  gages and the 
curves are faired through the strain gage data. The results are s i m i l a r  t o  those 
for the unst i  ffened panel tes ts .  The membrane stra ins  are higher a t  the s t f  ffeners 
and lower i n  the mfddle of  a skin bay. All  panels f a i l e d  dn a s f m i l a r  manner and 
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Fig. 26. Postbuckling response of rti  
quasf-Isotropic sklns. 

ffened graphf tc-epoxy panel s w l  



Fig. 27. Longitvdi nal membrane s t r a i n  d i  s t r i  but f  on across the skin between 
s t i f f ene rs  o f  panels with 16-ply skins j u s t  before fa i lure.  

(a) Out-of-plane d e f l e c t i o n  pattern. (b) Rear view of f a l l ed  panel. 

Fig. 28. Out-of-plane deflect ion pattern and f a i l v r e  mode of a s t i f f ened  
graphi te-epoxy panel . 

a typical failed specimen i s  shown i n  Fig. 28. Fai lure  occurred when the skin 
and the s t i f f ene rs  separated from one another i n  the i n t e r i o r  of tb  panel as 
shown in Fig.  28b. Apparently, the  large out-of-pl ane def 1 ectfon gradients, 
represented by the moi re- f r inge pat tern  for  the skf n o f  a t yp ica l  panel j u s t  before 
f a i l u r e  shown i n  Fig. 28a, couple w l t h  the la rge sk in s t r a i n s  near t h e  s t f  ffeners 
(e.g., Fig. 27) t o  cause inter laminar f a i l u r e s  t o  occur i n  the s t i f f ene r  reqfon, 

A comparison between t e s t  resu l t s  and ana ly t i ca l  resu l t s  obtained w f  t h  the STAGS 
analys is  code I s  shown i n  Fig .  29 for  a t yp i ca l  panel w i t h  a 16-ply qussf- Isotropic 
s k i n  and 17.8-cm stiffener spacing. Typical resu l t s  for end shertenfng u normal- 
ized by the calculated end shortenfng a t  buckl fng ucr ( F i g .  29a) ,  out-of-plane 
def lect ion w near a potnt  of maxlrnum out-of-plane deflectfon normalized by the 
s k i n  thickness t (Fig, 29b), and surface stra lns  e near a po in t  o f  maximum 
out-of-plane def lect ion normalized by the calculated s t r a i n  a t  buckl  1 ng ecr 
(F ig .  29c) are shown as a function o f  the  appl ied load P n o m l f z e d  by the calcu- 
lated buckl i n g  l oad PC,. The open cf rcles represent t es t  data and the curves 
represent analy t ica l  predict:ons. The r e s u l t s  correlate w11 up t o  fa f  1 ure. A 
moi re-f  ringe pat tern corresponding t o  the out-of -pl ane d e f l e c t  tons of the speclmen 
just before fafi lure i s  shcwn I n  Fig. 30a. A contour plot of the out-of-plane s k i n  
d e f l e c t l o n s  determt ned by STAGS for the corresponding laad i s  shown i n  Fig. Job, 
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Fig. 29. Comparl son o f  experimental and analytical postbuckl ing results. 
t = skin thickness. 

( a )  Experiment . (b) Analysis. 

Fig. 30. Comparl son of experimental and analytt cal out-of-plane defl e c t l  an 
patterns f o r  a st i f fened panel .  

Also s h m  f n Fig. 30b are the shapes o f  the longitudinal  and lateral compments 
af  thl  s postbuekl f ng sol ut!on a t  panel midud dth  and rnf d l  ength, respectively. 
These results indf cate t h a t  the analysis accurately predicts the out-of-pl ane skf n 
def 1 ect 1 ons for the enti  r e  panel. 

Effects of impact damage an postbuckling strength. The ef fects  o f  low-speed impact 
damage on the postbuckl I ng behavl or of st4 f fened graphite-cpaxy panel s were 
studied by Starnes, Knight and 'Rouse (1982) by subjecttng several panels t o  Impact 
damage and then loadf ng the panels t o  f a 1  lure .  Panel r w i t h  16- and 24-ply quasd- 
1 sot rop ic  skins and four equally spaced s t i f feners  10.2 cm or 17.8 cm apart were 
Impacted a t  speeds ranging from 66 t o  103 mJs. A l l  panels were Impacted i n  the  
skln  a t  a s t 1  ffener attachment flange and some panels were also impacted i n  the 
skln midway between t w o  s t1  ffeners. There was some v isua l ly  detectable damage f n 
a1 1 cases. The ef fects  o f  Smpact damage on the postbuckl lng behavtor of the panels 
are shown i n  F ig .  32. I n i t i a l  buckling I s  ind icated  by the open c i r c l e s  on the 
f igures, a;~d specimen fa f lu re  i s  indfcated by the filled clrctes.  Data f o r  panels 
w f t h  no Impact damage ( V  * 0) are shown for comparison. These results lndf cate 
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Ffg. 31. Effect  o f  Icw-speed impact damage on the postbuckling response o f  
st i f fen td  panels with  quasi - i s o t r o p i c  skins. b = st1 f fener  spacing. 

( a )  Mof re- f  r i  nge pattern (b) Rear v iew of  fat  led panel 
just  before f a i  1 ure. 

Fig.  32. Impact damaged panel w i t h  a 24-ply skin and a 10.2-em stlffener spacing. 

that  impact damage can degrade the lpostbuckling strength of s t f  ffcned panels. The 
damaged panel w i t h  24-ply ski ns and 10.2-cm st i f fener  spacf ng fa1 1 ed befare buck- 
l i n g ;  a l l  other damaged panels failed a f te r  buckling. All damaged panels falled 
as a resul t  o f  t h e  impact damage I n f t  lc ted i n  the skfn a t  a st l f fener  attachment . 

f lange. The front view o f  a panel ~ 4 t h  a 24-ply skin and 10.2-cm s t i f f e n e r  spacfng 
wi th  two damage si tes  i s  shown j u s t  before f a i l u r e  i n  Fig. 32a. The local Impact 
damaged reglons are Indicated I n  the mof re - f r inge  patterns. The damage I n  the 
s k i n  midway between s t f  ffeners (upper r i g h t  impact s l t e  i n  Ff g. 3 Z a )  has propagated 
across the s k i n  bay t o  the adjacent st i f feners and arrested. The damage I n  the 
s k l n  a t  the sttffener attachment f lange (lower l e f t  impact sfte)  I s  contalned !n 
the stlffener region. A rear view o f  t h l s  panel a f t e r  f a i l u r e  I s  shown i n  Fig, 32b 
and indicates that  the damage a t  the S t i f f e n e r  attachment f lange I n i t i a t e d  f a i l u r e  
o f  the panel rather than t h e  m ~ e  visual  l y  detectable damage midway between the 
st i f feners .  It appears t h a t  damage near a s t 1  ffener attachment f lange can reduce 
portbuckling strength more than damage i n  the s k i n  mfdway between ; t f f feners.  The 
results shown i n  F ig .  31 I nd ica te  tha t  pane ls  w i t h  higher bucbljng s t r a i n s  appear 
t o  be affected mare by !myact damage than panels wi th  lower buckling strains. 



CONCI.UDING REMARKS 

A summary o f  r e s u l t s  from several NASA s tud ies  on f a i l u r e  c h a r a c t e r i s t i c s  o f  lami -  
nated graphi te-epoxy s t r u c t u r a l  components 1 oaded i n  compression i s  presented and 
mechanisms t h a t  i n i t i a t e  f a i l u r e  are discussed. Resul ts  from s tud ies  o f  both 
buckl i ng-resi  s tan t  1 aminates and s t r u c t u r a l  components w i t h  postbuckl i n g  s t reng th  
i n d i c a t e  t h a t  t h e  compressive s t rength  o f  graphite-epoxy components can be reduced 
s i g n i f i c a n t l y  by the  e f f e c t s  o f  low-speed impact damage and by s t r a i n  concentra- 
t i o n s  near c i r c u l a r  holes. Resul ts  a l s o  tnd i ca te  t h a t  t h e  postbuckl i n g  s t reng th  
o f  a graphite-epoxy component can be l i m i t e d  by f a i l u r e s  i n  t h e  h i g h l y  s t r a i n e d  
and deformed regions. 

Low-speed impact damage can cause l o c a l  delaminations and o the r  l o c a l  damage t o  
occur i n  graphite-epoxy laminates. A l o c a l  delamination d i v i d e s  a laminate i n t o  
several sublaminates i n  t h e  damaged area. These sublaminates have lower bending 
s t i f f nesses  than the  o r i g i n a l  laminate and can buckle l o c a l l y  a t  app l i ed  s t r a i n s  
we l l  below t h e  f a i l u r e  s t r a i n s  o f  t h e  undamaged laminate. When t h e  st resses a t  
t h e  boundary o f  the  buckled delaminat ion exceed the  u l  t ima te  s t ress  o f  t h e  res in ,  
t h e  d t lbminat ion  can propagate t o  f a i l  t h e  laminate. A compressively-loaded lami -  
nate can be made delamination r e s i s t a n t  by s t i t c h i n g  t h e  laminate through t h e  
th ickness w i t h  h igh  t e n s i l e  s t rength  threads o r  by using a de laminat ion- res is tan t  
r e s i n  mater ia l .  A delaminati  on- res is tan t  laminate subjected t o  impact damage 
f a i l s  by l o c a l  t ransverse shear c r i p p l i n g  a t  a s t r a i n  l e v e l  above t h a t  o f  a 
delami nation-prone laminate subjected t o  s i m i l a r  impact condi t ions.  

Tne s t r a i n  concentrat ions near a c i r c u l a r  ho le  i n  a graphite-epoxy laminate can 
cause the  h igh ly -s t ra ined f i b e r s  near t h e  ho le  t o  buckle l o c a l l y .  These buckled 
f i b e r s  can f a i l ,  and t h e  r e s u l t i n g  l o c a l  damage can propagate by a combination o f  
shear c r i p p l i n g  and delamination t o  f a i l  t h e  laminate. A f a i l u r e  ana lys i s  based 
on a po in t  s t ress  f a i l u r e  c r i t e r i o n  can be used t o  p r e d i c t  t he  f a i l u r e  o f  compres- 
s i  vely- loaded laminates w i t h  holes. The ana lys is  accounts f o r  t h e  e f f e c t s  of 
ho le  s i ze  and laminate width on f a i l u r e  and h e u r i s t i c a l l y  accounts f o r  any s t r a i n -  
concentrat ion r e l i e f  t h a t  may occur near t h e  hole. Comparing r e s u l t s  from f a i l u r e  
ana lys is  f o r  c i r c u l a r  holes w i t h  impact damaged r e s u l t s  i nd i ca tes  t h a t  holes can 
have more e f f o r t  or l ess  e f f e c t  on compressi ve-st rength degradation than impact 
damage depending on ho le  s i z e  and ex tent  o f  impact damage. 

Experimental r e s u l t s  i n d i c a t e  t h a t  1 ami nated graphi te-epoxy s t r u c t u r a l  components 
can be designed t o  support compressive loads beyond i n i t i a l  buckl ing.  The post-  
buckl i ng response o f  these components can be pred ic ted  accura te ly  w i t h  a non l inear  
analys is .  F a i l u r e  o f  uns t i f f ened  laminates w i t h  postbuckl i n g  s t reng th  can occur 
a long a buckling-mode nodal l i n e  i n  a t ransverse shear f a i l u r e  mode. Apparently, 
t h e  increased membrane s t r a i n s  near t he  1 ami nate edges couple w i t h  the  out-of-p lane 
d e f l e c t i o n  gradient  a t  t h e  nodal 1 ines t o  induce s u f f i c i e n t  t ransverse shearing 
loads t o  f a i l  t h e  laminate. F a i l u r e  o f  s t i f f e n e d  panels w i t h  pos tbuck l ing  s t reng th  
can i n i t i a t e  i n  a s k i n - s t i f f e n e r  i n t e r f a c e  region. Apparently, t h e  h igh  s t r a i n s  
t h a t  e x i s t  near the  s t i f f e n e r s  f o l l o w i n g  s k i n  buck l ing  are s u f f i c i e n t  t o  cause a 
l o c a l  separat ion o f  t h e  s t i f f e n e r s  from t h e  sk ins  t h a t  con t r i bu tes  t o  t h e  o v e r a l l  
panel f a i l u r e .  

Low-speed impact. damage and c i  r c u l  a r  holes can reduce t h e  postbuckl i ng s t rength  o f  
graphi te-epoxy s t r u c t u r a l  components loaded i n  compression. Components w i t h  
r e l a t i v e l y  h igh i n i t i a l  buck l ing  s t r a i n s  are  a f fec ted  more severely by low-speed 
impact damage and c i r c u l a r  holes than those components w i t h  lower i n i t i a l  buckl i n g  
s t ra ins .  The l o c a t i o n  o f  t he  impact-damage s i t e  can a l s o  a f f e c t  postbuck!ing 
st rength.  Impact damage near a s t i f f e n e r  o r  a res t ra ined  laminate edge where 
r e l a t i v e l y  h igh postbuckl i n g  membrane s t r a i n s  e x i s t  can degrade postbuckl i ng com- 



pressive s t rength  more than inpact  damaqe i n  t h e  s k i n  between s t i f f e n e r s  where 
t h e  membrane s t r a i n s  are r e l a t i v ~ l v  low. 
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