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SUMMARY 

A s e r i e s  o f  b a l l i s t i c  impact t e s t s  on severa l  d i f f e r e n t  ins t rumented  t a r -  
ge t s  was per formed t o  c h a r a c t e r i z e  t he  dynamic c o n t a c t  f o r c e  h i  s t o r y  r e s u l t i n g  
f r om  the  impact  o f  a  comp l ian t  p r o j e c t i l e .  The r e s u l t s  show t h a t  t he  v a r i a t i o n  
of  con tac t  f o r c e  h i s t o r y  w i t h  impact v e l o c i t y  does n o t  f o l l o w  t h e  t r ends  pre-  
d i c t e d  by c l a s s i c a l  impact models. An e m p i r i c a l  model was t h e r e f o r e  developed 
t o  descr ibe  t h i s  behav io r .  Th is  model was then used i n  a  f i n i t e - e l e m e n t  analy-  
s i s  t o  es t ima te  t h e  f o r c e  h i s t o r y  and c a l c u l a t e  t h e  r e s u l t i n g  dynamic s t r a i n  
response i n  a  t r a n s v e r s e l y  impacted composi te l am ina te .  

INTRODUCTION 

A s  t h e  use o f  composites becomes more common i n  modern a i r c r a f t ,  t h e  per-  
formance o f  these m a t e r i a l s  under t he  f u l l  spectrum o f  loads  t hey  may encounter  
i n  advanced aerospace s t r u c t u r a l  a p p l i c a t i o n s  i s  o f  pr ime concern.  Composite 
lamina tes  a re  s u s c e p t i b l e  t o  impact damage, p a r t i c u l a r l y  t h a t  due t o  t r ansve rse  
impact .  B i r d  s t r i k e s ,  f o r  example, on a i r c r a f t  f l y i n g  a t  h i g h  speed and low 
a l t i t u d e  have r e c e n t l y  proven t o  be ex t reme ly  hazardous. C l a s s i c a l  impact 
mechanics have been developed l a r g e l y  under t he  assumption o f  r e l a t i v e l y  s t i f f  
impactors  which undergo smal l  e l a s t i c  de fo rmat ions  d u r i n g  t h e  impact  even t .  
Energy d i  s s i  p a t i o n  and 1  arge deformat ions encountered d u r i n g  t he  high-speed 
impact o f  a  more compl ian t  p r o j e c t i l e ,  such as a  b i r d ,  l i m i t s  t h e  a p p l i c a b i l i t y  
o f  these c l a s s i c a l  approaches. 

The o b j e c t i v e s  o f  t h i s  work a re ,  f i r s t ,  t o  desc r i be  a  s imp le  exper imenta l  
technique t h a t  can be used t o  determine t h e  f o r c e  h i s t o r y  r e s u l t i n g  f r om  the  
impact o f  a  s o f t  p r o j e c t i l e .  Secondly, t he  da ta  taken from a  s e r i e s  o f  t e s t s  
w i l l  be presented,  i n t e r p r e t e d ,  and used t o  f o rm  t h e  bas i s  o f  an e m p i r i c a l  
f o r c e - h i s t o r y  model which w i l l  be used t o  analyze t h e  t r ansve rse  impact  o f  a  
1  ami nated beam. 

I n  t he  f i r s t  s e c t i o n  o f  t h i s  r e p o r t ,  a  d e t a i l e d  d e s c r i p t i o n  o f  t he  expe r i -  
mental  apparatus and procedure i s  g iven .  The n e x t  two sec t i ons  o u t l i n e  an 
accura te  and e f f i c i e n t  numer ica l  model t h a t  i s  used t o  analyze t he  impact 
exper iment .  The r e s u l t s  o f  a  s imple " c a l i b r a t i o n  t e s t "  a re  then compared w i t h  
those  f rom t h e  numer ica l  a n a l y s i s  t o  demonstrate t h e  v a l i d i t y  o f  t h e  t e s t  pro- 
cedure.  I n  t h e  f o l l o w i n g  sec t i on ,  t he  measured response f r om t h e  impact o f  
t h e  s o f t  p r o j e c t i l e  i s  compared t o  t he  s imp le r  c l a s s i c a l  model, and t h e  funda- 
menta l  d i f f e r e n c e s  between t he  two a re  es tab l i shed .  An e m p i r i c a l  model 
d e s c r i b i n g  t h e  con tac t  f o r c e  h i s t o r y  due t o  t he  s o f t  p r o j e c t i l e  impact  i s  then  
dev ised  and adapted t o  desc r i be  t he  more compl i ca ted  t r ansve rse  impact  o f  t he  



composite lamina te .  A  comparison o f  the  dynamic s t r a i n  response measured dur-  
i n g  an impact t e s t  o f  a  composite specimen w i t h  t h a t  c a l c u l a t e d  by t h e  f i n i t e  
element a n a l y s i s  i s  then  used t o  assess t he  accuracy o f  t he  e m p i r i c a l  f o r c e  
h i s t o r y  model. F i n a l l y ,  a  genera l  d i s cuss ion  o f  t h e  r e s u l t s  i s  presented,  f o l -  
lowed by t he  conc lus ions .  

EXPERIMENTAL APPARATUS AND PROCEDURE 

L o n g i t u d i n a l  s t r e s s  waves propagate n o n d i s p e r s i v e l y  i n  a  u n i f o r m  t h i n  bar .  
An ins t rumented  bar  i s  t h e r e f o r e  w e l l  s u i t e d  t o  de te rm in i ng  t he  f o r c e  h i s t o r y  
due t o  l o n g i t u d i n a l  impact ( r e f s .  1  and 2 ) .  

The exper imenta l  apparatus used here i s  shown i n  f i g u r e  1.  The t a r g e t  i s  
a  u n i f o r m  aluminum 6061-T6 bar  o f  l e n g t h  36 i n . ,  w i t h  a  h a l f - i n c h  d iameter  c i r -  
c u l a r  cross s e c t i o n .  Two e l e c t r i c a l  r e s i s t a n c e  f o i l - t y p e  s t r a i n  gages (Micro-  
Measurements t ype  EA-13-062AQ-350) a re  mounted i n  s e r i e s  a t  d i a m e t r i c a l l y  
opposing p o i n t s  a t  t he  m idpo in t  o f  the  ba r .  Th is  gage arrangement was chosen 
so as t o  e l i m i n a t e  t h e  e f f e c t  o f  any smal l  f l e x u r a l  waves t h a t  would be gener- 
a ted  by a  s l i g h t l y  e c c e n t r i c  l o n g i t u d i n a l  impact.  The bar  i s  suspended u s i n g  
l i g h t w e i g h t  24-gage w i r e  a t  two suppor t  p o i n t s  l o c a t e d  a t  12 and 24 i n .  f r om  
e i t h e r  end. Th is  a l l ows  t he  bar  t o  swing f r e e l y  i n  t he  l o n g i t u d i n a l  d i r e c t i o n  
a f t e r  t he  impact occurs ,  and r e s u l t s  i n  a  t r u e  f r e e - f r e e  boundary c o n d i t i o n  f o r  
t he  ba r .  A 1 - in .  d iameter  aluminum end cap was i n s t a l l e d  on t he ' p rox ima l  end 
o f  t he  bar ,  as shown i n  f i g u r e  2.  The purpose o f  t h e  end cap i s  t o  t r a n s f e r  
t he  compressive f o r c e  f rom the  compl ian t  impactor  t o  t he  bar  as t he  impactor  
deforms and f l a t t e n s  o u t  t o  a  g r e a t e r  d iameter  than  t h a t  o f  t h e  bar .  

The impactors  a re  f i r e d  a t  t he  bar f r om  an a i r  gun u s i n g  compressed a i r ,  
and t he  impact v e l o c i t y  i s  determined f r om the  measured t r a n s i t  t ime  between 
t he  two p h o t o e l e c t r i c  diodes p laced  10 i n .  a p a r t  ha l fway  down t he  b a r r e l  o f  
t he  a i r  gun. H a l f - i n c h  d iameter  s i l i c o n  rubber  b a l l s  w i t h  a  nominal we igh t  o f  
1.1 g a re  used as t he  impactors .  They can be cons idered  t o  be a  gene r i c  repre -  
s e n t a t i o n  o f  a  "sof t -body impac to r . "  As t he  compressive s t r a i n  pu l se  generated 
by t he  l o n g i t u d i n a l  impact passes the  s t r a i n  gages, t he  change i n  v o l t a g e  ou t -  
p u t  i s  a m p l i f i e d  by t he  p r e a m p l i f i e r ,  shown i n  f i g u r e  1; t e m p o r a r i l y  s t o r e d  i n  
t he  waveform reco rde r ,  and d i sp l ayed  on t he  o s c i l l o s c o p e .  Permanent cop ies  o f  
t he  recorded  s i gna l  a re  made on t h e  p l o t t e r ,  and manual ly  d i g i t i z e d  reco rds  o f  
t he  da ta  a re  then s t o r e d  on a  computer f o r  l a t e r  a n a l y s i s  and p l o t t i n g .  

Numeri c a l  Anal ys i s  

A f i n i t e  element program ( r e f .  3 )  was developed t o  pe r f o rm  a  computat iona l  
s i m u l a t i o n  o f  the  l o n g i t u d i n a l  ba r  impact t e s t .  The r e s u l t s  w i l l  l end  add i -  
t i o n a l  p h y s i c a l  i n s i g h t  i n t o  t h e  problem and p r o v i d e  a  bas i s  o f  comparison f o r  
t he  exper imenta l  data .  The bar  was modeled w i t h  a  s e r i e s  o f  f o u r  degree-of-  
freedom r o d  elements ( r e f .  4 )  which used t he  l o n g i t u d i n a l  d isp lacements  (u) and 
t h e  cor responding s t r a i n s  ( du ldx )  a t  bo th  nodal p o i n t s  as t he  degrees o f  f r e e -  
dom. The c l a s s i c a l  He r t z  c o n t a c t  law was i nco rpo ra ted  i n t o  t he  f i n i t e  element 
program t o  d e f i n e  the  force-d isp lacement  r e l a t i o n  between the  impac to r  and the  
bar .  Newmark's i m p l i c i t  method o f , d i r e c t - t i m e  i n t e g r a t i o n  ( r e f s .  5 and 6) was 
used t o  so l ve  t he  equat ions of  mot ion  f o r  t he  impactor  and t he  bar  s imu l t a -  
neous ly .  The impactor  was represen ted  by a  s i n g l e  degree o f  f reedom lumped 



mass connected t o  a  u n i a x i a l  s p r i n g  o f  s t i f f n e s s  g i v e n  by H e r t z ' s  t heo ry  o f  
e l a s t i c  con tac t ,  which i s  summarized i n  t he  f o l l o w i n g  sec t i on .  

H e r t z ' s  Con tac t  Law 

He r t z  d e r i v e d  t he  f o r c e - i n d e n t a t i o n  r e l a t i o n  t o  desc r i be  t he  e l a s t i c  con- 
t a c t  behav io r  between two sphe r i ca l  bod1 es. H e r t z ' s  ' c o n t a c t  law ( r e f s .  7 
and 8) i s  commonly used, i n  b o t h  s t a t i c  and dynamic a p p l i c a t i o n s ,  t o  determine 
t he  f o r c e  a r i s i n g  f r om e l a s t i c  con tac t .  To b r i e f l y  summarize H e r t z ' s  c o n t a c t  
law, we have 

where 

F = c o n t a c t  f o r c e  between spheres 

a = r e l a t i v e  i n d e n t a t i o n  between spheres ( u l  - u2) 

and 

where 

Ri = r a d i i  o f  spheres 

and E i ,  VI a re  the  r e s p e c t i v e  e l a s t i c  cons tan ts .  A schematic diagram o f  t he  
assumed de fo rmat ion  d u r i n g  H e r t z i a n  c o n t a c t  i s  g i ven  i n  f i g u r e  3. A spec ia l  
case t h a t  i s  o f  i n t e r e s t  here occurs  when the  t a r g e t  i s  f l a t  (R2 = a) i n  which 
case equa t ion  (2)  s i m p l i f i e s  t o  

Equa t ion  (3)  i s  used i n  t he  f i n i t e  element a n a l y s i s  as t he  e f f e c t i v e  s p r i n g  
cons tan t  i n  t h e  s i m p l i f i e d  s ingle-degree-of- f reedom spring-mass r e p r e s e n t a t i o n  
o f  t h e  impac to r .  



C a l i b r a t i o n  Test :  H e r t z i a n  Impact 

Before proceeding t o  t he  compl icated problem o f  t he  high-speed impact o f  
t h e  s o f t  p r o j e c t i l e ,  a  s imp le r  case was cons idered.  A p r e l i m i n a r y  t e s t  and 
corresponding a n a l y s i s  of t he  impact o f  a  s t e e l  b a l l  on t he  aluminum bar  was 
performed t o  serve as a  means o f  v a l i d a t i n g  t he  exper imenta l  method. Du r i ng  a  
low-speed impact,  t he  de fo rmat ion  should be mos t l y  e l a s t i c ,  and thus t he  con- 
t a c t  behav io r  between t he  s t e e l  and aluminum should be w e l l  desc r ibed  by t he  
He r t z  model. 

F i gu re  4 shows t h e  s t r a i n  h i s t o r y  measured a t  a  s i n g l e  gage l o c a t i o n  on 
t he  bar  d u r i n g  a  62.1 i n . / s e c  l o n g i t u d i n a l  impact .  Comparison w i t h  t he  f i n i t e -  
element a n a l y s i s  us i ng  a  39-element (80  degrees o f  freedom) model o f  t he  bar 
and an i n t e g r a t i o n  t ime s tep  of 0.5 psec i s  ve r y  good. The c o n t a c t  f o r c e  h i s -  
t o r y  i s  i n f e r r e d  f r om t h i s  s t r a i n  measurement by m u l t i p l y i n g  t he  s t r a i n  by t he  
a x i a l  s t i f f n e s s  EA o f  t h e  aluminum bar ,  and assuming t h a t  t he  i n i t i a l  pu lse  
t r a v e l s  u n d i s t o r t e d  ( n o n d i s p e r s i v e l y )  th rough  the  b a r .  The impact f o r c e  
determined i n  t h i s  manner f r om  the  s t r a i n  i n  f i g u r e  4 i s  compared w i t h  t h a t  
c a l c u l a t e d  d u r i n g  the  f i n i t e - e l e m e n t  a n a l y s i s  i n  f i g u r e  5 .  Apparen t l y ,  the  
f i n i t e - e l e m e n t  model a c c u r a t e l y  c a l c u l a t e s  t he  s t r a i n  h i s t o r y  due t o  a  H e r t z i a n  
impact,  and more i m p o r t a n t l y ,  t he  impact f o r c e  can be determined d i r e c t l y  f r om  
the  measured s t r a i n .  The e f f e c t  on t he  impact f o r c e  o f  v a r y i n g  t h e  i n e r t i a  o f  
t he  t a r g e t  i s  a l s o  e v i d e n t  i n  f i g u r e  5. The inc reased  mass o f  the  end cap i n  
t h e  f i n i t e  element model causes a  cor responding inc rease  i n  t h e  maximum con tac t  
f o r c e ,  and a  s h i f t  i n  t h e  t ime  a t  which t h e  maximum f o r c e  occurs .  F i gu re  6  
shows t he  subsequent p ropaga t ion  and r e f l e c t i o n  o f  t he  s t r a i n  pu l se  a l ong  t he  
bar ,  as c a l c u l a t e d  by t he  f i n i t e - e l e m e n t  program. The f r e e  boundary c o n d i t i o n  
causes t he  i n c i d e n t  compressive pu l se  t o  r e f l e c t  f r om  the  d i s t a l  end o f  t he  
bar  as a  t e n s i l e  pu l se  o f  i d e n t i c a l  shape. 

L o n g i t u d i n a l  Impact Wi th  a  S o f t  P r o j e c t i l e  

I n  t he  p rev i ous  s e c t i o n ,  a  c a l i b r a t i o n  t e s t  was used t o  v e r i f y  t h a t  the  
c o n t a c t  f o r c e  can be adequate ly  es t imated  by s imp ly  m u l t i p l y i n g  t h e  measured 
s t r a i n  by t he  a x i a l  s t i f f n e s s  ( E A )  o f  t he  ba r .  The same bar  i s  now used t o  
measure t he  s t r a i n  h i s t o r y  r e s u l t i n g  f r om  the  l o n g i t u d i n a l  impact o f  the  h a l f -  
i n c h  d iameter  s i l i c o n  rubber  b a l l .  The f o r c e  h i s t o r y  w i l l  then be c a l c u l a t e d  
f r om the  s t r a i n ,  and f r om here on w i l l  be r e f e r r e d  t o  as t he  "measured f o r c e . "  

F i gu re  7 shows a  t y p i c a l  measured impact f o r c e  versus t ime behav io r  f o r  
t he  impact o f  t he  h a l f - i n c h  d iameter  s i l i c o n  rubber  b a l l .  I n  c o n t r a s t  t o  the  
more n e a r l y  symmetr ical  H e r t z i a n  case, the  shape o f  the  curve i s  n o t i c e a b l y  
skewed. The f o r c e  reaches i t s  peak ve ry  e a r l y  i n  t he  c o n t a c t  i n t e r v a l  and then 
tapers  o f f  s l o w l y  be fo re  t he  impactor  loses c o n t a c t  w i t h  the  t a r g e t .  The Her t -  
z i a n  curve can be adequate ly  c h a r a c t e r i z e d  by a  s imple s i ne  wave o f  ampl i tude 
Fo and d u r a t i o n  T .  The non-Her tz ian behav io r  o f  t he  s o f t  impac to r ,  on the  
o t h e r  hand, r e q u i r e s  an a d d i t i o n a l  parameter;  t ~ ~ ,  the  t ime a t  which t he  peak 
f o r c e  occurs ,  t o  comp le te ly  c h a r a c t e r i z e  i t s  v a r i a t i o n  w i t h  t ime .  F i gu re  7 
i d e n t i f i e s  t he  t h r e e  parameters on t he  measured curve.  

A s e r i e s  o f  t e s t s  was performed t o  determine how the  f o r c e  h i s t o r y  v a r i e d  
w i t h  Impact v e l o c i t y .  F igures  8 t o  10 show the  v a r i a t i o n  i n  shape and ampl i -  
tude o f  the  f o r c e  h i s t o r y  r e s u l t i n g  f r om  impact o f  t he  h a l f - i n c h  b a l l  on t he  



bar  a t  v e l o c i t i e s  r a n g i n g  f r o m  1000 t o  5000 i n . 1 ~ .  F i gu re  8 shows t h a t  the  
amp l i tude  o f  t h e  f o r c e  v a r i e s  i n  p r o p o r t i o n  t o  v2, which i s  i n  c o n t r a s t  t o  
t h e  n e a r l y  l i n e a r  behav io r  p r e d i c t e d  by t he  c l a s s i c a l  e l a s t i c  impact models 
( r e f .  9 ) .  F i gu re  9 shows t h a t  t h e  con tac t  t ime  v a r i e s  i n v e r s e l y  w i t h  t h e  
impact v e l o c i t y ,  a l s o  i n  c o n t r a s t  t o  t he  e l a s t i c  models, which p r e d i c t  t h a t  
t he  two a re  independent.  I n  p l o t t i n g  t h i s  data,  t he  e f f e c t i v e  " c o n t a c t  t ime,"  
T, i s  taken as the  d u r a t i o n  o f  t he  l a r g e  i n i t i a l  p o r t i o n  o f  t he  fo rce  h i s t o r y  
pu l se ,  d u r i n g  which t h e  m a j o r i t y  o f  t h e  impulse i s  t r a n s f e r r e d  t o  t he  t a r g e t .  
Th is  approx imat ion  i s  shown i n  f i g u r e  7, and has the  e f f e c t  o f  i g n o r i n g  the  
l o n g  t r a i l i n g  " t a i l "  o f  t he  f o r c e  h i s t o r y  cu rve .  

I n  f i g u r e  10, t he  r e l a t i v e  "skewness," o r  shape, o f  t h e  f o r c e  h i s t o r y  
curve as i n d i c a t e d  by the  r a t i o  tF I T  i s  shown t o  remain a lmost  cons tan t  ove r  

0 
t he  v e l o c i t y  range t e s t e d ,  a l t hough  a t  ve r y  low v e l o c i t i e s  i t  approaches a  more 
n e a r l y  symmetr ical  shape s i m i l a r  t o  t he  e l a s t i c  case. Th is  i s  reasonable ,  
because a t  t he  lower  v e l o c i t i e s ,  t he  impactor  w i l l  deform e l a s t i c a l l y  f o r  t he  
most p a r t  and we would expect  a  co r respond ing l y  lower  d i s s i p a t i o n  o f  energy t o  
occur  as a  r e s u l t  o f  i n e l a s t i c  de fo rmat ion  o f  t he  impac to r .  F i gu re  11 shows 
t h a t  the  impulse measured f r o m  the  exper imenta l  d a t a  v a r i e s  l i n e a r l y  w i t h  
impact v e l o c i t y ,  as would be expected. Du r i ng  a  p e r f e c t l y  e l a s t i c  impact w i t h  
a  r i g i d  t a r g e t ,  the  p r o j e c t i l e  would rebound a f t e r  impact w i t h  a  v e l o c i t y  equal 
t o  i t s  i n c i d e n t  v e l o c i t y ,  and t he  momentum t r a n s f e r  would be 2 mV. Th i s  l i n e  
i s  shown f o r  comparison i n  f i g u r e  11. Of  course, a  s i g n i f i c a n t  amount o f  
energy d i s s i p a t i o n  occurs  i n  t h i s  case as a  r e s u l t  o f  damping i n  t he  impactor ,  
r i g i d  body mot ion ( k i n e t i c  energy) o f  t h e  bar ,  and t he  s t r a i n  energy t r ans -  
f e r r e d  t o  t h e  bar  d u r i n g  the  c o l l i s i o n ,  so t he  d i f f e r e n c e  between t he  l i n e  
I = 2  mV and t he  measured impulse o n l y  compares t h i s  exper imenta l  da ta  w i t h  
an i d e a l  case, and i n  no way can be i n t e r p r e t e d  as a  measure o f  exper imenta l  
e r r o r .  

A  second s e r i e s  o f  t e s t s  was conducted w i t h  a  318- in.  d iameter  impactor  
o f  the  same m a t e r i a l .  The r e s u l t s  a re  presented i n  f i g u r e s  12 t o  15 and i n d i -  
ca te  t h a t  t he  t rends  observed i n  t he  e a r l i e r  s e r i e s  o f  t e s t s  do n o t  depend on 
t he  impactor  s i ze ,  b u t  i n s t e a d  a re  c h a r a c t e r i s t i c  o f  t he  m a t e r i a l ,  as we would 
expect .  A l l  measured da ta  show the  same t r ends  as i n  t he  e a r l i e r  s e r i e s  o f  
t e s t s .  The numer ica l  d i f f e r e n c e s  i n  t he  measured impact f o r c e  h i s t o r i e s  a re  
due t o  the  sma l le r  mass o f  t he  impac to r .  Having cha rac te r i zed  t he  impact f o r c e  
r e s u l t i n g  f r om  the l o n g i t u d i n a l  impact o f  t he  rubber  b a l l s ,  a  s imple e m p i r i c a l  
model based on the  da ta  presented can be used t o  desc r i be  t he  f o r c e  h i s t o r y  and 
i t s  v a r i a t i o n  w i t h  impact v e l o c i t y .  Assuming an approximate l i n e a r  r e l a t i o n -  
s h i p  f o r  each o f  t he  curves shown i n  f i g u r e s  8 t o  15, we have 



f o r  bo th  impactor  s i zes ,  where V, m, and d  r ep resen t  t he  impactor  v e l o c i t y ,  
mass, and d iameter ,  r e s p e c t i v e l y ;  Fo, T, t~,, and I have t h e i r  usual  mean- 
ings ;  and t he  ai a re  cons tan ts  chosen t o  i a t c h  t he  da ta .  The va lues o f  a.1 
determined f r o m  f i g u r e s  8  t o  15 a re  g i ven  i n  t a b l e  I. 

TRANSVERSE IMPACT OF A LAMINATED BEAM 

A s imple e m p i r i c a l  model has been developed t o  desc r i be  the  c o n t a c t  f o r c e  
r e s u l t i n g  f r om  l o n g i t u d i n a l  impact o f  t he  s o f t  p r o j e c t i l e  on a  u n i f o r m  ba r .  
The problem o f  t ransverse  impact on a  composite lamina te  i s  o f  more p r a c t i c a l  
i n t e r e s t ,  so t h i s  e m p i r i c a l  model w i l l  now be extended t o  descr ibe  t h e  l a t t e r  
case. 

Exper imenta l  Apparatus and Procedure 

Two composite lamina tes  were t e s t e d .  Both were composed o f  T3001934 
g r a p h i t e  epoxy p repreg  l a i d  up i n  a  symmetric c ross -p l y  [90/015s c o n f i g u r a t i o n .  
The beam-1 i ke specimens were o f  d i f f e r e n t  l e n g t h  b u t  o the rw i  se i d e n t i c a l  dimen- 
s ions,  and were supported i n  a  c a n t i l e v e r  f a s h i o n .  They were ins t rumented  w i t h  
f o i l - t y p e  s t r a i n  gages ( t y p e  ED-DY-031CF-350, Sg = 3.25) a t  severa l  l o c a t i o n s ,  
as shown i n  f i g u r e  16. Ha l f - i nch  d iameter  s i l i c o n  rubber  b a l l s  were aga in  used 
as the  impactors  f o r  t h i s  s e r i e s  o f  t e s t s .  A high-speed FASTAX f r am ing  camera 
was used t o  photograph severa l  t e s t s .  The camera has a  maximum f r am ing  r a t e  o f  
8000 frames pe r  second. Th i s  r a t e  was e f f e c t i v e l y  doubled by u s i n g  an i n t e r n a l  
r o t a t i n g  p r i s m  which made two exposures per  frame, thus expos ing 16 000 p i c -  
t u r e s  per  second. The impact f i r i n g  sequence was i n i t i a t e d  f r om a  remo te l y  
operated t e s t  m o n i t o r i n g  f a c i l i t y ,  w i t h  t ime rs  s e t  t o  t r i g g e r  t he  camera j u s t  
p r i o r  t o  t h e  impact even t .  A t y p i c a l  impact sequence as photographed f r om an 
edge-on v iew o f  t he  c a n t i l e v e r e d  specimen i s  shown i n  f i g u r e  17. The dynamic 
da ta  measurement system shown i n  f i g u r e  1 was used t o  s imu l taneous ly  r e c o r d  t he  
t r a n s i e n t  s t r a i n  s i g n a l s  a t  t h e  two gage l o c a t i o n s .  

F i  n i  te-E l  ement Model 

The lamina te  was modeled w i t h  four-node i sopa rame t r i c  p l a i n  s t r a i n  e l e -  
ments ( r e f .  10).  I d e a l l y ,  each lamina should be modeled w i t h  a  number o f  
f i n i t e  elements t o  i n s u r e  t h e  b e s t  accuracy.  However, such a  procedure would 
l ead  t o  a  fo rm idab ly  l a r g e  number o f  elements f o r  t he  20 -p l i ed  lamina te .  For 
t h i s  reason, t he  [90/015s lamina te  i s  t ransformed i n t o  an e q u i v a l e n t  homogene- 
ous p l a t e  w i t h  a  s e t  o f  e f f e c t i v e  modul i  ob ta i ned  by u s i n g  t he  a p p r o p r i a t e  con- 
s t a n t  s t r a i n  and cons tan t  s t r e s s  assumptions ( r e f .  11) .  S i x  elements through 
t he  lamina te  t h i c kness  were found s u f f i c i e n t  t o  a c c u r a t e l y  model t h e  lamina te  
bending s t i f f n e s s .  A t y p i c a l  segment o f  the  u n i f o r m  f i n i t e - e l e m e n t  mesh i s  
shown i n  f i g u r e  18. Each f i n i t e  element represen ts  severa l  lamina. The e f f e c -  
t i v e  e l a s t i c  modul i  o f  t he  elements was de r i ved  f r om t h e  p r o p e r t i e s  o f  t he  
i n d i v i d u a l  p l i e s  i n  r e fe rence  12. A convergence s tudy  was performed ( r e f .  31, 
and i t  was e s t a b l i s h e d  t h a t  a  u n i f o r m  mesh o f  1200 elements and 2800 t o t a l  
degrees o f  freedom, a1 l ow ing  two t r a n s l a t i o n a l  degrees o f  freedom a t  each nodal 
p o i n t ,  would p rov i de  a  converged s o l u t i o n  t h a t  a c c u r a t e l y  modeled t h e  f l e x i b i l -  
i t y  o f  t he  lamina te .  



I t  i s  e v i d e n t  from f i g u r e  17 t h a t  a  l a r g e  amount of de fo rmat ion  occurs  i n  
t he  rubber  impactor  w h i l e  i t  i s  i n  c o n t a c t  w i t h  t he  lamina te .  Th is  de fo rmat ion  
spreads t he  l oad  due t o  c o n t a c t  over  a  l a r g e r  area than would occur  w i t h  a  more 
r i g i d  impactor .  I n  c a l c u l a t i n g  t he  l o a d i n g  used i n  t he  f i n i t e - e l e m e n t  model, 
t h i s  s p a t i a l  d i s t r i b u t i o n  o f  t h e  l o a d  must be accounted f o r  i f  accura te  p r e d i c -  
t i o n s  o f  t he  s t r a i n  near the  impact p o i n t  a re  needed. Th i s  was accompl ished 
i n  t he  f o l l o w i n g  way. 

For t he  purpose o f  model ing the  v a r i a t i o n  of c o n t a c t  a rea  w i t h  t jme ,  i t  i s  
assumed t h a t  

where A ( t ) ,  F ( t )  a re  t he  c o n t a c t  a rea  and t he  c o n t a c t  f o r c e ,  r e s p e c t i v e l y ;  
and A,, Fo a re  t h e i r  maximum va lues .  Th i s  simp1 i f y i n g  assumption i s  based on 
exper imenta l  measurements r e p o r t e d  i n  re ference 13 i n  which high-speed photog- 
raphy was used t o  measure t he  c o n t a c t  area o f  a  s i m i l a r  rubber  p r o j e c t i l e  as a  
f u n c t i o n  o f  t ime  d u r i n g  a  high-speed impact event .  The shape o f  t he  area- 
versus- t ime curve i s  n e a r l y  i d e n t i c a l  t o  t he  f o r c e - h i s t o r y  curve shown i n  f i g -  
u r e  7 .  Th is  evidence suppor ts  t he  i m p l i c i t  assumption made i n  equa t i on  ( 8 )  
t h a t  t he  con tac t  area v a r i e s  i n  d i r e c t  p r o p o r t i o n  t o  t he  c o n t a c t  f o r c e .  The 
maximum con tac t  area, A,, can be measured e x p e r i m e n t a l l y  f r om  the  c i r c u l a r  
i m p r i n t  l e f t  on t he  lamina te  by t he  impactor .  Because o f  t h e  s i m p l i f i e d  two- 
dimensional  f i n i  te-element r e p r e s e n t a t i o n  o f  t he  t a r g e t  1 ami na te ,  t he  impact  
l oad  i s  taken t o  be u n i f o r m l y  d i s t r i b u t e d  across t h e  w i d t h  of t he  lamina te ,  as 
shown i n  f i g u r e  19, and t he  a c t u a l  c i r c u l a r  c o n t a c t  area o f  r a d i u s  r must be 
approximated by a  r e c t a n g u l a r  s t r i p  o f  d imension 2 r  x  1. Us ing  equa t i on  (8 )  
and 

we have 

where r( t) ,  ro are  t h e  c o n t a c t  r a d i u s  and i t s  maximum va lue.  I t  i s  f u r t h e r  
assumed t h a t  t he  s p a t i a l  fo rce  d i s t r i b u t i o n  f(r) ove r  t he  c o n t a c t  l e n g t h  a t  
any g iven  t ime i s  as shown i n  f i g u r e  20. Hence, 

where Fmax i s  t he  maximum fo rce  a t  any g i ven  t ime,  and i s  assumed t o  occur  a t  
t he  cen te r  o f  con tac t .  To c a l c u l a t e  t he  d i s c r e t e  nodal  f o r c e  d i s t r i b u t i o n  f o r  
t he  f i n i t e - e l e m e n t  a n a l y s i s ,  we have, r e f e r r i n g  t o  f i g u r e  20, 



where f i  represen t  t h e  t ime  dependent f o r c e s  a p p l i e d  a t  t he  nodal  p o i n t s  o f  
t he  f i n i t e - e l e m e n t  model. A f t e r  imposing t he  c o n d i t i o n  

where F  i s  the  t o t a l  f o r c e  a t  t he  g i ven  t ime as r e f e r r e d  t o  i n  equa t i on  (81, 
we can now reduce equa t i on  (12) t o  

1 f i(t) = 7 F ( t )  d ( 2 r i  + Ar )  - s i n  - ( 2 r i  - A r )  
4r0 I 

The nodal f o r c e  d i s t r i b u t i o n  i s  thus de f i ned  i n  terms o f  t he  t o t a l  f o r c e  t r ans -  
f e r r e d  by t he  impact a t  a  g i v e n  t ime and t he  r a d i a l  d i s t ance  o f  t he  nodal  p o i n t  
f r om  the  cen te r  o f  impact .  

The temporal d i s t r i b u t i o n  o f  impact f o r c e  must now be determined f o r  t he  
t ransverse  impact case. The e m p i r i c a l  r e l a t i o n s  g i ven  i n  equa t ions  (4)  t o  ( 7 )  
f o r  t he  l o n g i t u d i n a l  impact case cannot be used d i r e c t l y  because o f  t h e  d i f f e r -  
e n t  s t i f f n e s s  o f  the  t a r g e t .  However, i t  can be assumed t h a t  t h e  impac to r  
behaves i n  a  s i m i l a r  manner i n  bo th  cases. The skewed curve shown by  t h e  
dashed l i n e  i n  f i g u r e  7 w i l l  t h e r e f o r e  be assumed t o  q u a l i t a t i v e l y  desc r i be  t h e  
f o r c e  h i s t o r y  d u r i n g  t r ansve rse  impact .  To c a l c u l a t e  a  curve o f  t h i s  genera l  
shape, t he  f o l l o w i n g  fo rce-versus- t ime r e l a t i o n s h i p  was i nco rpo ra ted  i n t o  t he  
f i n i t e - e l e m e n t  computer program: 

where Fo i s  t he  maximum fo rce ,  t i s  t he  t ime when t he  maximum f o r c e  
Fo 

occurs ,  and T  i s  t he  c o n t a c t  d u r a t i o n .  

Impact Force H i s t o r y  

The emp i r i ca l  d e s c r i p t i o n  o f  t he  impact f o r c e  h i s t o r y  measured f r o m  the  
bar  t e s t s  and descr ibed  by equa t i on  (15 )  i s  now adapted t o  p r e d i c t  t h e  e f fec -  
t i v e  f o r c e  h i s t o r y  f o r  t he  t r ansve rse  impact o f  a  composi te beam. The f o l l o w -  
i n g  exper imenta l lnumer ica l  method was used. 



S t r a i n  h i s t o r i e s  were measured a t  t h e  two gage l o c a t i o n s  on t h e  compos i te  
l a m i n a t e  a t  a  s e r i e s  o f  impact  v e l o c i t i e s  f r o m  1000 t o  5000 i n . 1 s e c .  The f i -  
n i  te -e lement  model d e s c r i b e d  p r e v i o u s l y  was t h e n  used t o  model t h e  impacted 
beam and c a l c u l a t e  t h e  s t r a i n s  a t  t h e  two gage l o c a t i o n s .  The assumed f o r c e  
h i s t o r y  i n  t h e  f i n i t e - e l e m e n t  a n a l y s i s  was v a r i e d ,  u s i n g  t h e  t r e n d s  e s t a b l i s h e d  
i n  t h e  e a r l i e r  t e s t s  and shown i n  f i g u r e s  8 t o  10, i n  o r d e r  t o  match t h e  meas- 
u r e d  s t r a i n  response. The f o l l o w i n g  s tep-by-s tep p rocedure  was f o l l o w e d :  . 

( 1 )  For  a  g i v e n  impac t  v e l o c i t y ,  i n p u t  t h e  f o r c e  h i s t o r y  measured f r o m  t h e  
l o n g i t u d i n a l  b a r  t e s t  i n t o  t h e  f i n i t e - e l e m e n t  program. 

( 2 )  Because t h e  b a r  i s  s l i g h t l y  s t i f f e r  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  than  
t h e  l a m i n a t e  i s  i n  t h e  t r a n s v e r s e  d i r e c t i o n ,  t h e  f o r c e  i n  s t e p  1  w i l l  be 
s l i g h t l y  o v e r e s t i m a t e d .  Decrease t h e  peak f o r c e ,  Fo, by  a  f a c t o r  c o r r e s p o n d i n g  
t o  t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  and measured s t r a i n  a m p l i t u d e s .  

(3) The d i f f e r e n c e  i n  s t i f f n e s s  o f  t h e  t a r g e t s  a l s o  r e s u l t s  i n  a  s l i g h t l y  
s h o r t e r  c o n t a c t  t i m e  f o r  t h e  l o n g i t u d i n a l  impac t .  Keeping t h e  r a t i o  tF I T  

0 
c o n s t a n t ,  i n c r e a s e  t h e  c o n t a c t  d u r a t i o n ,  T, i n  t h e  f i n i t e - e l e m e n t  i n p u t  by  a  
f a c t o r  co r respond ing  t o  t h e  d i f f e r e n c e  between t h e  measured and c a l c u l a t e d  
f i r s t  " z e r o  c r o s s i n g "  f o r  t h e  bend ing s t r a i n  ( a p p r o x i m a t e l y  450 ps i n  f i g .  21) .  

The r e s u l t i n g  c a l c u l a t e d  bend ing s t r a i n  c l o s e l y  approx imates t h a t  measured 
e x p e r i m e n t a l l y .  Comparisons a t  two gage l o c a t i o n s  for a  1166 i n . 1 ~  t r a n s v e r s e  
impact  a r e  shown i n  f i g u r e s  21 and 22. The clamped boundary i n  t h e  e x p e r i -  
mental  mount ing f i x t u r e  f o r  t h e  c a n t i l e v e r e d  specimen cannot  r e a l i s t i c a l l y  a c t  
as a  p e r f e c t l y  r i g i d  c o n s t r a i n t .  As a  r e s u l t ,  some o f  t h e  k i n e t i c  energy o f  
t h e  specimen i s  d i s s i p a t e d  th rough  t h e  boundary, and t h e  c o n t r i b u t i o n  o f  
r e f l e c t e d  f l e x u r a l  wave m o t i o n  f r o m  t h i s  boundary i s  o v e r e s t i m a t e d  by  t h e  
f i n i t e - e l e m e n t  model, wh ich assumes a  p e r f e c t l y  r i g i d  c o n d i t i o n .  The appear- 
ance o f  r e f l e c t e d  waves a t  t h e  gage l o c a t i o n s  i s  apparen t  a t  a p p r o x i m a t e l y  200, 
600, and 800 ps a t  gage 1  i n  f i g u r e  21, and a t  a p p r o x i m a t e l y  400 and 800 ps  a t  
gage 2  i n  f i g u r e  22. 

A f t e r  t h e  s teps  o u t l i n e d  above have been f o l l o w e d ,  t h e  m o d i f i e d  f o r c e  h i s -  
t o r y  w i l l  have a  s l i g h t l y  l ower  maximum v a l u e  and a  s l i g h t l y  l o n g e r  c o n t a c t  
d u r a t i o n  than  was measured f o r  t h e  l o n g i t u d i n a l  b a r  t e s t s .  The v a r i a t i o n  o f  
t h e  r e s u l t i n g  e f f e c t i v e  impact  f o r c e  h i s t o r i e s  w i t h  impac t  v e l o c i t y  i s  shown 
g r a p h i c a l l y  i n  f i g u r e s  23 t o  25. F i g u r e s  23 and 24 i n d i c a t e  t h a t  t h e  c o n t a c t  
f o r c e  i s  l ower  and t h e  t o t a l  c o n t a c t  t i m e  i s  l o n g e r  i n  the  s h o r t e r  specimen, 
f o r  a  g i v e n  impact  v e l o c i t y .  T h i s  i n d i c a t e s  t h a t  t h e  f l e x u r a l  wave r e f l e c t i o n s  
f r o m  t h e  boundar ies  have a  s i g n i f i c a n t  e f f e c t  on t h e  f o r c e  h i s t o r y .  I f  t h e  
e f f e c t  o f  t h e  wave m o t i o n  was n o t  cons ide red ,  and a  s i n g l e  degree o f  f reedom 
spring-mass model based on t h e  s t a t i c  s t i f f n e s s  o f  t h e  r e s p e c t i v e  l a m i n a t e s  was 
used t o  a n t i c i p a t e  these t r e n d s  i n  t h e  f o r c e  h i s t o r y ,  t h e  o p p o s i t e  b e h a v i o r  
would be p r e d i c t e d .  Indeed, t h e  shape of  t h e  f o r c e  h i s t o r y  a l s o  depends on t h e  
l e n g t h  o f  t h e  t a r g e t ,  as shown i n  f i g u r e  25. Comparing these r e s u l t s  w i t h  
those  o b t a i n e d  f r o m  t h e  l o n g i t u d i n a l  b a r  exper imen t  shown i n  f i g u r e s  8 t o  15, 
i t  i s  apparen t  t h a t  t h e  r e l a t i o n s h i p s  between t h e  impact  v e l o c i t y  and t h e  t h r e e  
parameters  d e s c r i b i n g  t h e  f o r c e  h i s t o r y  a r e  s i m i l a r .  That  i s ,  t h e  maximum 
f o r c e  v a r i e s  i n  p r o p o r t i o n  t o  v2, t h e  c o n t a c t  d u r a t i o n  v a r i e s  i n v e r s e l y  w i t h  
V, and t h e  r a t i o  tF I T  i s  r e l a t i v e l y  c o n s t a n t  o v e r  t h e  v e l o c i t y  range  t e s t e d .  

0 



The parameters describing the force histories indicated by the data points in 
figures 23 to 25 are tabulated in tables I1 and 111. 

CONCLUSIONS 

A simple experiment to measure the force history resulting from the bal- 
listic impact of a compliant projectile was described. The results show that 
for the compliant rubber impactor used here, the velocity dependence of the 
force history is significantly different from that which would be predicted 
using classical impact mechanics. This is due primarily to the large deforma- 
tion of the impactor, and the inelastic nature of the impact process. 

Classical elastic impact mechanics predict a symmetrical variation of con- 
tact force with time, with a sine-wave type shape. In contrast, the shape of 
the curve describing the force due to impact of a more compliant projectile is 
noticeably skewed. The force reaches its peak very early in the contact inter- 
val and tapers off slowly before the impactor loses contact with the target. 
In contrast to the nearly linear behavior predicted by the elastic impact 
models, the force amplitude for the compliant projectile varies directly with 
the square of the impact velocity. In addition, the contact time was observed 
to decrease linearly with increasing impact velocity over the velocity range 
tested, whereas elastic models predict that contact time is independent of 
velocity. 

An empirical model based on the experimental data was used to describe the 
contact behavior. This model was incorporated into a finite-element program to 
estimate the force history and resulting dynamic strain response at several 
locations on a transversely impacted composite laminate. The empirical repre- 
sentation of the data was shown by this means to accurately duplicate the 
actual impact force history. It was shown that the behavior of the impactor 
during the transverse impact of a laminated beam is similar qualitatively to 
that measured during the longitudinal impact of a bar of uniform circular cross 
section. 
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TABLE I. - E M P I R I C A L  CONSTANTS THAT DESCRIBE THE 
MEASURED IMPACT FORCE HISTORY FOR LONGITUDINAL 

IMPACT OF S I L I C O N  RUBBER PROJECTILES 

TABLE 11. - FORCE H I S T O R I E S  USED I N  ANALYSIS 
OF IMPACT ON LONG COMPOSITE BEAM SPECIMEN 

F o r c e  

1166 0.25 
1932 

4 

TABLE 111. - FORCE H I S T O R I E S  USED I N  A N A L Y S I S  
OF IMPACT ON SHORT COMPOSITE BEAM SPECIMEN 

F o r c e  
h i s t o r y  

t~,. 
p s  

V.  
i n . / s  

Fo, 
lb 

T,  
ps 

Po, 
i n .  
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FIGURE 2. - BAR INSTRUMENTATION AND FIXTURING. 
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62.1 IN.& IMPACT OF 5/8 IN. DIAMETER STEEL BALL. 
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FIGURE 5. - FORCE HISTORY FROM 62.1 IN./S IMPACT OF 
5/8 IN. DIAHETER STEEL BALL ON ALUMINUM BAR. 
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FIGURE 6. - PROPAGATION AND REFLECTION OF LONGITUDINAL STRAIN PULSE FROM 
62.1 r~./s IWACT OF 5/8 IN. DIAMETER STEEL BALL. 



TINE. ps 

FIGURE 7. - FORCE HISTORY MEASURED FROM 3500 IN./S 
IMPACT OF HALF-INCH DIANETER SILlCON RUBBER IMPACTOR. 
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FIGURE 8. - W I N U M  FORCE ANPLITUDE VERSUS v2 FOR HALF- 
INCH DIANETER RUBBER IMPACTOR. 
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FIGURE 9. - INVERSE CONTACT TIRE VERSUS IMPACT VE- 
LOCITY FOR HALF-INCH RUBBER DIAMETER IMPACTOR. 
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FIGURE 11. - EASURED IMPULSE VERSUS INCIDENT MOMENTUM 
FOR HALF-I NCH DIAMETER RUBBER IMPACTOR. 
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FIGURE 12. - MAXIMUM FORCE AMPLITUDE VERSUS v2 FOR 
3/8 IN. DIAMETER RUBBER IMPACTOR. 



FIGURE 13. - INVERSE CONTACT TIME VERSUS IMPACT VE- 
LOCITY FOR 3/8 IN. DIAMETER RUBBER IMPACTOR. 
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FIGURE 15. - MEASURED IMPULSE VERSUS INCIDENT MOMENTUM 
FOR 3/8 IN. DIAMETER RUBBER IMPACTOR. 
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FIGURE 14. - t A VERSUS IMPACT VELOCITY FOR 3/8 IN. 
Fo 

DIAMETER RUBBER IMPACTOR. 
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FIGURE 16. - STRAIN GAGE LOCATIONS ON CANTILEVER IMPAC7 
SPECIMENS. 
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FIGURE 17. - TRANSVERSE IMPACT OF CANTILEVERED [90/015S COMPOSITE LAMlNATE WITH 1/2" DIAMETER RUBBER BALL AT 6220 IN./S. 
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FIGURE 18. - FINITE E L W N T  DISCRETIZATION OF [90/015, 
GRAPHITEfiPOXY LAMINATE. 
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FIGURE 19. - IMPACT LOAD DISTRIBUTION. 
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FIGURE 20. - NODAL FORCE DISTRIBUTION AT FIXED INSTANT IN TIE. FIGURE 21. - STRAIN HISTORY AT GAGE 1 IN LONG 
BEAM SPECIRN USING FORCE HISTORY NUMBER 1. 
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0 EXPERIMENT - ANALYSIS 

FIGURE 22. - STRAIN HISTORY AT GAGE 2 IN 
LONG BEAM SPECIRN USING FORCE HISTORY 
NUMBER 1. 
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FIGURE 23. - FORCE AMPLITUDE VERSUS v2 FOR IMPACT OF 
112 IN.  DIMETER SILICON RUBBER BALL ON C W O S I T E  
LAM1 NATES. 
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FIGURE 24. - INVERSE CONTACT TIME VERSUS IMPACT VE- 
LOCITY FOR IMPACT OF 1/2 IN. DlAPlETER SILICON RUBBER 
BALL ON C W O S I T E  LAMINATES. 
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FIGURE 25. - t A VERSUS IMPACT VELOCITY FOR IMPACT 
Fo  

OF 1/2 rN DIAMETER SILICON RUBBER BALL ON COMPOSITE 
LAMI NATES. 
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