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STATEMENT OF THE PROBLE M 

A J r ~The ultimate strength of all naterials is connected with their

ability to resist crack propagation. Fiber reinforced polymers , because

of their light weigh t and their high corrosion and fatigue resistanc e, are

highly useful for a wide range of military and other app lications. Con-

sequently, quantitative predictions of the fracture strength of these

materials under service conditions —— particularly under impact loading ——
is of some importance. However , such procedures have not yet been

developed.

Fiber composites offer much higher fracture resistance for crack

propagation across the fibers than does an unreinforced matrix. The reason

is simp ly tha t the energy required for fiber breakage , pull—out , fiber!

matrix debonding, etc. is so high. However, because composites can

fracture in other ways (e.g. by matrix splitting parallel to the fibers),

this apparently enhanced fracture resistance may not represent the actual

fracture strength of a fiber reinforced composite material in service

conditions . Clearly, a basic fracture predictive capability that can take

account of the various different ways in which a fiber composite

can fail is required for realistic assessments of the behavior of these

materials. Such a capability will also enable their performance to be
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optimized. For example , recent work on fiber reinforced kinetic energy

projectiles shows that their enhanced performance is due to .i combination

of (1) hig h failure resistance in the axial direction , and (2) low
*resistance to shear crack propagat ion.

This work is addressed to the determination of the resistance

to a fast running crack initiated under impac t loading in a fiber reinforced

polymer material. The work is based on a dynamic fracture mechanics

approach developed on a previous Army Research Office Grant (P—9538—MC )

which focused on high—strength stool. This approach produced controlled

crack initiation using static loading of blunt—notch double—cantilever

beam (DCB) specimens . The present program applies this procedure to fiber—

reinforced composites and extends it to impact loading . The major objective

is to develop dynamic fracture mechanics procedures capable to describing

crack initiation , propagation , and arrest in fiber reinforced composite

material s. The second objective of the research is to elucidate the

principles involved in the dynamic fracture of fiber—composites , thereb y

providing a basis for both optimizing the design of these materials and

for evaluating actual military components.

SU~1NARY OF RESULTS

(1) The mathematical model for the double cantilever beam

fracture specimen developed for steel under static load-

ing has been extended to treat dynamic crack propagation

and arrest in fiber reinforced polymers by including

orthotropic constitutive behavior and crack growth

initiation under impac t loading.

(2) Low—volume—fraction wire—reinforced polvtne r composites

have been developed for use as model materials.

Measurements of the individua l matrix fracture , wire

*See M. F. Kanninen and C. T. Hahn , “Strategy ror Future Research on the
Analysis of Kinetic Energy Penetration ”, Battelle ’s Columbus Laboratories
Report to the Defence Advanced Research Projects Agency , January 31 , 1978,
which was based in part on results obtained In this project. a
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fracture , and wire  p u l l — o u t  c o m p o n e n t s  of t he  p r op a g at i n g

crack fracture ener v have been made for this material.

(3) .\ drop tower was constructed to produce impact loading on

n o t c h e d  DCB specimens . The towe r , w h i c h  has a c a p a c i ty  of

135 J , was used to measure crack velocity and crack

arrest behavior as a function of wire packing density

and of wire geometry (i.e. longitudinal versus cross—p ly).

(4 ~~ Comparisons between the predicted and the observed crack

arresting capabilit y of wire—reinforced polymers have

been made b~’ means of  the  m a t h e m a t ic a l  m o d e l s .  Of most

i m p o r t a n c e , it has been learned t h a t  the  dynamic  f r a c t u re

t oughness  of the  compos i te  is not  equa l to a s i ng le

summation of the energies in t h e  i nd iv idua l  f a i l u re  e v e n t s .

( 5 )  A direc t way of d et e rm i n i n g  dynamic  f r a c t u r e  toughness

values ( i . e .  b y f o r c i n g  the  model to f o l l o w  the  e x p e r i m e n t a l

crack l e n g t h — t i m e  record)  was dev i sed  f o r  compar i son  w i t h

the  convent ional  i nd i r ec t  method ( i . e .  p e r f o r m i n g  computa-

t ions w i t h  assumed f r a c t u r e  toug hness va lues  to m a t ch

exper imenta l  r e su l t s) .  It  was learned t h o t  the e f f e c t i v e n e s s

of the  d i rec t  method cal ls  fo r  a degree  of p r e c i s i o n  in the

exper iment  tha t is not  readily obtainable with current

t echn iques .
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SUI~NA R IE S  OF P U B L I C A T I O N S

Publication Number 1

M . F.  K an n in e n , ‘A c r i t ic a l  A p p r a i s a l  of So l u t i o n  Techni ques in Dynamic
F r a c t u r e  Mechanics , P r o c e e d i n g s  of  the  C o n f e r e n c e  on N u m e r i c a i  Me thods  in
F r a c t u r e  M e c h a n i c s , A. R.  Luxu ioore , and D.R.J. Owen , e dit o r s , University
College of Swansea , Swansea , U . K . , 1977 , pp 612—633 .

Summary .  Dynamic  f r a c t u r e  mechan ics  cons i s t s  of al l  f r a c t u r e

mt�cb~inj c s  ~‘r ob ~~ems in w h i c h  i n e r t i a  f o r c e s  must  be i nc luded  in the  equa t  ions

ot  m o t i on  f o r  t he  c racked  body .  A log ica l  way of c l a s s i fy i ng  the  p r o b l e m s

addressed  in the  s u b j e c t  is im t e rms  of the initial/boundar y conditions that

are ap p r o p r i a te .  The b u l k  of c u r r e n t  work  is on one of  two d i s t i n c t  p r o b l e m

typ e s .  These ar e  the  i n i t i a t i o n  of c rack  g r o w t h  under  imp a c t  Load ing  and

rap id crack propagation under fixed loading. (It is now clear that crack

arrest is not a separate category but is properly treated -is the termination

of a dynamic crack g r o w t h  a n a ly s i s .)  The p r in c  ip l e  aim of this paper is to

assess the usefulness of various numerical techniques in terms of their

appropriateness for the  so l u t i o n  of these  p hy s i c a l  p rob l ems .

Mathema tically , whil e closed form soluti ons can he ob tained in

some srecialized cases , mos t solut ions in dynamic fracture mechanics are

ob t a i n e d  by e i th e r  the  f i n i t e  d i f f e r e n c e  or the  finite element method .

C u r r e n t l y , f i n i t e  e l e m e n t s  are better suited for initiation of growth

c a lc u l a t i o n s  whi le  f i ni t e  d i f f e r e n c e s  can b e t t e r  cope w i t h  c r a c k  p r o p a g at i on

and ar r e s t .  Emphas i s  in the  paper  is also pu t  up on  t he  use of s imple  mode s

w h i c h  can c i r c u m v e n t  l a r g e— sca le  n u m e r i cal  analyses  by e x p lo i t i n g  the  ge o—

m e t r i c  c o n d i t i o n s  in special  a p p l i c a t i o ns .  F i n a l ly , it is po in ted  out  that

extensions of linear elastic treatments —— which f o r m  the  bulk of curren t

efforts in dynamic fracture mechanics —— are needed to treat elastic—

plastic and viscoelastic material behavior.

Publication Number 2

P. C. Gehien. C. Popelar , and N. F. Kanninen , “Dynamic Crack Propagation in
the  DCB Specimen : A Comparison of Theory and Expe r imen t ” , a c c e p t e d  f o r
publication in the International Journal of Fracture , to appear in 1)78.
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Summary . The formulation of t h e  p r o b l e m  of a r a p i d ly  p r o p a g a t i n g

c r a c k  in a dou b l e  c a n t  ilever beam spec imen is r e— e x a m in e d  us ing  Re i ssner ’ s

variational principle. The g o v e r n i n g  e q u a t io n s  ar e  f i r s t  s o l v e d  to o b t a i n

t h e  static comp l i a n c e  which is in good ag reemen t  w i t h  measured values.

the equations of mo t ion in con junc t ion with the energy criterion for a

r un n in s  c r ac k  a re  so lved  u s i ng  a finite difference method. Predicted crack

.~r o w t h  ve r sus  t ime , c r a c k  speed versus crack length , and dynamic stress

i n t en s i ty  f a c t o r s  v e r s u s  c r a c k  l e n g t h  are  a l l  fou n d  to  be in very good

agreement w i t h their measured counterparts for a polymer. Of most importance

for future work , it is found that the most effect ive one—dimensional model

for the 3C3 specimen is a combination of a Timeshenko beam and a

Winkler foundation.

P n i ’ l i c a t  ion Number  3

>1. F.  Kannin en , A. R.  R o s e n f i e l d , P.  M .  M c Gu i r e  and C.  ~~ . Barnes , “The
D e t er m i n a t  ion of Dy n a m i c  F r a c t u r e  Toughness  V alues  and E v a l u ~it  ion of C rack
A r r e s t e r  C on c p e t s  r s in g  the  ‘DCB Test Spec m e n ” ( in  p r e p a r a t i o n )  , t o be
p r e s e n t e d  at  the  sympos ium on Crack  A r r e s t  Meth odology and Applicati ons.
November r~— 7 , L°~~~. Ph iladel phia , and published in an ASTM Special

~oc hn ic a I Pub 1 icat  ion .

Summary . The double cantilever beam (DCBI test specimen is well—

su i t e d  f o r  the  s t u dy  of dynamic  crack p r o p a g a t i o n  and arrest events.

Experiment ally , rapid crack growth can be initiated and arrested w i t h i n  the

~on f i :i .~s of t he  specimen . In addition , it is possible to analyze these

events through the use of a r e l a t i v e ly  s imple  a n a l y s i s  model .  This paper

describes the use of combined experimentation and anal y s i s  to determine

dynamic  f r a c t u r e  toug hness  va lues  f o r  a t~o lvm er i c  m a t e r i a l  u s ing  the  DCB

spec m en. Comparisons are made between results obtained by crack growth

initiation from a blunted crack and from impacting loading of a sharp

crack. Particular emphasis is put on the  d i f f i c u l t i e s  involved in d i r e c t

computation of toughness values through simulation of the experimentally

determined crack growth versus t ime data. Some computational results

illustrating the basic concepts involved in the design of crack arrester

systems are also given.
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