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Crazed and uncrazed coupons from a rocket case and laboratory 
panel are subjected to static and dynamic loading 

by Ronald G. Hill 

ABSTRACT--This paper investigates the elastic behavior 
of bilaminate-composite coupons segmented from a fila- 
ment-wound rocket case and of a laboratory prepared flat 
panel for direct tension-compression and flexural loading 
under static and dynamic conditions. New methods of 
testing have been developed which are primarily appli- 
cable to composite constructions. The dynamic test con- 
sists of exciting the primary free-free resonant mode of a 
specimen. Flexure tests utilizing a unique pure-bend s y s -  
tern are employed for the static evaluations. The com- 
posite moduli determined from the static and dynamic 
test are compared with analytic values. The analytic 
values for the composite are derived from tension-com- 
pression and flexure analytical models using the material  
properties of the constituents. The measured elastic 
moduli compared favorably with analytical prediction 
and are indicative of the history of loading effects as well 
as the crazed condition of the composite constructions. 
The moduli determined by the dynamic test showed the 
closest agreement with analytic values, with a difference 
of 0 to 16 percent. 

List of Symbols 
a = distance between xl and x~ 

A~ = area of lamina section 
b = width of specimen 
d = depth of neutral axis 

dA = increment of area 
Ea = assumed modulus of metallic member 
Ec = compression modulus 
EF = flexural modulus 
EL = modulus of lamina one, longitudinal 
ET = tension modulus 

ETC = average tension-compression modulus 
ETR = modulus of lamina two, transverse 

e = ratio of the moduli of a bilaminate 
f = frequency 

GL = gage length, distance between grips 
g = acceleration of gravity 
h = beam depth 
I = moment of inertia 
l = length of specimen 

M = bending moment 
m = variable in eqs (8) and (9) 
n = mode constant 

PL = percent of section, lamina one 
PT = percent of section, lamina two 

t = thickness of composite 
y = distance from neutral axis to dA 
y~ = centroidal distance 

x~, x~ = output displacement transducers 
= stress 

e = angle of bend 
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Introduction 
T h e  o r t h o t r o p i c  n a t u r e  of  f i l a m e n t - w o u n d  com-  
pos i t e s  has  caused  cons ide rab le  di f f icul ty  in ob ta in -  
ing the  e x p e r i m e n t a l  des ign p r o p e r t i e s  for  these  
ma te r i a l s .  S t a n d a r d  A S T M  l a b o r a t o r y  t e s t s  are, 
in m a n y  cases, no t  su i t ab le  for  t h e  e v a l u a t i o n  of  t h e  
e las t ic  p r o p e r t i e s  of  f i l a m e n t - w o u n d  compos i t e s ,  in 
p a r t i c u l a r  spec imens  s ec t i oned  f r o m  a f a b r i c a t e d  
s t r uc tu r e .  T h i s  is due  to t he  h i g h l y  d i r ec t iona l  
cha rac t e r i s t i c s  o f  the i r  m e c h a n i c a l  p r o p e r t i e s  and  
the  c u r v a t u r e s  a s soc ia ted  wi th  s p e c i m e n  conf igura-  
t ions.  

T h e  e x p e r i m e n t a l  t e c h n i q u e s  for  d e t e r m i n i n g  the  
e las t ic  m o d u l i  are  desc r ibed  and  t e s t  v a l u e s  o b t a i n e d  
for  coupons  f r o m  a ful l -scale  r o c k e t  case are  pre-  
sen ted .  D a t a  for rocke t - case  e las t ic  p r o p e r t i e s  are  
r e q u i r e d  for p e r f o r m a n c e  ana lys i s  and  to  e v a l u a t e  
t h e  effects  of  g round  h a n d l i n g  a n d  f l igh t - load  condi-  
t ions.  

As in the  case of  i so t rop ic  ma te r i a l s ,  t he  e las t ic  
p a r a m e t e r s  of  f i l a m e n t - w o u n d  m a t e r i a l s  m a y  be 
d e t e r m i n e d  by  e i the r  or  b o t h  s t a t i c  and  d y n a m i c  
tes t .  T h e  u t i l i z a t i on  of  b o t h  t e s t  m e t h o d s  pro-  
v ides  a m e a n s  o f  e v a l u a t i n g  the  s e n s i t i v i t y  of  t h e  
compos i t e  m o d u l i  to  s t r a in  ra te ,  T h e  t e s t  m e t h o d s  
t h a t  were  used  to d e t e r m i n e  the  e las t ic  m o d u l i  of  t h e  
b i l a m i n a t e  c o m p o s i t e  spec imens  r e su l t ed  in s t r a in  
r a t e s  r ang ing  f r o m  10 3 to  103 ips. A r a m p  func-  
t i on  was  used  for  load ing  in t he  s t a t i c  t e s t ;  whi le  t h e  
r e sponse  in t he  d y n a m i c  t e s t  was  s inuso ida l  a t  
r e sonance ,  Fig.  1. I n  b o t h  d y n a m i c  and  s t a t i c  
tes ts ,  t h e  c o m p o s i t e  spec imens  were  s u b j e c t e d  to  
d i rec t  t e n s i o n - c o m p r e s s i o n  and  f lexural  loading.  
P u r e  bending ,  in tens ion ,  compress ion ,  a n d  f lexural  
modes ,  was  e m p l o y e d  for t h e  s t a t i c  t e s t .  T h e  
d y n a m i c  t e s t s  cons i s t ing  of  t e n s i o n - c o m p r e s s i o n  
and  f lexural  load ing  were  c o n d u c t e d  in t h e  f ree - f ree  
v i b r a t i o n  mode .  

General Considerations 

Ana ly t i c  Model 

T h e  o r t h o r h o m b i c  s y m m e t r y  o f  the  b i l a m i n a t e  
c o n s t r u c t i o n  is used  to  deve lop  a m a t h e m a t i c a l  
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TABLE 1 - - S U M M A R Y  OF MODULI  TESTS--E X 10 -6 PSI 

Specimen 
Number 

i 

2 

3 

4 

5 

6 

7 

8 

Glass Width 
inches 

E 1.75 

E 

S 

I 
s i.75 

LAMINA ONE L&MINA TWO 
Angle-~" Thickness Angle of Thickness 

Wrap (De~) inches 

i0 0.12 

l0 

5.5 

1 
5.5 0.12 

Wrap (De~) inches 

90 0.i0 

0.i0 

o.z4 

F 
90 0.24 

~otes 

I. Lamina 0~e-Analytic Modulus - Reference (1) 
Spec. i-2, E = 7.45 Uncrazed 
Spec. 3-8, E L 8.40 Uncrazed 

8.40 Crazed 3-8, E~ Spee. 

2. Lamina Two-Analytic Modulus - Reference (i) 
Spec. 1-2, E = 2.85 Uncrazed 
Spec. 3-8 E TR 3.20 Unerazed 

' TR 0.32 Crazed Spec. 3-8, ETR 

3. Density, Bilaminate-Measured 3 
Spec. 1-2, = 0.0745 ib/in.~ 
Sp~e. 3-8, = 0.0740 ib/in. ~ 

4. Metallic Backup - Pare Bend Test 
Mild Steel, ~ 28.O, 0.5 in. x 1.75 in. 

5. Gage Length - 8 in. - Pure Bend Test 

6. *F~ is low - the applied strain may not 
have closed the cracks in lamina two 

DYNAMIC - CYCLIC LOADING 
Experimental (Analytical Model) 

ET_ C E F 

5.16 (5.37) 4.40 (4.40) 

5.13 (5.37) 4.40 (4.40) 

3.44 (4.03) 1.40 (1.02) 

3.43 (4.O3) 1.47 (i.02) 

3.42 (4.03) i.3i (i.02) 

3.34 (4.03) i.18 (1.02) 

3.44 (4.O3) i.33 (i.02) 

3.39 (4.O3) i.25 (l. OZ) 

DYNAMIC CYCLIC LOADING 
Npec. 3-8 Crazed 

Longitudinal Vibration, ETC = 3-39-3-44 

I ' , . ' I } : IN: : I~ :~I , : :~ / ] ' , . ' f , 'K : I , , t , ' : I&IY: . I .C i I$~I  

F l e ~ r a l  V i b r a t i o n j  E F = 1 . 1 8 - L 4 7  

t / 

f#  "~\ 

\ , , .  J 

2 / 

STATIC - PURE BEND LOADING 
Experimental <Analytieal Model) 

E T E C E F 

. . . . . .  3 . 5 7  ( 4 . 4 0 )  

. . . . . .  3 . 5 7  ( 4 . 4 0 )  

. . . . . .  3 . 5 ~  ( 3 . 7 1 )  

. . . . . .  2 . 9 8  ( 3 . 7 1 )  

2 . 9 3  ( 3 . o 8 )  . . . . . .  

2 ,93  (3 .08 )  . . . . . .  

- - -  2 . 9 3 " ( ~ . 9 8 )  - - -  

. . . .  @.93" (4.98) - - -  

?[~E BEND LOADING 
Epec 3-8 Crazed 

Tension Mode, E T = 2J93 

Flexure Mo~e E F = 2.98-3.55 

model  for the f i lament-wound composi te  materials.  
Thus ,  the analyt ical  compos i te  modul i  of  the bi- 
lamina for direct t ens ion-compress ion  and flexure is 
defined by: 

E r - v  = PLEL -F PrET (1) 

M l  
E~ (2) 

26eZ y ~ A  i 

The  analyt ical  modul i  o f  each of  the  lamina is com- 
puted from the  material  properties of  the con- 
st i tuents ,  glass f i laments  and resin. The  modulus  
in the  direction parallel to the  f i laments is defined 
by an expression with  similar terms to those  used in 
eq (1) for the  compos i te  modulus  of  the bi laminate 
composite .  Der ivat ion  of  the  modulus  transverse 
to  the  f i lament is considerably more difficult; 
the interact ion between  the glass f i laments and 
resin matrix  is involved.  The  method  is outl ined 
in Ref.  1 and the  properties  for the individual  
lamina are shown in Table  1. The  fol lowing as- 
sumpt ions  were made  for computat ion  of  the elastic 
modul i  o f  individual  lamina: 

1. Square packing of  round f i laments 
2. Inf initesimal  deformations  
3. Linear elastic behavior of  the composi te  
4. Cont inui ty  be tween  the  const i tuents  

The  material  properties of  the const i tuents ,  as 
given by Ref.  1, were determined primarily from 

static  test  at low strain levels. Therefore,  the com- 
posite  analytical  models  built from the const i tuent  
material  properties are designed for low static 
strain-rate effects. 

Vibratory  Load ing  

The  mechanics  that  are uti l ized for defining the 
elastic behavior of  h o m o g e n e o u s  isotropic materials  
will be applied first to the case of  a bilaminate 
beam. The  frequency-modulus  equations  for the 
longitudinal and flexural v ibrat ion of  a free-free 
prismatic  beam are: 

E r i c  = nf~l~ (3) 
g 

EF - nl4p (4) 
gI 

N o t e  that  the  modulus  obtained from longitudinal 
vibrat ion is independent  of  the cross sect ion of  the  
specimen; while the  modulus  derived from flexural 
vibration includes the  effect of  shear. This  effect, 
however ,  has been shown to be negligible in most  
practical cases due to  the high length-to- thickness  
ratio of  the specimen.  

Pure-bend Load ing  

Pure-bend loading* is used to determine the  

* A special  test  f ixture wag used to a p p l y  a constant  bending moment 
along the entire length o[ the specimen between grips. 
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elastic modulus of a simple beam in flexure; it is 
then extended to the more complicated case of a 
mult i laminate beam for determination of a tension 
or compression modulus. In  each case, the equa- 
tions of equilibrium for pure bending are applied. 
The two equations of bend equilibrium are: 

f ~ d A  = 0 (5) 

f ~ydA = M (6) 

The flexural modulus of a prismatic beam is given 
by  

M l  
E~ - (7) 

2~I 

The  tension or compression modulus of the bilam- 
inate composite is obtained by combining it with 
a metallic member  and loading the metallic-com- 
posite beam configuration in pure bending. The 
flexural mechanics are such tha t  the composite 
material  is loaded in uniaxial tension or compression 
depending on the placement of the metallic member. 
In  this special case of an orthotropic beam, the 
elastic modulus of the metallic member  is a known 
quant i ty  and the modulus of the composite material  
is the unknown. The tension or compression 
modulus is determined by simultaneous solution of 
the following two equations which are derived from 
the equilibrium equations of bending: 

d = ( h - t ) 2  + m t ( 2 h - t )  (8) 
2 ( h - t  + mt) 

d 3 + [h - (d+t)  ]~ - (3/bE,~)(M/O) 
m . . . . . .  (9) 

[ h - ( d  +t) ]2 _ ( h - d )  3 

These equations are equally applicable to the 
determination of the consti tuent modulus of a 
bilaminate composite when one of the consti tuent 
moduli is the unknown. 

Test Specimen 
Eight  bilaminate-composite samples were tested; 

two were segmented from a laboratory-prepared 
flat panel and six from a s tandard product ion rocket  
case. The laboratory-prepared panel was fabri- 
cated using U. S. Polymeric 787 E - H T S  preimpreg- 

o 

Sinus0idal 

Time 

Fig. 1 - -S ta t ic  and d y n a m i c  load ing  

nated 20-end roving. Reference 2 describes the 
panel-fabrication procedures. 

The  s tandard full-scale rocket  case was fabricated 
using 20-end S-994 HTS,  Type  I glass preimpreg- 
nated with a Shell 5868 resin system. Rocket-  
case curing was initiated through a programmed 
sequence of temperatures  for a period of about  35 to 
37 hrs. The highest curing temperature  reached 
was 300 ~ F. The specimens were sectioned from 
the barrel portion of the case with the principal axis 
of the specimen parallel to the longitudinal axis 
of the rocket case. The meridional and hoop 
wraps of the rocket case were wound in two separate 
operations; thus, a specimen cut through the total 
thickness of the barrel portion of the rocket case 
is of bilaminate construction. The rocket case, 
from which the bilaminate samples were obtained, 
had been previously subjected to a hydrostat ic  proof  
test and static firing. 

The bilaminate laboratory-prepared sample was 
representative of a composite material  which was 
fabricated under ideal condition and had no prior 
loading. The rocket-case samples demonstrate  
the condition of a composite material which had 
been fabricated utilizing s tandard production pro- 
cedures and had been subjected to typical perform- 
ance loads. The performance loads, which were bi- 
axial in nature, had damaged the bilaminate con- 
structions according to a specific history of loading. 
Crazing and/or  microfractures of the resin were 
visually observed between the filaments in lamina 
two, Table 1, on all of the six specimens segmented 
from the rocket case. 

Experimental Techniques 
One of the major  problem areas in the develop- 

ment  of test  methods for filament-wound materials 
has been the nonisotropic nature of their mechanical 
properties. The or thot ropy and specimen con- 
figurations which characterize this anisotropic mate-  
rial are responsible for much of the difficulty em 
countered in applying s tandard metallic-test tech- 
niques to composites. 

Some factors which were considered in the design 
of the test  procedures used for the bilaminate speci- 
mens are: 

1. Grips were designed to prevent  slippage. 
2. Simple uniaxial loading was applied. 

3. Flexural loads were separated from tension 
and compression loads. 

4. A condition of constant  strain was imposed 
such that  the elastic constants  could be deter- 
mined for simple flexure, tension and com- 
pression stress states. 

I n  each of the experimental techniques applied, 
the test  procedures were verified with tests of homo- 
geneous isotropic materials with known elastic 
properties.t  The static and dynamic tests  were 

t The result,~ and approach used fgr the evaluation of an aluminum-steel 
beam are presented in the "'Static-test Procedures" section. 
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Fig. 2--Flexural-vibration 
test setup 

Fig. 3---Longitudinal- 
vibration test setup 

set  up to measure  the p r ima ry  proper t ies  of the 
beam being tested,  f requency or stiffness. In  the 
isotropic equat ions t ha t  were used to model  the 
s ta t ic  and dynamic  tests ,  the  only unknowns were 
the moduli,  which were computed  as described. 
T h e  other  quant i t ies  in these  equat ions consist of  
the geomet ry  of the  beam and its mass  distribution. 

Dynamic-test Procedures 

Dynamic - t e s t  procedures  were established to 
permi t  de terminat ion of free-free vibrat ional  charac- 
teristics of the  bi laminate-composi te  specimens. 
Accordingly, specimen excitat ion was achieved by  
induction shakers~ which did not  require contac t  
with the specimen and could be placed in any  posi- 
t ion with respect  to the  specimen. The  specimen 's  
resonance response was detected b y  visual means  
in the  case of  the f lexural-vibrat ion tes t  and by  a 
displacement  t ransducer  for the longitudinal (ten- 
s ion-compression)  v ibra t ion test .  A s tandard  
phonograph  magnet ic  cartr idge and needle were 

A n  electromagnetic induced force was imparted to a small steel disk 
bonded to the composite specimen. The mass of  steel disk attached to the 
specimen is considered negligible. 

used for the displacement  transducer.  The  speci- 
mens  were suppor ted  by  means  of strings or knife 
edges a t  the node points,  depending on the method 
of loading, flexural or longitudinal. Figures 2 and 
3 i l lustrate the flexural- and longitudinal-vibrat ion 
test.  

Static-test Procedures 

Flexure tes ts  utilizing a pure-bend sys tem were 
employed for the s ta t ic  evaluations.  The  pure- 
bend fixture employed  a t  Aerojet-General  differs 
f rom the usual four-point  bending in t h a t  (1) the 
specimen m a y  be subjected to a controlled angle of 
bend through an included angle of 180 deg, and (2) 
the existence of pure  m o m e n t  is not  a function of 
the specimen or its physical  properties.  This  fix- 
ture design allows the  bend specimen to deform 
freely in accordance with its elastic-plastic proper- 
t ies wi thout  frictional constrictions a t  supports  or 
load points. A description of the pure-bend fixture 
follows. 

The  basic concept  of  the pure-bend- tes t  fixture 
is i l lustrated in Fig. 4. I t  is seen t ha t  a pair  of co- 

78 ] February 1968 



Specimen ~ - ~  i. 

~ ~ -Loading Heads 
b. Anchorage of ///~ ~ a. Overall Test Setup 

Pull Lines 

~ Specimen 
5/) 

c .  Load Heads d. Specimen Gripe 

Load 

Fig. 4--Pure-bending test 
fixture 

Fig. 5--Pure-bend test 
setup 

planar load heads of pulley configuration grip the 
ends of the specimen. I f  the loads applied to the 
pulley load lines are equal, then zero shear and a 
constant  moment  will have been produced. The 
pull lines require equal loads for a pure moment  to 
exist in the load heads. The balancing pulleys at  
right angles to the load heads maintain equal loads 
in all four pull lines. They  permit  the pull lines 
to stretch unequal amounts  and a variable co- 
efficient of friction in the bearings of the pulleys to 
exist without  affecting the equality of the applied 
moment  in the load heads. In  Fig. 4, vectors 
indicate the relative movement  of the parts  re- 
sponsive to the exerting of a pull on the loading 
lines. From these vectors, it can be seen that  the 
load heads undergo equal and opposite rotat ion 
while the right head moves in the lineal direction of 
pull faster than the head on the left. As a conse- 
quence, the specimen is subjected to equal and 
opposite force couples resulting in pure bending. 

The pure moment  was imparted to the bilaminate 
specimen by applying a uniaxial tension load to the 
fixture. The moment  is calculated from the uni- 
axial tension load and the mechanics of  the fixture, 
Figs. 4 and 5. The angle of bend was measured as 
shown in Figs. 5 and 6, and is determined by the 
following equation: 

Xl ~- X~ 
0 = - - (10) 

2a 

A uniaxial tension or compression loading on the 
bilaminate specimen was achieved by combining a 
metallic member  with the bilaminate composite to 
form a multi laminate beam, Fig. 7. The metallic- 
composite specimen behaved as one beam in bend- 
ing, because of the clamp-clamp condition* in the 
jaws. No bonding agent was used between the 
metallic and the bilaminate-composite material. 

* Clamp-clamp, large bolts rigidly clamp the specimen between very stiff  
j a w s  to impart near theoretical "'fixed-end" conditions. 
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X 1 

\ I 
! 

L 

x 2 

nt 
Transducers 

Fig. 6--Technique for angle-of-bend measurement  

Two basic assumptions were made in deriving 
moduli data  from the pure-bend test:  first is the 
condition of a uniform strain along the gage length 
of the specimen, zero shear; and, secondly, tha t  
plane sections remain plane for a multi laminate 
beam as well as a single lamina. Graphical and 
grid-line checks indicated tha t  these assumptions 
were valid for first-order approximation. Each  of 
the eight specimens tested was subjected to only 
one static test, flexure, tension or compression. 
A clamped-clamped mode was used for all of the 
static test; the ends of the specimen located within 
the grips were not  allowed to deform. A stress level 
of between 18,000 to 20,000 psi was imposed on each 
of the flexure specimens for determination of the 
slope of the moment  vs. angle of bend curve, the 
modulus. The bilaminate composite specimen was 
oriented in the flexure test  such tha t  the outermost  
filaments of lamina two were in compression, caus- 
ing the microcracks in the resin to close. In  the 
tension or compression test, the bilaminate was 
oriented such tha t  the filaments of lamina one ex- 
perienced the maximum strain. 

Figure 8 illustrates the approach tha t  was used to 
determine the direct tension and compression 
moduli of the bilaminate composite. A composite 
beam consisting of a luminum in tension (simulating 
a low-modulus material) and steel in compression 
with the neutral  axis of the composite beam in the 
area of the steel was tested in flexure. Using eqs 
(8) and (9), a modulus of 10 X 106 psi for aluminum 

1 Lamina00e  
Lamina Two 
M e t a l l i c - E a ~  7- h h  , ~ r  t 

Section Strain Distribution 

Fig. 7--Pure bending of a mul t i - laminate beam 

and 28 • 10~ psi for steel was computed. There- 
fore in subsequent test, Table 1, specimens num- 
bered 5 to 8, a modulus of 28 • 106 psi was assumed 
for steel, Ea. 

Results and Discussion 

The results of the static and dynamic tests are 
tabulated in Table 1. Analytic moduli in the 
crazed and uncrazed condition of the bilaminate and 
of the individual lamina, determined from the 
consti tuent properties I are also presented in Table 1. 
The analytic crazed modulus, 10 percent of the 
uncrazed value for ETR, 1 was computed from data 
obtained from hydroburs t  test  of full-scale rocket 
cases. 

A direct comparison of the static, dynamic and 
analytic moduli values is difficult because of the 
many  factors tha t  affected the loading and response 
of the bilaminate construction. The nonlinear 
effects of shear, when one of the lamina of a bilam- 
inate has a modulus appreciably below tha t  of the 
total  section, are noted in Refs. 3 and 4. The effect 
of the different methods of mechanically loading a 
material  are evaluated in Refs. 5 and 6. 

The dynamic tests are considered to give true 
values, in tha t  the driving and pickup systems em- 
ployed are not  directly coupled with the specimen 
(free-free vibration). In  the case of the phono- 
graph transducer, used in the longitudinal-vibration 
test, the specimen was coupled to the pickup system 
by  a force of 1/2 to I g, which can be considered 
as negligible. The  dynamic tests are also consid- 
ered to be nondestructive since the uncoupled in- 
pu t  force of the induction shaker was between 1/4 
to i lb. In  tests of over 300 filament-wound cou- 
pons that  the author  has conducted, the dynamic 
moduli have consistently shown very close agree- 
ment  with analytic resultsY The elastic moduli 
values l i s ted  in Table 1 for the uncrazed E-glass 
bilaminates specimens 1 and 2, show close agree- 
ment  with the analytic bilaminate models, partic- 
ularly the flexural values. However, for the crazed 
specimens, the dynamic-moduli  values are high in 
comparison to the analytic flexural values, and low 
for tension-compression values. This is due to a 
combination of the crazed condition of the mate- 
rial and the cyclic loading imposed on the six S- 
glass specimens. The crazed resin or microcracks 
transverse to the direction of the filaments on 
lamina two, were subjected to a cyclic tension- 
compression loading both in the longitudinal and 
flexural modes, causing the microcracks to open on 
the tension port ion of the load cycle and close on 
the compression cycle. Therefore, the dynamic 
modulus should be considered as an effective or 
average modulus tha t  includes the nonlinear 
effects of the damaged material, microfracture of the 
resin, on the S-glass bilaminate constructions. 

The static-moduli values were computed using 
deflection data; strain gages were not applied. In  
general, it has been noted tha t  deflection results 
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reveal modulus values tha t  are 3 to 5 percent lower 
than  the values determined by strain gages. 1, 6 
This may  account for some of the discrepancy be- 
tween the analytic and experimental values. The 
influence of interlamina shear within the grip area 
may  produce nonlinear effects tha t  would reveal 
an apparent  low modulus. 

Both  composite materials tested, E-glass and S- 
glass, demonstrated a linear elastic response. The 
dynamic response of the bilaminate specimens was 
displayed by curves which were sharp and discrete, 
revealing low damping. The low-damping charac- 
teristic of the composite was also confirmed by the 
moment-vs.-angle of bend hysteresis curves. 

I t  is generally accepted that ,  for an isotropic 
material, the tension-compression and flexural 
moduli are equal. However for a bilaminate beam, 
Table 1 shows that  the experimental and analytic 
tension-compression and flexural moduli are o * 
different values. This difference between flexural 
and tension-compression moduli data for laminated 
beams can be related to the " t ransformed section 
theory"  eq (2), tha t  was used to develop the flexural 
modulus. Equat ing the tension-compression and 
flexural moduli relations, it can be shown 1 that :  

Er_c Atr~n~f . . . . . .  d/A~oction 
- (11) 

E F  /trans formed/Isection 

The analytic and experimental modulus ratios for 
the uncrazed E-glass specimens are: 

Specimen Analytic Experimental  
No. E r - c / E ~  E~,-e/EF 

1 1.22 1.18 
2 1.22 1.17 

There does not appear to be a large difference in 
the elastic moduli of the bilaminate composites for 
low and high strain rates. The dynamic flexural 
and tension- compression moduli of the uncrazed E- 
glass are in agreement with the respective analytic 
values which were modeled for low-strain-rate 
effects. There may  have been some deterioration 
due to aging in all of the composite specimens. The 
specimens were fabricated and cured well over one 
year before testing. The dynamic flexural modulus 
was obtained at  a cyclic strain rate of 100 ips and 
the dynamic tension-compression modulus at  a 
rate of 103 ips. 

Conclusions 
1. The utili ty of the mechanical tests described 

in this paper, for the determination of the elastic 
moduli of filament-wound composite specimens cut 
from actual structures, has been demonstrated. 

2. The dynamic tests provide a simple, direct 
and nondestructive means to measure the pr imary 
elastic properties of a composite construction to 
assess environmental  degradation as well as for 
design and other evaluation purposes. 

3. Flexure in the form of a pure-bend test pro- 

Fig. 8--Aluminum-steel composite specimen 

vides an expedient means for measurement  of the 
static moduli of a bilaminate construction. A 
direct tension or compression composite modulus 
can be derived from a pure-bend test which utilizes 
a metallic-composite beam. This method is par- 
ticularly applicable to the determination of the 
tension or compression modulus of a curved com- 
posite beam. 

4. The measured elastic moduli are indicative of 
"his tory of loading," the crazed condition and de- 
gradation of the reinforcement or matrix of com- 
posite constructions. 

5. These tests do not permit broad generaliza- 
tion as to differences between static and dynamic 
moduli for bilaminate composites, but  suggest the 
difference is small for types of composites tested. 

6. Near-future improvements  in bend-test  tech- 
niques are expected to permit refined generaliza- 
tions with respect to low and high-strain-rate moduli 
in composites. 
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