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ABSTRACT--The effect of strain rate on the compressive be- 
havior of thick carbon/epoxy composite materials was investi- 
gated. Falling weight impact and split Hopkinson pressure bar 
systems were developed for dynamic characterization of com- 
posite materials in compression at strain rates up to 2000 s -1. 
Strain rates below 10 s -1 were generated using a servohy- 
draulic testing machine. Strain rates between 10 s -1 and 500 
s - !  were generated using the drop tower apparatus. Strain 
rates above 500 s -1 were generated using the split Hop- 
kinson pressure bar. Unidirectional carbon/epoxy laminates 
(IM6G/3501-6) loaded in the longitudinal and transverse di- 
rections, and [(08/908)2/68]s cross-ply laminates were char- 
acterized. The 90-deg properties, which are governed by 
the matrix, show an increase in modulus and strength over 
the static values but no significant change in ultimate strain. 
The 0-deg and cross-ply laminates show higher strength and 
ultimate strain values as the strain rate increases, whereas 
the modulus increases only slightly over the static value. The 
increase in strength and ultimate strain observed may be re- 
lated to the shear behavior of the composite and the change in 
failure modes. In all cases, the dynamic stress-strain curves 
stiffen as the strain rate increases. The stiffening is low- 
est in the longitudinal direction and highest in the transverse 
direction. 

KEY WORDS--Thick composites, strain rate effects, dynamic 
response, compressive testing of composites, falling weight 
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Introduction 

As composite materials become more attractive for large 
structures and hydrospace applications, understanding the 
compressive behavior of thick composite materials becomes 
necessary. The analysis and design of such structures sub- 
jected to dynamic loadings, ranging from low-velocity pro- 
jectile impact to high-energy shock loadings, requires the 
input of high strain rate compressive properties. The effect 
of strain rate on material behavior cannot be neglected if re- 
liable modeling approaches are to be made for simulations. 
Numerical simulations using finite element analysis require 
an accurate description of such effects as strain rate, loading 
history, load intensity, deformation and internal damage. 
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Most composite materials have been amply characterized 
under quasi-static conditions. Related work under dynamic 
conditions has been relatively limited due to the experimen- 
tal difficulties of characterizing the high-rate behavior. Most 
of the dynamic work has involved lateral impact testing of 
composite laminates but has placed little emphasis on consti- 
tutive properties. To develop more sophisticated constitutive 
models and failure criteria under dynamic loading, experi- 
ments performed over a wide range of strain rates, in which 
a single dominant stress component can be isolated, are very 
important. 

The first attempts to characterize composite materials 
under dynamic loading were carried out by Rotem and 
Lifshitz 1,2 and Sierakowski et  al. 3 Most of the high strain rate 
compressive properties reported to date have been obtained 
by means of the split Hopkinson pressure bar technique. 3-8 
Sierakowski et  al. investigated steel/epoxy composites in 
compression up to 1000 s -1. They observed very differ- 
ent failure modes in static and dynamic compressive tests 
on cylindrical specimens. The initial modulus remains un, 
changed, but the strength increases by 100 percent in the 
dynamic tests. Harding 5 studied two woven glass/epoxy ma- 
terial systems in compression up to 860 s -1 using cylindrical 
and thin strip specimens. He concluded that there is a sig- 
nificant increase in the initial modulus, strength and ultimate 
strain with increasing strain rate for woven glass/epoxy com- 
posites. Amijima and Fujii 9 studied glass/polyester plain 
woven and unidirectional composites in compressive tests of 
cylindrical specimens. The increase in strength is shown to 
be higher for the woven composites than for the unidirectional 
ones. Daniel and LaBedz 1~ developed a test method using a 
thin graphite/epoxy (six to eight plies thick) composite ring 
specimen loaded by an external pressure pulse applied explo- 
sively through a liquid. They obtained compressive proper- 
ties at strain rates up to 500 s -1 . The 0-deg properties show 
some increase in initial modulus over the static values but no 
change in strength. The 90-deg properties show much higher 
than static modulus and strength. Montiel and Williams It 
used an instrumented drop tower to determine compressive 
properties of 48-ply graphite/PEEK [02/9018s composites for 
strain rates up to 8 s- 1. The results indicate that at high strain 
rate loading, the strength increases by 42 percent over static 
values, whereas the ultimate strain increases by 25 percent. 
There only appears to be a small strain rate effect on the initial 
modulus. Groves et  al. 12 also developed a drop tower system 

1 to generate strain rates from 10 to 1000 s- . Review articles 
on high strain rate studies for composites were written by 
Greszczuk and Sierakowski.13-15 
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The various test methods used to date have different advan- 
tages and limitations. The use of a servohydraulic machine 
is common and convenient. It can produce excellent results 
without the noise problem. However, the method is limited 
to lower strain rates, below 10 s - l ,  because of inertial effects 
of the load cell and grips. The drop weight impact test has 
many advantages: it is inexpensive, can accommodate differ- 
ent specimen geometries and allows easy variation of strain 
rate. However, the system is very sensitive to the contact 
conditions between the impactor and specimen and to spu- 
rious noise from ringing and vibrations. The induced stress 
waves are superimposed on the stress-strain curves measured 
and create difficulties in interpreting the experimental results. 
The split Hopkinson pressure bar technique permits testing 
at higher strain rates exceeding 1000 s -1. Contact surface 
conditions are very critical. Specimens must be short to min- 
imize wave propagation effects. However, this raises ques- 
tions about the homogeneity and uniaxiality of the induced 
stress in the specimen, and thus a complex study of wave 
propagation effects in composite materials is required. The 
use of thin ring specimens under dynamic internal or ex- 
ternal pressure minimizes the wave propagation effects, but 
it is expensive and complex and cannot be used for thick 
composites. 

This paper discusses the application of a drop weight 
method and a split Hopkinson pressure bar technique for 
dynamic characterization of thick carbon/epoxy composites. 
Test methodology for high strain rate compressive testing 
of end-loaded thick composite specimens was developed. 
The results presented cover strain rates from quasi-static to 
1800s -1. 

Experimental Procedure 
Material Selection and Specimen Fabrication 

To investigate the strain rate effects in this study, 72- and 
48-ply unidirectional laminates were selected. The mate- 
rial used was IM6G/3501-6 carbon/epoxy composite (Hex- 
eel Corp.). The prepreg layup was cured in a press/autoclave 
by a three-step curing cycle especially developed for thick 
composites. 16 

Drop Tower Apparatus 

A drop tower was designed and built for dynamic com- 
pressive testing of thick composites at strain rates ranging 
from 10 to several hundred per second.17 The drop weight is 
guided along two 3-m (10-ft) long guide rods through bearing 
assemblies. It is raised and released using an electromagnet. 
A 5000-g quartz accelerometer (Kistler Instrument Corpora- 
tion) is mounted at the center of the drop weight on the top 
surface. 

Figure l(a) shows the dynamic compression test speci- 
men configuration for the drop tower. A 72-ply composite 
specimen 2.54 cm (1 in.) long and 1.27 cm (0.50 in.) wide 
was bonded to a similar high-strength steel specimen. The 
latter was made of 4140 steel with a yield stress of 1660 MPa 
(240 ksi) under quasi-static loading. Steel end caps were 
bonded at the outer ends. In all cases, the specimens were 
end loaded. A fixture was designed to hold and guide the 
specimen during impact [Fig. l(b)]. Uniform end loading 
was accomplished through the use of this guide system to 
constrain all but the vertical motion of the specimen. The 
specimen with the end caps was mounted in such a way that 

the top of the end caps protruded by 6 mm (0.25 in.) above 
the top of the guide system. Axial strain gages were mounted 
on both sides of the composite and steel specimens, con- 
nected to a bridge conditioner, amplified by an HP amplifier 
and recorded by a digital-processing oscilloscope (Norland 
3001) at sampling intervals of 1-10 Ixs. For strain rates below 
10 s -1, the servohydraulic testing machine was used, along 
with the specimen, guide fixture and data acquisition system 
described here. 

The dynamic impact force was measured in two differ- 
ent ways. Initially, it was measured with an accelerometer 
mounted on the top of the drop weight. The dynamic force 
and hence applied stress was obtained from the accelerom- 
eter reading multiplied by the mass of the impactor assem- 
bly, which included the drop weight, bearing assembly and 
top end cap. This was checked against the value obtained 
more directly from strain readings on the steel portion of 
the specimen. The axial strain in the steel specimen (load 
cell), mounted in series with the composite specimen, was 
multiplied by its modulus (207 GPa; 30 Msi) for more accu- 
rate determination of the dynamic force. Typical results of 
a 72-ply unidirectional composite specimen under dynamic 
transverse compression are shown in Fig. 2, where dynamic 
transverse stress-strain curves are plotted based on both ac- 
celeration and steel calibration strain measurements. The 
force results obtained from the accelerometer reading were 
in agreement with those obtained from strain readings in the 
steel specimen. Discrepancies occurred near the end of the 
stress-strain curve, with the accelerometer reading giving a 
lower force value. This was attributed to wave propagation 
effects inside the impactor and vibrations of the entire system. 
Because of the noise from the accelerometer, force determi- 
nations based on steel strain readings were judged to be more 
reliable and were used in all cases. 

The major problem in the use of a drop tower apparatus 
is the presence of vibration stress waves superimposed on 
the stress-strain curves. In this study, rubber sheets, from 
2.54 mm (0.1 in.) to 7.62 mm (0.3 in.) thick, were placed 
over the top end cap to minimize ringing due to impact. Fiber 
cork vibration damping pads were placed between the floor 
and the entire drop tower apparatus to attenuate the transmit- 
ted waves. This acoustically damped base system reduced 
the spurious noise in the acceleration and strain readings 
caused by apparatus vibrations and steel-to-steel contact. It 
is noted that, without damping the system, the acceleration, 
load and strain measurements are distorted through oscilla- 
tions, which include rigid body accelerations of the system 
and shock waves resulting from impact. The lower frequency 
data are attributable tO rigid body acceleration, whereas the 
higher frequency data result from acoustic waves. To sepa- 
rate these two sources, a fast Fourier transform analysis can 
be applied to decompose the frequency of the raw data and to 
find a corrected signal corresponding to the real mechanical 

18 19 response of the material. , 

Split Hopkinson Pressure Bar Apparatus 

A split Hopkinson pressure bar was designed and built for 
dynamic compressive testing of composites for strain rates 

17 above several hundred per second. It consists of a pneu- 
matic loading device (pressure chamber, gun barrel and re- 
lease valve), 7.6-cm (3-in.) to 15.2-cm (6-in.) long striker 
bars and two 1.27-cm (0.50-in.) diameter and 0.91-m (3-ft) 
long pressure-measuring bars. The bars in the split Hopkin- 
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Fig. 1--(a) Impact specimen configuration, (b) specimen holding and guide fixture 

son pressure bar system were made of 17-4 PH stainless steel 
with a yield strength of approximately 1240 MPa (180 ksi) un- 
der quasi-static loading. Short, rectangular 48-ply composite 
specimens, 9.53 mm (0.375 in.) long and 6.4 mm (0.25 in.) 
wide, were sandwiched between the two pressure bars. An 
air gun with a 1.21-m (4-ft) long gun barrel was used to propel 
the striker bar, which impacted directly on the free end of the 
input bar. Strain gages were mounted at the midpoint of the 
input and output bars and on the specimen itself to monitor 
the stress waves. The strain gages in this case were recorded 
at 100- to 400-ns intervals. The loads and displacements at 
both ends of the specimen were determined by monitoring 
the waves in the bars. A small rubber sheet was placed at 
the striker bar-incident bar interface to act as a wave shaper. 
This increases the pulse rise time during elastic loading of 
the specimen and increases the uniformity of loading in the 
specimen. 

The split Hopkinson pressure bar technique has been used 
extensively for several decades. The equations for the anal- 
ysis are based on one-dimensional wave theory in an infi- 
nite cylindrical solid and are widely reported in a number of 
references. 2~ When the specimen deforms uniformly, the 
strain in the specimen is given by 

de(t) = uC~ [et(t) - eR(t) - er(t)] or 
dt L (1) 

de(t) = _2CosR(t  ) 
dt L 

and the stress by 

E Ao 
cr(t) = - - - -  [el(t) + Sg(t) + aT(t)] or 

2 A (2) 

(r(t) = EA~  
A 

since 

el(t) + eR(t) = er(t) ,  (3) 

4OO 
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Fig. 2--Transverse compressive stress-strain curves for unidi- 
rectional IM6G/3501-6 carbon/epoxy at a strain rate of 60 s - ]  
(the curves are based on both acceleration and steel calibra- 
tion strain measurements) 

where Co is the longitudinal wave speed in the pressure bar; 
r (t), eR (t), ET (t) are the incident, reflected and transmitted 
strain pulses, respectively, measured from strain gages; L is 
the specimen length; E is Young's modulus of the pressure 
bar; and A0, A is a cross-sectional area of the pressure bar 
and specimen, respectively. 

The above expressions indicate that the dynamic stress- 
strain behavior of the specimen can be determined simply 
by strain measurements made on the surface of the pressure 
bars. However, it should be noted that the above equations 
require three important conditions to be met. The first con- 
dition is that wave propagation within the pressure bars be 
one dimensional, the second condition is that the specimen 
deform uniformly, and the third condition is that the pressure 
bars behave elastically. These conditions and limitations of 
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the split Hopkinson pressure bar experiment have been dis- 
cussed extensively in a number of references. 22'23 

Results and Discussion 

Transverse Compressive Behavior of Unidirectiona/ 
Composite 

High strain rate tests were performed on the drop tower 
and the split Hopkinson pressure bar. Tests conducted on the 
drop tower used a mass of 4.66 kg (10.27 lb) falling from 
a height of 2.44 m (8 ft), producing strain rates from 10 to 
several hundred per second. Tests conducted on the split Hop- 
kinson pressure bar used air pressure from 276 kPa (40 psi) 
to 620 kPa (90 psi) to propel the striker bar. Variations in 
the striker bar length and kinetic energy resulted in specimen 
strain rates between several hundred and 2000 per second. 
Typical strain gage signals measured from the input and out- 
put bars are shown in Fig. 3. 

The specimen strain is calculated from these strains by 
eq (1) and independently measured directly on the speci- 
men. Typical specimen strain versus time curves are shown 
in Fig. 4. Because of the absorbers used, the initial portion of 
the strain-time curve was not truly indicative of the effective 
strain rate experienced by the specimen. However, the strain 
rate seemed to reach a nearly constant value at a strain level 
of approximately 10-20 percent of the ultimate strain. This 
is the strain rate referred to in the subsequent stress-strain 
curves. 

Transverse stress-strain curves to failure under quasi-static 
and high strain rates are shown in Fig. 5. Table 1 summa- 
rizes the measured transverse compressive properties. This 
comparison shows a significant strain rate effect. The trans- 
verse strength, which is a matrix-dominated property, shows 
a nearly twofold increase from the quasi-static value. The 
initial modulus follows a similar trend, although not as pro- 
nounced, with an increase of up to 37 percent. The ultimate 
strain shows no strain rate effect at all, which implies that it 
can be used as a failure criterion in analysis under dynamic 
loading. Figure 5 also shows that the stress-strain behav- 
ior is a function of strain rate. The material stiffens (with 
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Fig. 3--The recorded stress wave profiles in the split Hop- 
kinson pressure bar test for unidirectional IM6G/3501-6 car- 
boNepoxy under transverse compression 
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Fig. 5mTransverse compressive stress-strain curves for uni- 
directional IM6G/3501-6 carbon/epoxy under quasi-static and 
high strain rate loading 

a reduction in matrix ductility) as the strain rate increases. 
This stiffening behavior is very significant in the nonlinear 
region between strain rates of 10 -4 s -1 (quasi-static) and 
1 s -1. Above the strain rate of 1 s -1, the stress-strain be- 
havior continues stiffening until it is almost linear at a strain 
rate of 1800 s - I .  Two possible reasons for this phenomenon 
are proposed. The first is the viscoelastic nature of the poly- 
meric matrix itself, and the second is the time dependent 
nature of accumulating damage. Evolution of damage is a 
time dependent phenomenon, and this in turn affects the time 
dependent (strain rate dependent) properties of the composite 
material .24 At slower rates, damage accumulates more grad- 
ually such that a well-defined nonlinear region occurs near 
the end of the stress-strain curve. At higher rates, however, 
damage does not have enough time to develop, and thus the 
damage accumulation process has a diminishing effect on the 
stress-strain curve as the strain rate increases. More rigor- 
ous studies are needed before any definite conclusions can be 
reached. 

Figure 6 shows the variation of the initial modulus and 
strength with strain rate. As shown in Fig. 6, two regions 
can be distinguished according to strain rate, which implies 
that the deformation mechanisms of the polymeric compos- 
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TABLE 1--TRANSVERSE COMPRESSIVE PROPERTIES 
ITE AT VARIOUS STRAIN RATES 

Property Modulus 
Strain E 2, GPa Percentage 
Rate (Msi) Change 

10-4s -1 10.0 GPa -- 

(1.45 Msi) 
10-2s -1 10.7 GPa +7% 

(1.55 Msi) 
2 s - I  10.8 GPa +8% 

(1.56 Msi) 
60 s - t  11.0 GPa +10% 

(1.59 Msi) 
120 s -1 11.4 GPa +15% 

(1.66 Msi) 
200 s -1 11.0 GPa +10% 

(1.60 Msi) 
250 s -1 12.5 GPa +25% 

(1.81 Msi) 
1500 s -1 13.6 GPa +36% 

(1.97 Msi) 
1800 s -1 13.7 GPa +37% 

(1.99 Msi) 

OF UNIDIRECTIONAL IM6G/3501-6 CARBON/EPOXY COMPOS- 

Strength Ultimate 
F2c MPa Percentage Strain Percentage 

(ksi) Change e~c% Change 

269 MPa -- 3.49 -- 

(39 ksi) 
295 MPa +10% 3.34 -4% 
(43 ksi) 

324 MPa +21% 3.35 -4% 
(47 ksi) 

372 MPa +39% 3.69 +6% 
(54 ksi) 

386 MPa +44% 3.74 +7% 
(56 ksi) 

386 MPa +44% 3.75 +7% 
(56 ksi) 

379 MPa +41% 3.65 +5% 
(55 ksi) 

459 MPa +71% 3.40 -3% 
(67 ksi) 

522 MPa +94% 3.64 +4% 
(76 ksi) 
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Fig. 6--Variation of initial transverse modulus and transverse 
compressive strength with strain rate 

ite could change as the strain rate increases. In the first 
region, corresponding to strain rates between quasi-static 
and approximately 10 s -1, there is a linear dependence of 
strength/modulus on the logarithm of strain rate. In the 
second region, corresponding to higher strain rates (above 
10 s-]),  the strength/modulus seems to be a power func- 
tion or exponential-like function of strain rate. Polymer vis- 
coelasticity suggests that shear flow is highly impeded at 
high strain rates, and correspondingly the relaxation mod- 
ulus has an exponential-like increase for very short loading 
durations.12,25 Williams26 observed that the fracture tough- 
ness of some polymers increases exponentially with strain 
rate. A reason for the increase in fracture toughness could 
be related to the restricted shear flow in the polymer. This 
would restrict the deformation of the polymer, which could 
in turn decrease the crack growth rate. 

Longitudinal Compressive Behavior of Unidirectional 
Composite 

Unidirectional specimens were loaded in the fiber direc- 
tion with a mass of 17.31 kg (38.16 lb) falling from a height 
of 2.44 m (8 ft) in the drop tower. Typical steel and com- 
posite specimen strains versus time plots are shown in Fig. 7, 
from which the dynamic longitudinal stress-strain curve was 
obtained (Fig. 8). As in the case of transverse compression, 
an effective strain rate was defined as the nearly constant rate 
achieved above 20 percent of the ultimate strain. The strain 
rate attained in this case was approximately 110 s -1. 

In this study, the end-loading principle was adopted to 
test thick composites because it is widely accepted and, 
more important, easy to use for dynamic compressive test- 
ing. Test methods based on the end-loading principle include 
ASTM D695 test (SACMA SRM 1-88), European version 
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Fig. 7--Axial strains in longitudinally impacted unidirectional 
IM6G/3501-6 carbon/epoxy and calibration steel specimens 
(impactor mass = 17.31 kg [38.16 Ib], height of drop = 2.44 m 
[8 ft]) 
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ICSTM test 27 and DTRC test. 28 Recently, a new compres- 
sion test method for thick composites (NU method) based 
on the concept of combined shear loading and end load- 
ing was developed. 29 It was found that the pure end-loading 
method tends to underestimate the longitudinal compressive 
strength and strain values due to premature end-crushing 
failure (Fig. 9). By using the NU test method, longitudi- 
nal compressive strengths of 1660 MPa (240 ksi), which are 
approximately 70 percent higher than those measured by the 
end-loading methods, are obtainable experimentally for thick 
composites under quasi-static loading. Therefore, experi- 
mental results from compression tests have to be interpreted 
with extra care. Longitudinal compressive strength and strain 
can only be compared when the same loading method is used. 

Figure 10 displays the longitudinal stress-strain curves to 
failure under quasi-static and high strain rates of loading. It 
clearly shows the stiffening behavior in the nonlinear range 
that is not observable from the end-loading results alone. 
The stress-strain curve stiffens as the strain rate increases, 
although the magnitude of the change is much smaller com- 
pared to the transverse behavior. Table 2 summarizes the 
measured longitudinal compressive properties from the end- 
loading results alone. The initial modulus shows only a slight 
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Fig. 8--Longitudinal compressive stress-strain curve for uni- 
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Fig. 9--Comparison of stress-strain curves between com- 
bined shear/end loading (NU test method) and pure end load- 
ing under quasi-static compressive loading 

increase with strain rate. The strength and ultimate strain are 
significantly higher than the static values by up to 79 percent 
and 74 percent, respectively. Figure 11 shows the variation 
of the strength with strain rate. The increase in strength and 
ultimate strain observed may be related to the shear behav- 
ior of the composite and the change in failure modes. It is 
known that longitudinal compressive failure is intimately re- 
lated to and governed by the in-plane shear response of the 
composite, even in the presence of the slightest initial fiber 
misalignment. 3~ Any compressive failure observed fol- 
lows some form of initial shear failure of the composite. The 
longitudinal compressive strength is expressed as 32 

Flc = ( O x ) m a x  = - -  ( 4 )  
~o+y* 

where ~o is the initial fiber misalignment and x*, y* are values 
of shear stress and strain as defined in Fig. 12. 

Figure 12 shows a measured shear stress-strain curve for 
IM6G/3501-6 carbon/epoxy composite with an illustration 
of a graphical determination of x* and y*. The compres- 
sive strength corresponds to the values x* and y*, where 
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Fig. 10--Longitudinal compressive stress-strain curves for 
unidirectional IM6G/3501-6 carbon/epoxy under quasi-static 
and high strain rate loading 
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unidirectional and cross-ply IM6G/3501-6 carbon/epoxy 
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TABLE 2--LONGITUDINAL COMPRESSIVE PROPERTIES OF UNIDIRECTIONAL IM6G/3501-6 CARBON/EPOXY COM- 
POSITE AT VARIOUS STRAIN RATES 

Property Modulus Strength Ultimate 
Strain El, GPa Percentage Flc MPa Percentage Strain Percentage 
Rate (Msi) Change (ksi) Change e~r Change 

10-5s - la 171 GPa - -  1669 MPa m 1.16 
(24.8 Msi) (242 ksi) 

10-5s -1 171 GPa - -  987 MPa - -  0.62 - -  
(24.8 Msi) (143 ksi) 

10-2s - 1 172 GPa +0.6% 1316 MPa +34% 0.82 +32% 
(25.0 Msi) (191 ksi) 

0.4 s-  1 172 G Pa +0.6% 1346 M Pa +36% 0.84 +35% 
(25.0 Msi) (195 ksi) 

10 s -  ] 173 G Pa + 1.2% 1530 M Pa +55% 0.94 +52% 
(25.1 Msi) (222 ksi) 

110 s -  1 173 GPa + 1.2% 1768 MPa +79% 1.08 +74% 
(25.1 Msi) (256 ksi) 

a. Tests conducted by the combined shear/end loading method (NU method). 
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Fig. 12--Graphical determination of longitudinal compressive 
strength 

the tangent to the shear stress-strain curve equals the slope 
x* = (q + y*). It is apparent from Fig. 12 that if the in- 
plane shear behavior stiffens substantially with increasing 
strain rate, then this will lead to an increase in longitudi- 
nal compressive strength. Figure 13 shows the shear stress- 
strain curves obtained from 45-deg off-axis specimens under 
quasi-static and high strain rates. This comparison reveals 
a strong strain rate effect on the in-plane shear behavior of 
composites. The shear stress-strain behavior, which is matrix 
dominated, shows high nonlinearity with a plateau region at 
a stress level that increases significantly as the strain rate in- 
creases. Figures 12 and 13 offer a good explanation for the 
increase in longitudinal strength and ultimate strain observed. 
This relationship can also be used to explain the significant 
increase observed in the compressive strength of woven com- 
posites. It is found that a woven composite is more sensitive 
to strain rate than a unidirectional one, and that different wo- 
ven composites have different strain rate effects due to the 
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Fig. 1 3 ~ h e a r  stress-strain curves from 45-deg off-axis 
unidirectional IM6G/3501-6 carbon/epoxy under quasi-static 
and high strain rate loading 

reinforcement structure. 9"33 Plain-weave composites show a 
higher strain rate effect than satin-weave, unidirectional or 
multidireetional composites. This is attributed to the higher 
shear dependence in the plain-weave case than in the other 
cases. 

In addition, for high strain rate testing, the duration of 
loading is short enough that material failure occurs prior to 
the onset of fiber microbuckling. This suggests that a change 
in failure mode occurs as the strain rate increases. The mi- 
crostructure change during high-rate testing should be stud- 
ied in depth to elucidate the contribution of different damage 
mechanisms to the dynamic behavior of composite materials. 

Compressive Properties of Cross-ply Composite 

Cross-ply specimens of [(08/908)2/(38]s layup were 
loaded with a mass of 11.34 kg (25 lb) falling from a height of 
2.44 m (8 ft). Stress-strain curves to failure under quasi-static 
and high strain rate loading are shown in Fig. 14 for compar- 
ison. Figure 14 shows that the material stiffens as the strain 
rate increases and the magnitude of the change is slightly 
higher than in the longitudinal case. Table 3 summarizes the 
measured compressive properties. The initial modulus shows 
only a slight increase with strain rate. The strength and ulti- 
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TABLE 3---COMPRESSIVE PROPERTIES OF [(08/908)2/08]s CROSS-PLY IM6G/3501-6 CARBON/EPOXY COMPOSITE AT 
VARIOUS STRAIN RATES 

i 

Property Modulus Strength Ultimate 
Strain Ex, GPa Percentage Fxc MPa Percentage Strain Percentage 
Rate (Msi) Change (ksi) Change exUc % Change 

10-4s -In 96.5 GPa - -  1131 MPa - -  1.43 
(14.0 Msi) (164 ksi) 

10-4s -1 98.6 GPa - -  759 MPa - -  0.83 - -  
(14.3 Msi) (110 ksi) 

10-2s - I  100 GPa +1.4% 1000 MPa +32% 1.12 +35% 
(14.5 Msi) (145 ksi) 

0.6 s -1 100 GPa +1.4% 1035 MPa +36% 1.17 +41% 
(14.5 Msi) (150 ksi) 

60 s-  ] 100 G Pa + 1.4% 1129 M Pa +49% 1.21 +46% 
(14.5 Msi) (164 ksi) 

120 s -1 102 GPa +3.5% 1266 MPa +67% 1.30 +57% 
(14.8 Msi) (184 ksi) 

a. Tests conducted by the combined shear/end loading method (NU method). 
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Fig. 14--Compressive stress-strain curves for [(08/908)2/()8]s 
cross-ply IM6G/3501-6 carbon/epoxy under quasi-static and 
high strain rate loading 

mate strain are significantly higher than the static values by up 
to 67 percent and 57 percent, respectively. Figure 11 shows 
the variation of the strength with strain rate. The strain rate 
sensitivity of the strength, initial modulus and ultimate strain 
of the cross-ply composite follow similar trends as those ob- 
served under longitudinal compression. Therefore, compres- 
sive behavior of a cross-ply composite is dominated by the 
0-deg layers. 

Summary and Conclusions 

A systematic investigation was conducted on the effect 
of strain rate on the compressive behavior of thick com- 
posite materials. Unidirectional carbon/epoxy laminates 
(IM6G/3501-6) with fibers at 0 deg and 90 deg with the load- 
ing direction and [(08/908)2/08]s cross-ply laminates were 
characterized at strain rates up to 1800 s -1. 

The transverse compressive strength increases sharply 
with strain rate to nearly double the quasi-static value at the 
highest rate. The initial modulus follows a similar trend, 
although not as pronounced, with an increase of up to 37 per- 
cent. The ultimate strain shows no strain rate effect at all, 

which implies that it can be used as a failure criterion for 
analysis under dynamic loading. The stress-strain behavior 
is also a strong function of strain rate. The material stiffens 
significantly as the strain rate increases. 

Longitudinal compressive properties were obtained for 
strain rates up to 110 s -1. The initial modulus increases only 
slightly with strain rate over the static value. The strength and 
ultimate strain are significantly higher than the static values 
by up to 79 percent and 74 percent, respectively. The increase 
in strength and ultimate strain observed may be related to 
the stiffening of the composite in-plane shear behavior un- 
der dynamic loading and the change in failure modes. The 
stress-strain curve stiffens slightly as the strain rate increases. 
Compressive properties of a cross-ply composite were also 
obtained. The results show increases in strength and ulti- 
mate strain but only a slight increase in initial modulus. The 
stress-strain curve stiffens as the strain rate increases, and the 
magnitude of the change is slightly higher than in the lon- 
gitudinal case. The strain rate sensitivities of the strength, 
initial modulus and ultimate strain of the cross-ply compos- 
ite follow similar trends as those observed under longitudinal 
compression. Therefore, compressive behavior of cross-ply 
composite is dominated by the 0-deg layers. 
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