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The in-plane shear responses of continuous fiber reinforced composite materials under medium strain rates have

been characterized experimentally. The V-notch rail shear apparatus was used for characterizing the in-plane shear

behavior of Newport NB321/3k70 plain weave carbon fabric/epoxy and NB321/7781 fiberglass/epoxy systems. The

testing was conducted using a high-rate servo-hydraulic testing machine at nominal stroke rates ranging between

2:5 � 10�5 and 2:54 m=s. Amaximumestimated shear strain rate of 200 rad=swas achieved up to shear strain levels
of 0.08 radduring the tests. The shapeof the stress-strain curves at stroke rates up to 0:254 m=swere similar,with the

stress levels increasing with the stroke rate at a given strain level. However, at a stroke rate of 2:54 m=s, the stress-
strain behavior changed drastically indicating wave propagation effects. No change in failure modes was observed

for the range of test speeds investigated.

I. Introduction

T HE use of composite materials for structural applications has
many advantages, which include higher specific strength and

stiffness, better durability, etc. [1]. The widespread use of composite
materials in airframe structures coupled with the crashworthiness
requirements have necessitated the material characterization at high
strain rates. The crashworthiness of composite airframe structures
has typically been addressed using drop tests on full-scale and/or
scaled test articles [2–4]. The full-scale tests have indicated that
energy absorption in composite structures is through tailored failure
mechanisms rather than plastic deformations prevalent in metallic
structures. The test results are useful in the appraisal of the
performance of the structure and any energy absorption devices
under crash loading, but do not reveal the various mechanisms that
do and do not contribute to the overall performance of the structure.
Further, the performances of individual components may be
influenced by the overall structural assembly. To investigate the
effectiveness of various components, numerical modeling would
be more appropriate and less expensive. However, the predictions of
the numerical models are dependent on the geometric definition of
the structure, the material models, failure criteria, etc. Several
investigations have simulated the experiments numerically albeit
using quasi-static test data. The simulations include simple energy
absorption devices, fuselage assemblies, etc. The predictions based
on quasi-static material properties have resulted in significant
deviations from test data. The description of material behavior under
dynamic loading is thus an important aspect of the numerical
modeling of dynamic loading scenarios.

The dynamic characterization of composite material properties
has typically been conducted using electromechanical and servo-
hydraulic machines, split Hopkinson pressure bar (SHPB) apparatus
[5], etc. The constant rate testing machines have been employed for
strain rates approaching 100 s�1, whereas the SHPB apparatus is
used for strain rates exceeding 1000 s�1. The properties that have
been characterized by the past researchers include the tensile and
compressive properties (both in plane and transverse) and
interlaminar shear properties [6–9].

The in-plane shear characterization of laminated composites has
been accomplished using different methods under quasi-static
loading [1]. The popular methods are the Iosipescu method, the off-
axis tension tests, three-rail shear, torsion, modified V-notch rail
shear, picture-frame test, etc. In these tests, the shear strains are
obtained by themeasurement of normal strains along two orthogonal
directions and the use of strain transformation equations [1]. The off-
axis tests capture the linear portion of the shear stress–shear strain
behavior, but the ultimate strength data are not accurate. This is due
to the large deformations associated with off-axis tests, which result
in a change of fiber orientations and the failure initiation being
dominated by edge effects. The in-plane shear characterization under
high-rate loading has typically been addressed using an off-axis
specimen [9]. The off-axis specimens have been loaded under
tension or compression using SHPB apparatus to study the effects of
strain rate on the strength of the material. Because of the small
specimen size used in the SHPB tests, the measurement of strains
along two orthogonal directions may not be practical, resulting in the
characterization of shear strength alone. Staab and Gilat [10]
reported that the off-axis specimen strengths were more sensitive to
strain rate for shallower fiber angles, indicating that the fibers were
more rate sensitive than thematrix. Hallett et al. [11] used a single-lap
shear specimen to characterize the interlaminar shear properties of
carbon/epoxy cross-ply laminates. The specimens were tested using
SHPB apparatus and the shear strainsweremeasured usingminiature
gauges with a gauge length of 1 mm bonded to the specimen. The in-
plane shear characterization of fabric reinforced laminates will
require a larger gauge area and strain gauges that encompass at least a
few unit cells. Thus, in this investigation the in-plane shear
characterization was done using the modified V-notch rail shear
method [12].

The high-rate characterization using a servo-hydraulic machine is
typically conducted under the tension loading mode, in which the
actuator ismoving away from afixed crosshead. Thismode of testing
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is preferred over compression loading, unless the specimen
accommodates an appreciable amount of deformation, allowing for
the actuator to decelerate post specimen failure. In this investigation,
the modified V-notch rail shear method was preferred over the
Iosipescu method for characterization of the in-plane shear behavior,
primarily due to the tensile mode of loading required to shear the
specimen. Because the test fixture halves move away from each
other, there is no danger of them running into each other during high-
speed testing. The modified V-notch rail shear method offers several
advantages, which include higher load and deformation capability
and larger gauge regions. However, owing to themass of the fixtures,
the inertial effects may influence the load measurement and validity
of the test at higher speeds.

In this investigation, the in-plane shear responses of two material
systems sharing the same matrix but different reinforcement types
have been studied experimentally. The objective of the investigation
was to generate shear stress-strain curves at different strain rates and
study the effects of strain rate on the in-plane shear strengths and
failure modes of the two material systems. The details of the
experimental apparatus, results and observations, and limitations of
the current approach are reported in this paper.

II. Material Systems and Test Apparatus

The material systems used in the current investigation were the
Newport NB321/3k70 plain weave carbon fabric/epoxy prepreg
(PWCF) system and the NB321/7781 fiberglass/epoxy prepreg
(SWGF) system. Both material systems share the same resin system
with a nominal cure temperature of 135�C. The nominal mechanical
properties of the two material systems are summarized in Table 1.
Flat laminates measuring 1:2 m � 0:3 m, with a stacking sequence
of �0�12, were fabricated and cured using an autoclave cure cycle. The
laminates were subsequently cut into V-notch specimens per ASTM
D7078 [12]. The typical test specimen geometry is illustrated in
Fig. 1. The PWCF test specimens had a nominal thickness of
2.72 mm, whereas the SWGF specimens had a nominal thickness of
3.30 mm.

The pertinent dimensions [12] of the test specimens were
measured and recorded before the bonding of strain gauges to the
specimens. Vishay Micro-Measurements§ EA125TH-120, �45�
strain rosettes were bonded at the center of the gauge section to
measure the shear strains during the test. The strain gauge is capable
of measuring an apparent maximum shear strain of 0.1 rad. It should
be noted that the shear strain at failure for most materials exceeds this
value. The test specimens were tested at room temperature (23�C,
35% relative humidity), at different stroke rates, using anMTS¶ high-
rate servo-hydraulic testing machine. The testing machine has a
stroke range of 0.38mand can reach speeds up to 12:7 m=s. The load
capacity (sustained) of themachine is 22 kN at rated speed and 39 kN
at speeds lower than 1 m=s. The force measurement was
accomplished using a PCB Peizolectronics∗∗ 206C ICP® quartz
force ring that was calibrated to measure �44 kN with an upper
frequency limit of 40 kHz. The strain gauge signals were conditioned
using Vishay Micro-Measurements model 2100 strain gauge signal
conditioners. An excitation voltage of 10Vwas used tomaximize the
available bandwidth of the signal conditioner. The higher excitation
voltage tended to heat the specimen by about 10�C. The temperature
was monitored and allowed to stabilize before the test. The data
acquisition was accomplished using National Instruments†† PCI-
6111 simultaneous sampling data acquisition board. The data was
acquired with a 12 bit resolution and data acquisition rates up to
5 MHz. The load, actuator displacement, and strain readings were
recorded during the tests.

The shear test fixture consists of two halves, one of which was
fastened to the load cell while the otherwas fastened to the actuator as

illustrated in Fig. 2. The high-rate testing machine requires a finite
stroke length to accelerate to the desired speed. A stroke length of
0.065 m is traversed by the actuator before reaching a speed of
12:7 m=s. This length of stroke, during which the acceleration takes
place, decreases with the final speed to be attained. The typical stroke
length required to fail a composite specimen in shear is about 8 mm,
which is very small in comparison to that of the acceleration phase.
Thus, the specimen (or fixture) must be engaged by the specimen
after the desired speed has been achieved. To accomplish this, a
slack-inducer mechanism was designed and fabricated. The
mechanism consists of a slotted tube that is fastened to the actuator.
A slack rod rides inside the slack tube and the free end of this rod is
connected to the fixture. A pin passing through the slack rod slides in
a slot provided in the tube. When the pin reaches the end of the slot,
the specimen is engaged and load-transfer occurs. The schematic of
the slack-inducer mechanism is illustrated in Fig. 2. Even though the
slack-inducer mechanism helps engage the specimen after the
actuator has reached the desired speed, a constant stroke rate test is
not guaranteed owing to the flexibility of the various components
forming the slack-inducer mechanism.

III. Experimental Results

The shear testing was conducted at nominal stroke rates of
2:1 � 10�5, 0.0254, 0.254, and 2:54 m=s. Three replicates were
tested at each of the aforementioned speeds. The recorded test data
were reduced to obtain time histories of stress, shear strain, and
stress-strain curves for each specimen. The specimens were
examined posttest to study the effects of test speed on the failure
modes.

The strain time history from a test conducted at a quasi-static
stroke rate is shown in Fig. 3. Because the test was conducted at a
constant stroke rate, the strain rate was not uniform throughout the
test. Based on the strain gauge signal, it can be inferred that the shear
strain rate varies linearlywith time, at least up to the shear strain value
of 0.08 rad. A constant shear strain rate could be conducted by using
the strain signal as a feedback, but will be limited by the maximum
strain that can be measured by strain gauges. Further, the constant

Fig. 1 Test specimen geometry [12].

Table 1 Nominal quasi-static mechanical properties of the material

systems [13]

Material system NB321/3k70
PWCF

NB321/7781
SWGF

Nominal fiber volume fraction vf 0.55 0.57
Nominal ply thickness tPLY, mm 0.216 0.27
In-plane modulus EL � ET , GPa 66.1 27.9
In-plane shear modulus GLT, GPa 4.2 4.2
In-plane tensile strength FTU, MPa 620 438
In-plane compressive strength
FCU, MPa

477 537

In-plane shear strength FSU
12 , MPa 114.8 130

§Vishay Micro-Measurements, P. O. Box 27777, Raleigh, NC 27611
¶MTS Corporation, Eden Prairie, MN
∗∗PCB Piezotronics, Inc., 3425Walden Avenue, Depew, NY 14043-9902
††National Instruments Corporation, 11500 N Mopac Expwy, Austin, TX

78759-3504
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strain-rate test will require the actuator to decelerate to compensate
for the increasing strain rate, which would be difficult to achieve at
higher stroke rates. Further, the flexibility of elements forming the
load train between the specimen and the actuator contribute to the
nonuniformity of the stroke rate at the specimen fixture. Thus, in this
investigation, the term constant stroke rate refers to the actuator
speed and not the relative displacement between the fixture halves.
The variation of shear strain for tests conducted at different stroke

rates is summarized in Fig. 4. The shear strain is plotted against a
nondimensional time to enable comparison between tests conducted
at different stroke rates. The time was normalized by the time
required to attain a shear strain level of 0.08 rad. It can be observed
from the figure that the shear strain histories are similar for tests
conducted at stroke rates of 2:54 � 10�4, 0.0254, and 0:254 m=s.
However, the variation of the strain at a stroke rate of 2:54 m=s is
significantly different and attributed to the dynamics of the slack-
inducer mechanism. An average strain rate was computed for each
test up to a maximum shear strain value of 0.08 rad. The variation of
the average shear strain rate as a function of stroke rate is presented in
Fig. 5. In the current study, average strain rates ranging between 10�3

to 200 rad=s were attained over a shear strain range of 0.08 rad, for
both the material systems tested.

A. Stress-Strain Characterization

The typical shear stress versus actuator displacement and shear
stress-strain diagrams obtained from the tests conducted at quasi-
static rates for the twomaterial systems investigated are illustrated in
Figs. 6a and 6b. Both materials exhibit identical behavior as seen in
the two figures, with the PWCF material exhibiting slightly higher
stresses in the nonlinear region. The stress-strain diagram is
truncated at a shear strain value of 0.1 rad, which is the limit of the
strain gauge. The test specimens can sustain a load beyond this strain
limit as seen in the stress versus actuator displacement diagram. It
should be noted that the shear strains are obtained from normal
strains measured along two orthogonal directions, using trans-
formation equations based on small-strain theory. Owing to small
normal strains along the length of the specimen (x direction) due to
constraint effects, and assuming uniform shear strain distribution
over the area covered by the strain gauge, the error will be less
than 0.5%.

The time histories of shear strain and stress (or load) for a test
conducted at a stroke rate of 2:54 m=s is illustrated in Fig. 7. Because
the strain measurement occurs directly, it leads the load signal in
phase. The load signal ismodulated in phase and amplitude due to the
load path in between the test fixture and the load cell and wave
propagation effects in the specimen. For the experimental setup used
in the current study, the phase difference was observed to be
negligible for stroke rates of 0:254 m=s and below. To plot the stress-
strain curves, the load (or strain) signal was shifted in time. The load
signal must be further corrected for amplitude modulation using an
appropriate system transfer function, which is a part of ongoing
work. The results presented in this paper, however, do not
incorporate any corrections to the load signal.

The shear stress-strain behavior of SWGF and PWCF materials
recorded at tests conducted at different stroke rates is illustrated in

Fig. 2 Test apparatus for high-rate testing.
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Figs. 8 and 9, respectively. The shapes of the stress-strain curves are
similar to that of the quasi-static test, up to a stroke rate of 0:254 m=s
for both materials. At any strain level, the shear stress levels increase
with stroke rate for both materials, with the SWGF material being
slightly more rate sensitive. At stroke rates of 2:54 m=s, the stress-
strain behavior appears to change significantly, with an appreciable
decrease in material stiffness. The distortion of the stress-strain
curves at this speed could be due to the load signal modulation, wave
propagation effect, and/or change in material behavior, and must be
further investigated. The in-plane shear-strengths of PWCF and
SWGF materials are plotted as a function of nominal stroke rate in
Fig. 10. The in-plane shear strengths increase with stroke rate, with
little difference between the twomaterial systems. This indicates that
the strain-rate sensitivity is independent of the reinforcement type.

The strain rate sensitivity of the material shear stress strain
behavior may be captured using a hyperbolic function [14] based
power law given in Eq. (1).

� � �U tanh
�
GLT

�U
�

��
_�

_�REF

�
n

(1)

The shear strength, �U, and shear modulus, GLT, at a nominal shear
strain rate, _�REF, may be obtained by conducting a strain-controlled
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quasi-static test. However, the determination of the rate sensitivity
exponent, n, may not be straightforward owing to the variation of the
shear strain rate, _�, throughout the test. Further, the equation assumes
that the rate effects are independent of the magnitude of the shear
strain.

B. Failure Modes

The failure modes in the test specimens were examined posttest to
investigate the influence of strain rate. The failure modes in PWCF
specimens tested at rates up to 0:254 m=s were primarily shear
failure across the minimum cross section. The shear failure occurs
over a narrow band between the notches. The failure surface tends to
be oriented at a shallow angle to the plane of the specimen, with
fractured fibers protruding out of the surface. The failure modes for
SWGF specimens tended to follow the same trends as the PWCF
material. However, a large band of process zone was visible due to
the translucency of thematerial, as illustrated in Fig. 11. Thewidth of
this bandwas observed to increase with the loading rate. The fracture
planes for SWGF specimens were located away from the minimum
section at all loading rates. To enforce failure across the minimum
section at higher rates, a deeper notch may have to be used.

IV. Conclusions

The effects of strain rate on the in-plane shear behavior ofNewport
NB321/3K70 PWCF and NB321/7781 SWGF material systems
were investigated experimentally. The testing was conducted using a
servo-hydraulic testing machine at nominal stroke rates ranging
between 2:5 � 10�5 and 2:54 m=s. A maximum estimated shear
strain rate of 200 rad=s was achieved up to shear strain levels of

0.08 rad during the tests. The stress-strain behavior of both material
systems exhibited similar behavior with increasing stroke rates up to
0:254 m=s. The stress-strain curves exhibited an asymptotic
behavior for stroke rates approaching 0:254 m=s and were
dependent on the material systems at a stroke rate of 2:54 m=s. The
shear strengths exhibited an increasing trend with the stroke rate. At
the highest test rate, the shear strengths increased by a factor of 2
relative to that of the quasi-static rates and were independent of the
reinforcement type.
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