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Abstract

Studies are carried out on interlaminar shear behavior of typical polymer matrix composites under high strain rate shear
loading. Torsional split Hopkinson bar (TSHB) apparatus is used for the studies in the shear strain rate range of 496–1000/
s. Experimental details, specimen configuration and development, data acquisition and processing are presented. Interlam-
inar shear strength and shear modulus are presented as a function of shear strain rate. The results are presented for typical
plain weave carbon/epoxy and plain weave E-glass/epoxy composites. For comparison, studies are presented at quasi-sta-
tic loading. It is observed that the interlaminar shear strength at high strain rate is enhanced compared with that at quasi-
static loading. Further, it is observed that the interlaminar shear strength increases with increasing shear strain rate within
the range of shear strain rate considered.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Interlaminar shear properties are important data
required for the analysis of polymer matrix compos-
ite structures. These properties of a variety of poly-
mer matrix composites under quasi-static loading
conditions are well documented. Shear behavior
under high strain rate loading is not yet clearly
understood. There are different test methods used
for the evaluation of mechanical properties based
primarily on strain rate required (Sierakowski and
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Chaturvedi, 1997). Split Hopkinson pressure bar
(SHPB) testing is the most widely used technique
to determine shear properties of composites under
high strain rate loading. Drop weight impact testing
technique is used for shear characterization of com-
posites under intermediate strain rates.

Sayers and Harris (1973) used drop weight
impact test technique for determining the interlam-
inar shear properties of carbon/epoxy composites.
The specimen used was similar to the standard inter-
laminar shear strength (ILSS) test specimen. During
testing, the authors observed other failure modes
including bending. Further, they reported that the
interlaminar shear strength decreases with increas-
ing strain rate.
.
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Werner and Dharan (1986) carried out interlam-
inar shear tests on woven graphite/epoxy using
compressive SHPB apparatus. They used short-
beam shear specimen. They observed considerable
scatter in the data. Even though there was slight
decrease in ILSS at high strain rate compared with
that at low strain rate, they concluded that the inter-
laminar shear stress response is relatively constant
for all the strain rates. Harding and Li (1992);
Harding and Dong (1994) used double-lap specimens
made of plain weave carbon/epoxy and plain weave
glass/epoxy composites. They observed an increase
in the interlaminar shear strength with increasing
strain rate in both the materials. However, based
on finite element analysis of the specimens, they
reported that the shear stress distribution along the
overlap zone was not uniform. They also observed
a large shear and translaminar normal stress concen-
trations at both the ends of the failure plane. They
concluded that the stress concentration is the main
reason for the initiation of failure.

Single-lap specimens were used for determining
the interlaminar shear properties of composites
(Bing and Sun, 2005; Dong and Harding, 1994; Hal-
lett et al., 1999). The major advantage of single-lap
specimen is that the central interlaminar plane is on
the axis of the externally applied loading. This leads
to a very low normal stress in the plane of shear fail-
ure. Also, this leads to almost constant shear stress
along the shear failure plane. However, there can be
stress concentration at the interface between the
specimen and the loading bars on to which the spec-
imen is attached. This is because of elastic property
mismatch between the specimen and the loading
bars. This possible stress concentration can lead to
premature failure in the adhesive bond between
the specimen and loading bars even before the shear
failure of the specimen.

The high strain rate behavior of polycarbonate
(PC) and polymethyl methacrylate (PMMA) was
studied by Fleck et al. (1990) using torsional split
Hopkinson bar (TSHB) apparatus. The yield and
fracture behaviors were investigated. Jelf and Fleck
(1994) studied behavior of unidirectional carbon-
fiber epoxy laminates under combined compression
and shear loading. They observed that failure was
by plastic microbuckling.

In torsional tests, short circular thin-walled tubu-
lar specimens are used (Duffy et al., 1971; Leung,
1980; Hartley et al., 1985). These studies were on
metallic specimens. Modified geometry of the speci-
men was used for interlaminar shear properties of
composites by Leber and Lifshitz (1996). They used
thin-walled tubular specimens with gage length of
8–10 mm, total length of 20 mm, internal diameter
of 14.5 mm and external diameter of 22 mm. Three
different specimen wall thicknesses of 1, 1.5 and
2 mm were used. The material used for the study
was plain weave E-glass/epoxy. With the configura-
tion of the specimen used, direct measurement of
specimen strain was possible. From the numerical
analysis of the fractured surfaces, they concluded
that fracture in both static and dynamic tests was
approximately at the mid plane of the specimen.
The studies were carried out at strain rate in the
range of 300–500/s. They observed that the stress–
strain behavior was nonlinear. Their study indicated
that dynamic fracture stress increased by about
50%, the initial shear modulus increased by
about 60% and the failure strain increased by about
25%. Further, they reported that stress uniformity
along the axis of the specimen cannot be taken for
granted. This is because the specimen was not com-
pact, i.e., was having a larger aspect ratio. Dai et al.
(1998a), Dai et al. (1998b) used a specimen with
gage length and wall thickness ranged within
1.9–2.1 mm and 0.5–0.7 mm, respectively. Their
studies were on unidirectional Cf/A356.0 metal
matrix composite and A356.0 aluminum alloy. The
fibers were aligned with the direction of torsional
axis. They observed multi-stage failure process and
a multi-scale zigzag fracture at all the surfaces. Their
studies indicated that the carbon fibers did not
improve the shear strength of aluminum matrix.

The objective of the present investigation is to
study the effect of strain rate on the interlaminar
shear behavior of composites using TSHB. Studies
are carried out on two material systems in the shear
strain rate range of 496–1000/s. The shear behavior
is characterized using one-dimensional wave propa-
gation theory. It is observed that the interlaminar
shear properties are enhanced with increasing shear
strain rate.
2. Theory

The stress–strain plots under high strain rate
shear loading for the specimens can be obtained
by the analysis of shear stress waves in the elastic
bars placed on either side of the specimen. The por-
tion of the incident wave that is transmitted through
the specimen provides a measure of the shear stress
in the specimen, while the reflected portion provides
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a measure of shear strain rate and shear strain
(Hartley et al., 1985).

The average shear strain rate in the specimen is
given by

c
�

SðtÞ ¼
2CDS

LSD
cRðtÞ ð1Þ

The average shear strain in the specimen is given
by

cSðtÞ ¼
2CDS

LSD

Z t

0

cRðtÞdt ð2Þ

The average shear stress in the specimen is give
by

sSðtÞ ¼
GD3

8D2
StS

cTðtÞ ð3Þ
Fig. 1. Torsional split Hopkinson bar (TSHB) apparatu
where C is torsional wave velocity in the bars, D is
diameter of the bars, DS is mean diameter of the
specimen, LS is specimen gage length, tS is tubular
specimen wall thickness, G is shear modulus of the
bars, cT is transmitted shear strain pulse and cR is
reflected shear strain pulse.
3. Experimental

3.1. Torsional split Hopkinson bar apparatus

Schematic diagram and photograph of a typical
torsional split Hopkinson bar apparatus is shown
in Fig. 1. The main components are: incident and
transmitter elastic bars, torque pulley/rotary actua-
tor, clamping mechanism, support blocks and
stand. The instruments used are: fatigue resistant
strain gages for dynamic measurement, balancing
s: (a) schematic arrangement and (b) photograph.
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bridge, dynamic strain meter/amplifier, oscilloscope
and computer. Incident and transmitter bars are
made of aluminum alloy 6061-T6 with diameter of
25.4 mm and length of 1.9 m each.

The strain gages on the incident bar are mounted
in such a way that the distance between the strain
gages and the specimen is more than the distance
between the clamp and the torque pulley. This
ensures that overlap of incident and reflected pulses
does not take place. The strain gages on the trans-
mitter bar are mounted in such a way that the dis-
tance between the strain gages and the specimen
as well as the distance between strain gages and rear
end of the transmitter bar are more than the dis-
tance between the clamp and torque pulley. This
ensures that overlap of pulses does not take place.
Generally, the distance between the strain gages
on the incident bar and the specimen and the dis-
tance between the strain gages on the transmitter
bar and the specimen are the same.

Clamping mechanism is an important component
of the apparatus. Schematic arrangement of clamp-
ing mechanism is shown in Fig. 2. Fig. 2a shows the
initial position of the clamping mechanism. The jaws
of the vise are held together at the top by a notched
Fig. 2. Schematic arrangement
clamping bolt as shown in Fig. 2b. Further, the inci-
dent bar is clamped using the linear actuators placed
at the lower portion of the vise as shown in Fig. 2c.
Clamping by linear actuators and pre-tightening of
the clamping bolt are adjusted in such a way that
the incident bar is rigidly clamped and perfectly
aligned with the transmitter bar. The pre-tightening
in the bolt is such that it is very nearer to breaking
point. At this stage, torque is stored in the incident
bar between the clamp and the torque pulley through
a rotary actuator. On further motion of linear actua-
tors, notched clamping bolt would break instanta-
neously. This is shown schematically in Fig. 2d. As
the bolt breaks, the incident bar is unclamped instan-
taneously leading to release of stored torque. The
clamping bolt material must exhibit minimum ductil-
ity, but must not be so brittle as to fracture before the
clamp is tight enough to hold the desired torque. The
notched clamping bolts were made using 6061-T6
and 2040-T6 aluminum alloys and EN24 steel.

3.2. Specimen

Schematic arrangement of a thin-walled tubular
specimen used for the present study and the corre-
of clamping mechanism.
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sponding laminate configuration are given in
Fig. 3a. Specimens with wall thickness (tS) of
3 mm and gage length (LS) of 3.5 mm were used.
Other dimensions used were: Di = 10 mm and
DO = 22 mm. The overall length of the specimen
was 7.7 mm. Specimens were made from plain
weave carbon/epoxy and plain weave E-glass/
epoxy. The gage length used in the present study
is in between the gage lengths used by Leber and
Lifshitz (1996) and Dai et al. (1998a).

The thickness of the laminate was 12 mm. The
laminate was made in such a way that the warp
direction of all the layers was matching. Thin-walled
tubular specimens with configuration as shown in
Fig. 3a were machined using a standard carbide cut-
ting tool. The axis of the specimens was along the
thickness direction of the laminate. It was observed
that the surfaces of all the specimens were free from
damages. For bonding the specimens to the incident
and transmitter bars, room temperature curing aral-
dite adhesive was used. Fig. 3b presents photograph
of a failed specimen.

The specimens with wall thickness of 1 and 2 mm
and gage length in the range of 2.5–3.5 mm were
also investigated. With the specimen wall thickness
of 1 and 2 mm, the results were not consistent. This
is because of possible micro damages present in the
Fig. 3. (a) Schematic arrangement of a thin-walled tubular specimen and
failed specimen.
specimen during machining when specimen wall
thickness is less. The effect of thermal stresses gener-
ated during machining of specimens can also be sig-
nificant when specimen wall thickness is less. These
effects may not be significant when the specimen
wall thickness is reasonably large.
3.3. Testing method

Torsional split Hopkinson bar apparatus (Fig. 1)
was used for determining the interlaminar shear
properties of plain weave carbon/epoxy and plain
weave E-glass/epoxy composites under high strain
rate shear loading. Calibration of the apparatus
was carried out before commencing the experi-
ments. In the present study, the shear strain rate
was varied in the range of 496–1000/s.
3.4. Data processing

Typical oscilloscope plot for plain weave carbon/
epoxy under high strain rate torsional loading is
shown in Fig. 4. The plot shows incident (I),
reflected (R) and transmitted (T) pulses. Using the
shear wave pulses and the expressions given in Sec-
tion 2, shear strain rate, shear strain and shear stress
the corresponding laminate configuration and (b) photograph of



Fig. 4. Strain gage signals from interlaminar shear test on TSHB:
plain weave carbon/epoxy. Fig. 5. Scanning electron microscope for plain weave E-glass/

epoxy specimen, along warp.
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are derived as a function of time. From this, stress–
strain plots are obtained.

As the stored torque is released instantaneously
by breaking the notched clamping bolt, the part of
the incident bar between the clamp and rotary actu-
ator where the torque was stored gets unloaded,
whereas, the remaining part of the incident bar,
specimen and the transmitter bar get loaded. Ide-
ally, the incident pulse should get unloaded to zero
at the end of pulse duration. From Fig. 4, it can be
seen that, at the end of pulse duration, the incident
pulse is not fully unloaded as shown by point a2.
Similar observations can be made from the plots
given in Bing and Sun (2005), Dai et al. (1998a).
Point a3 representing zero volt is taken as the origin
for the reflected pulse. The pulse durations a1a2 and
a3a4 are nearly equal.
Fig. 6. Comparison of torque verses time behavior, derived from
strain gage signals obtained during testing, plain weave carbon/
epoxy.
4. Results and discussion

Scanning electron microscope for a typical plain
weave E-glass/epoxy specimen along warp is shown
in Fig. 5. A typical failed specimen during TSHB
testing is shown in Fig. 3b. It was observed that
the failure is by interlaminar fracture confined to a
very small region on a plane parallel to the rein-
forcement layers and at the mid-span of the gage
length of the specimen. This indicates that the fail-
ure was under pure shear. No buckling of the spec-
imen wall was observed. The failed specimen had
zigzag edge at the plane of failure. This is because
of the undulated nature of the woven fabric at the
interface between the adjacent layers (Fig. 5).

Interlaminar shear test results are presented in
Figs. 6–9 for plain weave carbon/epoxy. Fig. 6
shows the comparison of T1 and T2 verses time.
Here, T1 represents torque at the interface between
the incident bar and the specimen and calculated
based on strain gage signal (I þ R), whereas, T2 rep-
resents torque at the interface between the specimen
and transmitter bar and calculated based on strain
gage signal T. The torque induced is calculated as

T 1 ¼
2GJ

D
ðcI þ cRÞ ð4Þ

T 2 ¼
2GJ

D
ðcTÞ ð5Þ

Here, J is polar moment of inertia of the bars and cI

is incident shear strain pulse.



Fig. 7. Interlaminar shear test results for plain weave carbon/
epoxy: (a) time verses strain rate plot, (b) time verses strain plot
and (c) time verses stress plot.

Fig. 8. Stress verse strain plot from interlaminar shear test on
TSHB: for plain weave carbon/epoxy.

Fig. 9. Stress verses strain plots from interlaminar shear test on
TSHB under different strain rate loading for plain weave carbon/
epoxy.
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The torque verses time figure (Fig. 6) can be sub-
divided into region I and region II. Region I repre-
sents the behavior of the material until the peak
torque is reached. The peak torque would corre-
spond to the interlaminar shear strength (Figs. 7c
and 8). Region II represents post-failure behavior
of the material.

From Fig. 7a, it can be seen that the strain rate is
496/s and is nearly constant beyond rise time. This
indicates that the test was at nearly uniform shear
strain rate. The total duration of the pulse is
480 ls and the rise time is about 40 ls. During the
initial stage of loading which is indicated by the rise
time, the strain rate is not constant. The overall
shear strain is 23% (Fig. 7b). The overall shear
strain in the specimen can be calculated based on
the shear strain rate and the duration of the pulse.
Duration of the pulse consists of constant strain rate
duration and the rise time. The strain corresponding
to peak stress is 1.3%. The peak stress is 19.8 MPa
(Fig. 7c).

Fig. 3a shows schematic arrangement of a thin-
walled tubular specimen and the corresponding
laminate configuration. At the interlaminar region,
within the specimen gage length, the induced shear
stress may not be constant. This is because of the
geometry of fabric used and the material properties
along different directions. Interlaminar shear stres-
ses s13, s23 and sh may not be the same. Here, suf-
fixes 13, 23 and h refer to 13 plane, 23 plane and
any other plane with an orientation of h. The failure
would initiate at a location where the induced shear
stress is critical. Then the failure process would con-
tinue until the ultimate failure takes places. The
stress at which the ultimate failure takes place is
the interlaminar shear strength. The corresponding
strain is the ultimate failure strain.

The shear stress–shear strain plot as given in
Fig. 8 can be subdivided into region I and region
II. Region I represents the behavior of the material
until the interlaminar shear strength is reached.
Region II represents post-failure behavior of the
material.
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Fig. 7a shows the rise time of about 40 ls. Dur-
ing this period, which is the initial stage of loading,
the strain rate is not constant. Hence, the shear
modulus obtained from the test would not be exact.
It can be seen, from Fig. 7a, that the shear strain
rate is nearly constant beyond the rise time. The
shear stress–shear strain behavior obtained beyond
the rise time of the pulse would show the actual
behavior of the material. The end of rise time is rep-
resented by point P. The shear stress–shear strain
plot, as given in Fig. 8, would represent the actual
behavior of the material beyond the point P. As a
first approximation, by joining point P to the origin,
shear modulus can be determined. This would indi-
cate the lower bound of the shear modulus. The
shear modulus can also be found by extrapolating
the shear stress–shear strain curve in region I from
point P to the origin (Fig. 8). The shear modulus
obtained by extrapolating the shear stress–shear
strain curve can be taken as the actual shear
modulus.
Table 1
Interlaminar shear properties of plain weave E-glass/epoxy and plain w
rate loading

Material Property Tubular specimen

Quasi-static H

Plain weave E-glass/epoxy Strength 18.5 2
(MPa) (+0.9, �2.1) (
Modulus 2.1 2
(GPa) (+0.04, �0.1) (

Plain weave carbon/epoxy Strength 19.5 3
(MPa) (+0.6, �1.3) (
Modulus 2.2 3
(GPa) (+0.11, �0.07) (

Table 2
Interlaminar shear properties of plain weave E-glass/epoxy and plain w

Material Strain rate (per second) Str

Plain weave E-glass/epoxy 576 21.
(+22, �30) (+1
843 26.
(+31, �28) (+2
1000 29.
(+32, �21) (+1

Plain weave carbon/epoxy 496 20.
(+27, �31) (+1
700 25.
(+33, �26) (+1
1000 32.
(+35, �23) (+1
The interlaminar shear properties at quasi-static
loading were determined for plain weave E-glass/
epoxy and plain weave carbon/epoxy (Table 1).
Experimental studies were carried out on both sin-
gle-lap specimens and thin-walled tubular speci-
mens. Single-lap specimen configuration was as
given in Dong and Harding (1994); Hallett et al.
(1999); Bouette et al. (1992). For quasi-static prop-
erties single-lap specimens were tested on Universal
Testing Machine, whereas, thin-walled tubular spec-
imens were tested on Tinius Olsen Torsion Testing
Machine. High strain rate tests for interlaminar
shear properties were conducted on TSHB using
thin-walled tubular specimens, whereas, high strain
rate tests using single-lap specimens were conducted
on compressive Split Hopkinson Pressure Bar
(SHPB) apparatus.

Interlaminar shear properties at different high
strain rate loading are presented for plain weave
E-glass/epoxy in Table 2 and Figs. 10, 11 and for
plain weave carbon/epoxy in Table 2 and Figs. 9,
eave carbon/epoxy composites under quasi-static and high strain

Single-lap specimen

igh strain rate (1000/s) Quasi-static High strain rate

9.4 17.1 29.1
+1.8, �1.5) (+1.7, �1.9) (+1.3, �1.8)
.8 – –
+0.5, �0.8) – –

2.5 – –
+1.6, �2.1) –
.1 – –
+0.4, �0.5) – –

eave carbon/epoxy composites under high strain rate loading

ength (MPa) Ultimate strain (%) Modulus (GPa)

0 1.42 2.3
.1, �1.3) (+0.12, �0.05) (+0.2, �0.7)

5 1.61 2.6
.6, �1.4) (+0.14. �0.03) (+0.6, �0.3)

4 2.00 2.8
.8, �1.5) (0.10, �0.20) (+0.5, �0.8)

8 1.30 2.5
.2, �1.7) (+0.16, �0.19) (+0.9, �0.4)

2 1.43 2.7
.7, �2.3) (+0.09, �0.13) (+0.1, �0.3)

5 1.80 3.1
.6, �2.1) (+0.07, �0.15) (+0.4, �0.5)



Fig. 10. Stress verses strain plots from interlaminar shear test on
TSHB under different strain rate loading for plain weave E-glass/
epoxy.

Fig. 11. Comparison of interlaminar shear strength of plain
weave E-glass/epoxy and plain weave carbon/epoxy at different
strain rates.
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11. These results are generated on TSHB apparatus.
The result presented are with respect to region I.

It can be observed that interlaminar shear
strength is enhanced at high strain rate loading com-
pared with quasi-static loading (Table 1). Further, it
can be observed that interlaminar shear properties,
both modulus and strength, increase with increasing
strain rate within the range of strain rates studied
(Table 2 and Figs. 9–11). It is further observed that
the increase in interlaminar shear strength is nearly
the same for plain weave carbon/epoxy and plain
weave E-glass/epoxy. For the typical plain weave
E-glass/epoxy composite studied, the interlaminar
shear strength enhancement at strain rate of 1000/
s is 59% compared with at quasi-static loading,
whereas, the modulus is enhanced by 33%. For plain
weave carbon/epoxy composite, the corresponding
enhancement is 67% and 41%.

Generally, the shear strength increases as the
strain rate increases. This can be attributed to the
fact that at lower strain rates the damage propa-
gates slowly utilizing most of the applied energy.
However, at higher strain rates, there is no sufficient
time for the damage to initiate and propagate.
Under such condition, more work needs to be car-
ried out for the damage initiation and propagation.
This would lead to enhanced interlaminar shear
strength at high strain rate loading. The viscoelastic
nature of the polymer matrix is also responsible in
addition to the time dependent nature of damage
accumulation for the enhancement of the interlami-
nar shear strength.

5. Conclusions

Experimental studies are carried out on interlam-
inar shear properties of two types of advanced poly-
mer matrix composites under different high strain
rate loading in the range of 496–1000/s. The studies
are carried out on TSHB. The quantitative results in
terms of interlaminar shear strength, ultimate strain
and shear modulus are presented. The overall con-
clusions are:

• For the specimen configuration studied, the fail-
ure is by interlaminar fracture confined to a very
small region on a plane parallel to the reinforce-
ment layers and at the mid-span of the gage
length of the specimen. This indicates that the
failure was under pure shear.

• The interlaminar shear strength is enhanced
under high strain rate loading compared with
quasi-static loading.

• The enhancement in interlaminar shear proper-
ties is increased as the strain rate is increased.

• The increase in interlaminar shear strength is
nearly the same for plain weave E-glass/epoxy
and plain weave carbon/epoxy.
Acknowledgement

This work was partially supported by the Struc-
tures Panel, Aeronautics Research and Develop-
ment Board, Ministry of Defense, Government of
India, Grant No. DARO/08/1051204/M/I.

References

Bing, Q., Sun, C.T., 2005. Model and testing strain rate-
dependent compressive strength of carbon/epoxy composites.
Composites Science and Technology 65, 2481–2491.

Bouette, B., Cazenuve, C., Oytana, C., 1992. Effect of strain rate
on interlaminar shear properties of carbon/epoxy composites.
Composites Science and Technology 45, 313–321.

Dai, L.H., Bai, Y.L., Lee, S.W.R., 1998a. An experimen-
tal investigation of the shear strength of a unidirectional



1052 N.K. Naik et al. / Mechanics of Materials 39 (2007) 1043–1052
carbon/aluminum composite under dynamic torsional load-
ing. Composites Science and Technology 58, 1667–1673.

Dai, L.H., Bai, Y.L., Lee, S.W.R., 1998b. Material response and
failure mechanism of unidirectional metal matrix composites
under impulsive shear loading. Key Engineering Materials
141–143, 651–670.

Dong, L., Harding, J., 1994. A single-lap shear specimen for
determining the effect of strain rate on the interlaminar shear
strength of carbon fibre-reinforced laminates. Composites 25,
129–138.

Duffy, J., Campbell, J.D., Hawley, R.H., 1971. On the use of a
torsional split Hopkinson bar to study rate effect in 1100-0
aluminum. Journal of Applied Mechanics 38, 83–91.

Fleck, N.A., Stronge, W.J., Liu, J.H., 1990. High strain-rate
shear response of polycarbonate and polymethyl methacry-
late. Proceedings of the Royal Society London A 429, 459–
479.

Hallett, S.R., Ruiz, C., Harding, J., 1999. The effect of strain
rate on the interlaminar shear strength of a carbon/epoxy
cross-ply laminate: Comparison between experiment and
numerical prediction. Composites Science and Technology
59, 749–758.

Harding, J., Dong, L., 1994. Effect of strain rate on the
interlaminar shear strength of carbon-fibre reinforced lami-
nates. Composites Science and Technology 51, 347–358.
Harding, J., Li, Y.L., 1992. Determination of interlaminar shear
strength for glass/epoxy and carbon/epoxy laminates at
impact rates of strain. Composites Science and Technology
45, 161–171.

Hartley, K.A., Duffy, J., Hawley, R.W., 1985. The torsional
Kolsky (split-Hopkinson) Bar. ASM Metals Handbook 8,
218–228.

Jelf, P.M., Fleck, N.A., 1994. The failure of composite tubes due
to combined compression and torsion. Journal of Materials
Science 29, 3080–3084.

Leber, H., Lifshitz, J.M., 1996. Interlaminar shear behavior of
plain-weave grp at static and high rates of strain. Composites
Science and Technology 56, 391–405.

Leung, E.K., 1980. An elastic–plastic stress analysis of the
specimen used in torsional Kolsky bar. Journal of Applied
Mechanics 47, 278–282.

Sayers, K.H., Harris, B., 1973. Interlaminar shear strength of a
carbon fibre reinforced composite material under impact
conditions. Journal of Composite Materials 7, 129–133.

Sierakowski, R.L., Chaturvedi, S.K., 1997. Dynamic Loading
and Characterization of Fiber-reinforced Composites. John
Wiley and Sons Inc., New York, 15–99.

Werner, S.M., Dharan, C.K.H., 1986. The dynamic response of
graphite fiber-epoxy laminates at high shear strain rates.
Journal of Composite Materials 20, 365–374.


	Interlaminar shear properties of polymer matrix composites: Strain rate effect
	Introduction
	Theory
	Experimental
	Torsional split Hopkinson bar apparatus
	Specimen
	Testing method
	Data processing

	Results and discussion
	Conclusions
	Acknowledgement
	References


