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Introduction

Polymer matrix composites have been used widely in day 
to day and high technology applications over the last five 
decades. The overall mechanical behavior of composites is 
governed by the reinforcing material along with the poly-
mer matrix. Mechanical properties of a variety of poly-
mer matrix composites under quasi-static loading are well 
documented [1]. But, any engineering material or structure 
would undergo a different loading conditions in its service 
life. The forces exerted on a structure by loading conditions 
like impact with foreign objects, projectile impacts, shock 
waves and blast loading are considerably different com-
pared to loading conditions like self-weight or supporting 
a static weight. The response of polymer matrix compos-
ite materials when subjected to dynamic loading is usu-
ally different than subjected to a quasi-static loading [2–5]. 
To effectively use polymer matrix composites in dynamic 
applications, its property at range of strain rates is needed. 
Considering the importance of this discipline, research-
ers have extensively explored the effect of loading rate 
`on materials. A review of studies on the high strain rate 
mechanics of polymers is recently presented [6].

Typical studies on the dynamic properties of composites 
under compressive and tensile loading conditions at dif-
ferent strain rates are available in literature. These studies 
are summarized by Sierakowski [2], Al-Hassani and Kad-
dour [3], Hamouda and Hashmi [4] and Jacob et  al. [5]. 
More recently, Saba et al. [7] presented a review paper on 
dynamic mechanical properties of natural fiber reinforced 
polymer composites.

However, comprehensive study on the behavior of fiber 
reinforced composites under high strain rate shear load-
ing is not available. There are many situations where high 
strain rate shear loading is acting on composite structures. 

Abstract A critical review of behavior of polymer 
matrix composites under high strain rate shear loading is 
presented. A brief review of experimental methods used 
to investigate the dynamic shear properties of composites 
are included. Experimental results obtained by various 
researchers for high strain rate shear properties of polymer 
matrix composites are discussed and compared for both 
unidirectional and woven fabric composites. The effect 
of strain rate on the in-plane and interlaminar shear prop-
erties is summarized by giving a property change factor, 
the ratio of the value at high strain rate compared with the 
value at quasi-static loading. Possible damage mechanisms 
and modes are also discussed. For unidirectional compos-
ites the property change factor for in-plane shear strength 
and shear modulus ranges between 1.26 and 1.82 and 
0.39–1.25 respectively and for interlaminar shear strength 
and modulus ranges between 0.71 and 1.47 and 0.87–0.98 
respectively. On the other hand, for woven fabric compos-
ites the property change factor for in-plane shear strength 
and shear modulus ranges between 0.79 and 1.75 and 
0.12–1.75 respectively and for interlaminar shear strength 
and modulus ranges between 1.55 and 1.70 and 1.24–1.33 
respectively.

Keywords High strain rate shear loading · In-plane 
shear · Interlaminar shear · Strain rate effect · Polymer 
matrix composite

 * Addis Kidane 
 Kidanea@cec.sc.edu

1 Aerospace Engineering Department, Indian Institute 
of Technology Bombay, Powai, Mumbai 400 076, India

2 Department of Mechanical Engineering, University of South 
Carolina, 300 Main Street, Columbia, SC 29208, USA

http://orcid.org/0000-0003-0830-0158
http://crossmark.crossref.org/dialog/?doi=10.1007/s40870-017-0098-2&domain=pdf


 J. dynamic behavior mater.

1 3

Aircraft external panels, composite shafts, friction plates 
and machining processes are few such examples where high 
strain rate shear loading is unavoidable. For the analysis of 
such cases, properties under high strain rate shear loading 
are essential.

The objective of the present review article is to critically 
analyze, summarize and compare the behavior of polymer 
matrix composites under high strain rate shear loading. 
A brief comparison of experimental techniques used for 
assessing shear properties under high strain rate loading is 
also provided. The review of shear properties of compos-
ites under high strain rate loading is consolidated under the 
classification of in-plane shear (IPS) and interlaminar shear 
(ILS) for both unidirectional (UD) and woven fabric (WF) 
composites.

High Strain Rate Testing of Materials

When a specimen/structure is subjected to high strain rate 
loading, the stresses are set in at the location of loading. 
But the stresses are not immediately transmitted through-
out the specimen. During high strain rate testing, only part 
of the specimen up to which the stress pulse has reached 
experiences the applied load. The stress (and its associated 
deformation or strain) pulse propagates in the specimen in 
the form of waves at specific velocities. The wave gener-
ated have identical properties and depends on the target 
material properties. There are different types of waves that 
can propagate in the specimen based on the type of loading 
and wave propagation direction. The most common types 
of stress waves in structures are given [8]. The material 
subjected to high strain rate loading undergoes a rapid or 
short time deformation. It means that the time required to 
reach the specified strain is very small. The properties of 
materials at high strain rate are usually different compared 
to the properties at quasi-static strain rate.

The idea of testing materials under high strain rate load-
ing was first brought out by J. Hopkinson in 1872 [9, 10]. 
Later the method is used by B. Hopkinson [11, 12] and 
in 1949 by Kolsky [13]. The historical and chronological 
development of Hopkinson pressure bar can be obtained 
from recent paper by Walley and Eakins [14] and review 
paper by Gama et al. [15]. This technique, is known today 
as Split Hopkinson Pressure Bar (SHPB) technique or Kol-
sky bar technique, has become a widely used experimental 
technique to characterize materials at range of strain rates. 
Later, in 1960, Harding et al. [16] introduced the technique 
for high strain rate tensile testing. Duffy et al. [17], in 1971, 
modified the technique for high strain rate torsional testing.

Sierakowski and Chaturvedi [18] elaborated numerous 
test methods exist today based on strain rates. A detailed 
study on high strain rate test techniques is given [19]. A 

detailed description about high strain rate compressive and 
tensile test techniques is given [20] and description of high 
strain rate shear test techniques is given [21].

Different test methods such as, compressive, tensile and 
torsional Hopkinson bar, drop-weight test, Izod/Charpy 
impact test, Punch test, Hydraulic/Pneumatic machine test, 
Flyer plate test, and Expanding ring test have been used for 
characterizing composites under dynamic loading condi-
tions [2–5, 18]. These techniques follow different working 
principles and have different working velocity/strain rate 
ranges. SHPB test technique is based on the principle of 
one-dimensional wave propagation in elastic bars and pro-
vides strain rate range up to 5000 per second. Drop weight/
falling weight method is used at intermediate strain rates. 
Charpy and Izod tests are used for determining energy 
absorption, notch sensitivity, fracture toughness and frac-
ture behavior at impact velocity range of 5 × 10−6 to 1  m 
per second. Punch test is used for testing resistance to pene-
tration and/or perforation a punch velocity range of  10−7 to 
10 m per second. The use of hydraulic/pneumatic machines 
is common and convenient for studying strain rate sensi-
tivity, failure modes and dynamic material properties in 
medium strain rate range of 1–50 per second. Flyer plate 
tests are used for studying material properties and failure 
modes at strain rates above  104 per second. Expanding ring 
is suitable for studying material properties at ultra-high 
strain rates.

3 High Strain Rate Testing Techniques 
of Composites Under Shear Loading

Polymer matrix composites are generally orthotropic and 
characterized by nine elastic and nine strength properties. 
For laminated composites, in-plane shear (IPS) properties 
such as, in-plane shear strength (IPSS) and in-plane shear 
modulus and interlaminar shear (ILS) properties such as, 
interlaminar shear strength (ILSS) and interlaminar shear 
modulus need to be evaluated at different strain rates. Vari-
ety of test methods have been employed by researchers to 
characterize dynamic shear properties of materials. Out of 
these methods, SHPB/TSHB technique and drop weight 
impact testing technique are the most widely used tech-
niques to determine shear properties of composites at high 
strain rate.

3.1 Spilt Hopkinson Pressure Bar Apparatus

SHPB apparatus has three variants namely, compressive 
SHPB, tensile SHPB and torsional TSHB. These tech-
niques with respect to their application to the shear test-
ing of composites at high strain rate are briefly discussed 
below.
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Compressive SHPB for Testing Composites Under Shear 
Testing

Schematic arrangement of a typical compressive SHPB 
apparatus indicating the main parts is presented in Fig. 1. 
The main components of compressive SHPB apparatus 
are, striker, incident and transmitter bars and the propelling 
mechanism [15, 20, 22–27]. In compressive SHPB appa-
ratus, specimen is sandwiched between the incident and 
transmitter bars. The stress wave is generated by impact-
ing the incident bar with a projectile, which usually pro-
pelled by a gas driven mechanism. The compressive stress 
wave propagates to the specimen through the incident bar. 
When the wave reaches the specimen, part of the wave will 
transmit through the specimen to the transmitter bar and 
the remaining part will reflect back to the incident bar. The 
strain gages fixed on the incident and transmitter bars, on 
either side of the specimen, will record the strain pulses. 
While the transmitted pulse is proportional to the stress 
in the specimen, the reflected pulse is proportional to the 
strain rate and strain [25].

Compressive SHPB apparatus has been used for the 
determination of shear properties of composites at high 
strain rate. Werner and Dharan [28] were one of the early 
researchers to use compressive SHPB for shear testing of 
composites. They investigated the interlaminar and trans-
verse high strain rate shear response of woven graphite-
epoxy laminates using split Hopkinson bar in compression. 
The input and output bar ends were modified to a three-
point loading configuration and the specimens were ori-
ented to generate interlaminar and transverse shear stress.

Typically cylindrical off-axis specimens are used in 
compressive SHPB apparatus for testing of in-plane shear 
properties of composites [29, 30]. Specimens are cut at an 
angle with respect to major fiber axis and the magnitude of 
this angle decides the contribution of shear to the failure 

of the specimen. Schematic arrangement of laminate con-
figuration and specimen orientation of compressive off-axis 
specimen is presented in Fig. 2.

On the other hand, double-lap and single-lap speci-
mens are used to determine the interlaminar shear strength 
of composites [31, 32]. Schematic arrangement of sin-
gle lap and double-lap specimens are shown in Fig.  3. 
Typical dimensions for a single-lap specimen are: thick-
ness (t2) = 5  mm, total thickness (t) = 10  mm, gage-length 
(Ls) = 27.5  mm and width (w) = 20  mm. Overall length, 
width and thickness of specimen are about 51.5, 20 and 
10 mm, respectively [33].

There are many challenges on using compressive SHPB 
for determining shear properties of composites For exam-
ple, maintaining a uniform and pure shear stress in the 
specimen is difficult. The major advantage of single-lap 
specimens compared with double-lap specimens is the 
interlaminar plane in a single-lap specimen coincides with 
the axis of the loading. Hence, the normal stress in the 
shear failure plane is very low and the shear stress along 
the shear failure plane is almost constant [32].

Tensile SHPB for Testing Composites Under Shear 
Loading

•	 The main parts of the apparatus, basic working princi-
ple and lay out of tensile SHPB is similar to the com-
pressive SHPB [15, 20, 22, 23, 33]. However, in ten-
sile SHPB apparatus, the impact load is applied on the 
incident bar in such a way to create a tensile load in the 
specimen. Schematic arrangement of a typical tensile 
SHPB apparatus indicating the main parts is presented 
in Fig. 4.

•	 Tensile SHPB apparatus can be used to determine the 
shear properties of composites. Depending on the geom-
etry of the specimen, the tensile stress pulse developed 

Fig. 1  Schematic representa-
tion of compressive spilt Hop-
kinson pressure bar apparatus
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from the striker bar creates a shear load on the com-
posite specimen. Off-axis specimen, and single-lap and 
double-lap specimens are used to determine the in-plane 
and interlaminar shear properties, respectively. Sche-
matic representation of an off-axis specimen along with 
loading conditions are shown in Fig. 5. As in the case of 
compressive SHPB apparatus, the friction between the 
specimen and the bars, radial inertia effect and geomet-
ric dispersion should also be taken into consideration in 
the case of tensile SHPB apparatus. Bouette et al. [31] 
were one of the early researchers to use tensile SHPB 
for shear testing of composites.

Torsional Split Hopkinson Bar Apparatus

Baker and Yew [34] were the first researchers to study high 
strain rate shear behavior of materials. They designed and 
developed a torsional impact machine. It contained two 
tubular bars supported horizontally by two central stands 
on a lathe bed. One end of the long steel tube was firmly 
clamped in the chuck of the lathe; the middle portion was 
clamped by a specially arranged clamp mechanism. The 
torsional strain energy was stored in the loading bar by 
turning the lathe head through an angle and was locked at 
that position with the back gear of the lathe. A torsional 

strain pulse was generated by sudden release of the pre-
twisted loading bar. However, the dynamic shear load pro-
duced is limited to very low shear strain rates. Duffy et al. 
in 1971 [17] applied the concept of one dimensional wave 
theory for shear wave propagation and modified the Kolsky 
split bar [13] to design and develop TSHB.

Schematic arrangement of a typical TSHB apparatus 
indicating the main parts is presented in Fig. 6. The main 
components of the apparatus are incident bar, transmit-
ter bar, torque pulley, and torque release mechanism [21, 
35–42]. In TSHB apparatus, a thin-wall tubular specimen is 
sandwiched between the incident and the transmitter bars. 
The torsional stress pulse is generated by either explosive 
loading technique or by stored torque technique. The torque 
produced is stored in the incident bar and subsequently 
released with the help of torque releasing mechanism. The 
sudden release of the torque produces a sharp-fronted stress 
pulse in the incident bar. The torsional stress wave propa-
gates to the specimen through the incident bar. When the 
wave reaches the specimen, part of the wave will transmit 
to the transmitter bar via the specimen and the remaining 
part of the wave will reflect back to the incident bar. The 
strain gages fixed on the incident and transmitter bars on 
either side of the specimen will record the strain pulses. 
While the transmitted pulse is proportional to the shear 
stress in the specimen, the reflected pulse is proportional to 
the shear strain rate and shear strain [41].

Fig. 2  Off-axis specimen 
for in-plane shear testing of 
composites using compression 
SHPB: a schematic arrangement 
of laminate and specimen, b 
photograph of specimen bonded 
on to SHPB bars
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Fig. 3  Single-lap and double-
lap specimen for interlaminar 
shear testing of composites 
using compression SHPB: 
a schematic arrangement of 
double-lap specimen, b sche-
matic arrangement of single-lap 
specimen and c photograph of 
specimen mounted on SHPB 
bars

Fig. 4  Schematic representa-
tion of tensile spilt Hopkinson 
pressure bar apparatus
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The problem of inertia effect and friction effect present 
in compressive and tensile SHPB testing is minimal in tor-
sional testing of thin-wall tubular specimens. Furthermore, 
there is no geometric dispersion when a torsional pulse 
travels along an elastic bar. This is because when torsional 
pulse travels along an elastic bar, all frequency components 
have the same velocity. Because of this property, the pulse 
initiated in TSHB remains unchanged until it reaches the 
specimen irrespective of the bar length. This enables to 
locate the strain gages anywhere on the bars without affect-
ing the pulse property.

Explosively Loaded Torsional Split Hopkinson Bar In this 
case the torsional pulse is generated by detonating explosive 
charges [17, 36]. Torsional pulse is imparted to the incident 
bar by a detonation of explosive charges at the loading end.

Duffy et al. in 1971 [17] used two short striker bars at 
the loading end of the incident bar. Each striker bar has the 
layer of explosive placed at the end, and these two layers 
were connected to each other by a fine explosive leader. 
Detonation takes place at the center of the leader. The deto-
nation of the explosives results in an instantaneous appli-
cation of the torque to the incident bar. Such a loading 
arrangement can lead to generation of torsional as well as 
compressive waves in the incident bar.

Frantz and Duffy [36] used a modified version of the 
explosively loaded TSHB apparatus presented by Duffy 
et al. [17]. The main objective of the modification was to 
avoid compressive pluses. In their study, the explosively 
generated pulse was made to pass through two pulse 
smoothers placed on the incident bar ahead the strain gage 
mounted on incident bar. The first pulse smoother reduced 
the magnitude of compressive loading. Such an arrange-
ment facilitated to avoid loading the bars by compressive 
pulses. The second pulse smoother was used to shape the 
torsional pulse by attenuating high frequency components.

Stored Toque Torsional Split Hopkinson Bar In stored 
torque TSHB, the torsional pulse is generated by releasing 
a pre-twisted bar [37–42]. In this technique, the design of 
release mechanism is crucial for good results. The release 
mechanism must be able to hold the bar without slipping 
and release the bar rapidly enough to produce a short rise 
time stress pulse traveling towards the specimen. Different 
designs of stored torque release mechanism have been used 
in the past by researchers in the field.

Fig. 5  Off-axis specimen for in-plane shear testing of composites 
using tension SHPB: a schematic arrangement of laminate and speci-
men, b photograph of specimen mounted on SHPB bars

Fig. 6  Schematic representa-
tion of torsional spilt Hopkinson 
bar apparatus
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Lewis and Campbell [37] developed an adhesively 
bonded torque release mechanism. The mechanism con-
sisted of a tapered flange that was an integral part of the 
incident bar and located at the center of the incident bar. 
The tapered flange was fixed with epoxy adhesive to a fixed 
holding ring. A torsional wave was generated by breaking 
the adhesive joint.

The torque storing mechanism proposed by Lewis and 
Campbell [37] could produce constant amplitude torsional 
wave. However, the amount of torque stored was limited by 
the strength of the epoxy adhesive. Hartley et al. [38] sum-
marized different types of stored torque TSHB testing tech-
niques. The concept of breaking the notched bolt was found 
to be an effective way of releasing the stored torque. How-
ever, the bending of the bar during clamping is considered 
as a main drawback in this technique. Design of Gilat and 
Cheng [39] rectified the limitation of the design described 
by Hartley et al. [38]. They used floating C-clamp mecha-
nism to reduce bending. However the mechanism was com-
plex and needed strong springs to support the load. Naik 
et  al. [41] further improved the clamping and releasing 
mechanism, breaking notched bolt. They designed jaws 
which were held together at the top by a notched clamp-
ing bolt and clamped by two linear actuators position at 
the lower portion of both the jaws. The linear actuators 
can freely float on a roller beds, which helps the actuator 
to clamp the jaw without bending the bar. A schematic dia-
gram and photograph of the clamp mechanism are shown 
in Fig. 7.

Usually thin-wall tubular specimens are used on TSHB 
apparatus for shear characterization of materials like res-
ins/metals and composite materials [17, 37–42]. The 
accuracy of the experiment depends on wall thickness 
and gauge length of the specimen. In torsional Hokinson 
bar technique, the stress on the specimen is inversely pro-
portional to the wall thickness and the strain on the speci-
men is directly proportional to the gage length. The gauge 
length determines the time required to achieve an equilib-
rium state in the specimen. In the short gage length speci-
men, a homogeneous state of strain is achieved after a few 
reflections of the stress pulse. If the gage length is large, 
the homogeneity state of strain is questionable. Further-
more, the stress on the specimen obtained from a torsional 
Hopkinson bar is a resultant shear stress based on far field 
measurement and by assuming uniform stress across the 
thickness. The assumption is valid only if the wall thick-
ness is small. The assessment of the application of thin-
wall tube specimen representing the bulk properties in 
metal can be obtained [43].

Schematic arrangement of laminate and thin-wall tubu-
lar specimen is shown in Fig.  8. It can be noted that the 
axis of the specimen is along the thickness direction of 
the laminate. Depending on the type of the material under 

testing, the thin-wall tubular specimen can have flat or hex-
agonal end. Flat end thin-wall tubular specimens are used 
for materials which can be bonded on to the ends of elas-
tic bars with suitable adhesives [17]. Hexagonal end thin-
wall tubular specimens are used for materials which require 
end fittings to mount on to the elastic bars of TSHB [42]. 
Machining a hexagonal end specimen out of a composite 
materials is very difficult. In addition, since the interlami-
nar shear properties of composites is comparatively in the 
order of the property of the polymer matrix, flat end speci-
men with suitable adhesives is practical for testing ILSS 
properties of composites.

Typically, thin walled tubular specimens with wall thick-
ness (tS) of 3 mm and gauge length (LS) of 3 mm are used. 
Other dimensions of specimen are inside radius of the 
gage section ri = 5 mm, outside radius of the gage section 
ro = 8 mm and the outside radius of the flange R = 11 mm. 
The overall length of the specimen (L) is around 9  mm 
and radius of edge, r is 0.5 mm [41]. Different researchers 

Fig. 7  Torque release mechanism in stored toque TSHB: a photo-
graph, b schematic arrangement [42]
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have used slightly different gage lengths. The gauge length 
used in Gowtham et al. [44] is in between the gauge length 
used by Leber and Lifshitz [45] and Dai et  al. [46]. The 
specimens with wall thickness of 1 and 2  mm and gauge 
length in the range of 2.5–3.5 mm were also investigated be 
Gowtham et al. [44]. 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 specimen during 
machining when specimen wall thickness is less. The effect 
of thermal stresses generated during machining of speci-
mens can also be significant when specimen wall thickness 
is too small.

Controlling Shear Strain Rate During TSHB Testing The 
shear strain rate in the specimen is given by Eq. (1) [35],

The shear strain rate depends on the diameter of the inci-
dent and transmitter bars (Ds), the shear wave velocity in 
the bar (C), the mean diameter (D) and gauge length (Ls) 
of the thin-wall tubular specimen and amplitude of the 
reflected wave pulse γR(t).

On a specific TSHB apparatus, in order to achieve a 
higher strain rates, either large specimen diameter, short 
specimen gauge length or large amplitude incident pulses is 
needed. Note, the governing equation for the TSHB appara-
tus is based on the assumption that the plastic deformation 
is confined into the thin wall portion of the tube, i.e., the 
gauge length of the specimen and does not extend into the 
collars of the specimen. It is also based on the assumption 
that the deformation is uniform along the gauge length. For 
a specimen with very short gauge length, these assump-
tions may not be valid. For a specimen with very large 
gauge length, as the specimen is no longer compact, i.e., 
having a larger aspect ratio, stress uniformity along the axis 
cannot be granted. Further, local buckling of the specimen 
is also possible.

As stated above, another possibility for increasing the 
strain rate in the specimen is increasing the mean diame-
ter of the tubular specimen. The maximum diameter of the 
collar of the specimen can be equal to the diameter of the 
bars. Considering the geometrical constraints and the bond 
strength required between the specimen and the bars, the 
mean diameter of the tubular specimen at gauge length can 
be determined.

The possibility of controlling strain rate by varying the 
gauge length and mean diameter of the specimen is mar-
ginal. The best way to control the shear strain rate is by 
governing the amount of torque applied on to the incident 
bar. As it can be seen from Eq. (1), the strain rate is directly 
proportional to the amplitude of reflected pulse. It may be 
noted that the amplitude of reflected pulse is related to the 
amplitude of incident pulse, which in turn, is related to the 
amount of torque applied on to the incident bar. By varying 
the torque applied on to the incident bar, the amplitude of 
reflected pulse, and hence the shear strain rate on the speci-
men can be controlled. The amplitude of the incident pulse 
is limited by the yield strength of the incident bar or by the 
amount of torque that can be generated by the particular 
experimental apparatus. Note, at lower strain rates, more 
time is required to achieve large strain on the specimen. In 
other words, higher strains can be obtained by increasing 

(1)
∙

Γ
s

(t) =
2CD

s

L
s
D

�
R
(t).

Fig. 8  Thin-walled tubular specimen with flat ends for TSHB test-
ing: a, b schematic arrangement, c photograph of specimen bonded 
to TSHB bars
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the duration of the pulse. The procedure for controlling the 
duration of the pulse is given next.

Controlling Pulse Duration During TSHB Testing The 
pulse duration is directly proportional to the distance 
between the position of the lamp and the torque pulley. It 
is the time required for the pulse to travel twice the dis-
tance between the clamp and the torque pulley in the inci-
dent bar as given by Eq. (2) [35].

The duration of the pulse can be given as,

where, t is the pulse duration, L1 is the distance 
between the torque pulley and the clamp and C is tor-
sional wave velocity in the incident bar.

Note, the distance between the clamp and the torque 
pulley, should be less than the distance between the strain 
gauges and the specimen. This avoids the overlapping of 
incident and reflected pulses.

Drop Weight and Hydraulic Impact Testing Technique 
for Testing Composites Under Shear Loading

Drop weight impact testing technique has been used for 
determining dynamic shear properties of composites [47, 
48]. The main parts of the apparatus are cross-head, guid-
ing rails, height adjuster, striker, latch mechanism, annular 
support and height adjuster. In this technique the specimen 
is supported near the lower end of the drop weight appara-
tus on an annular support. The falling weight has a striker 
bar with loading tip which hits the specimen at the center. 
Weight of the falling platform which hosts the striker 
bar provides the impact energy. The force history during 
testing is obtained using the strain gages mounted on the 
striker bar or directly on the specimen. Schematic arrange-
ment of a typical instrumented drop weight impact test 
apparatus indicating the main parts is presented in Fig. 9.

Depending on the specimen design, this technique can 
be used to evaluate ILS or IPS properties of composites. 
Unfortunately other stress modes are unavoidable with 
this technique. For example in the case of off-axis speci-
men, compressive stress will be presented in addition to 
the in-plane shear stress. In the case of interlaminar shear 
test, there will be an additional bending stress in addi-
tion to the interlaminar shear stress. Sayers and Harris 
[47] were one of the first researchers to use drop weight 
impact testing technique to evaluate shear properties of 
composites. Recently a hydraulic crash machine is pro-
posed to study the dynamic response of polymer-matrix 
composites [49]. With proper specimen design, the pro-
posed method could be used to study the dynamic shear 
properties of composites.

(2)t =
2L

1

C

Summary of high Strain Rate Shear Testing Techniques

Compressive and tensile SHPB apparatus can be used for 
finding shear behavior of composites with appropriate 
specimen configuration. Generally, ±45° off-axis speci-
mens are widely used to determine the in-plane shear 
properties of composites using compressive and ten-
sile SHPB [50]. The angle of offset has been an issue of 
debate for a long time. The focus is on getting maximum 
possible contribution of shear stress for failure of the 
specimen. Single-lap and double-lap specimens are used 
for ILS characterization of composites in compressive or 
tensile SHPB. The major advantage of single-lap speci-
men compared to double-lap specimen is that the central 
interlaminar plane in single-lap specimen is on the axis 
of the externally applied load. This results in a relatively 
uniform loading on the failure plane in the case of single-
lap specimens.

Most of the limitations stated above can be avoided by 
using TSHB for shear characterization of materials. Explo-
sively loaded TSHB is a good technique for generating tor-
sional pulse with rise time of 10 micro second. However 
the attainable strain rate is limited and the noise from the 
explosion creates high frequency components which may 
affect uniformity of strain rate on the specimen. The stored 
torque TSHB apparatus has some advantages compared to 
the explosive technique for determining the dynamic shear 
properties of composite materials. Primarily, large pulse 
duration and hence large strain rate can be achieved with 
stored torque TSHB. There is no wave dispersion in shear 
wave transmission and strain gages can be position at any 

Fig. 9  Schematic arrangement of drop weight impact test apparatus
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location in the bar. However manufacturing of thin-wall 
tubular specimens from laminated composites is difficult.

The following are the advantages of thin-wall tabular 
specimens [45].

•	 Uniform pure shear state of stress in the specimen (the 
wall thickens is very small).

•	 Constant shear strain rate.
•	 Interlaminar peeling stress absent.
•	 Direct measurement of shear strain on the specimen 

possible.

As explained earlier, uniform pure shear state of stress is 
generated in the gage length of the specimen during TSHB 
testing of thin-wall tubular specimens, if the specimen wall 
is thin enough. Generally, the fracture takes place at the 
mid-section of the gage length as indicated in Fig. 10. The 
mid-section of the specimen at which fracture takes place is 
referred to as fracture plane.

Dynamic Shear Properties of Composites

4.1 In‑plane Shear (IPS) Properties

Initial studies on IPS characterization of composites using 
off-axis specimen were started under quasi-static loading 

conditions. Chamis and Sinclair [51] evaluated IPS prop-
erties of UD composites using 10° off-axis specimens. 
Pindera and Herakovich [52] suggested that 45° off-axis 
specimens are better for the determination of IPS modu-
lus. Shokrieh and Omidi [53] used ±45° specimens for 
IPS characterization of symmetric and balanced UD glass/
epoxy composites. Ganesh and Naik [50] analyzed shear 
stress contribution towards failure using Tsai-Hill failure 
criterion in ±45° WF composites.

Unidirectional (UD) Composites

Shokrieh and Omidi [53] carried out experimental studies 
with the help of servo-hydraulic testing apparatus for IPS 
characterization of UD glass fiber reinforced composites. 
±45° laminates were used in their study. The result con-
firmed that the shear properties of the UD composite tested 
is sensitive to strain rate. Under dynamic loading, the shear 
strength increase with increase in strain rate but the shear 
modulus decrease as the strain rate increases.

Daniel et  al. [54] evaluated shear properties of UD 
graphite/epoxy composites with the help of explosively 
generated loading pulse. Thin ring specimens of 6–8  ply 
thickness with 10.16 cm outer diameter and 5.08 cm inner 
diameter were used. The 10° off-axis configuration speci-
mens were loaded by an internal pressure pulse produced 
by detonating an explosive charge in the liquid filled 

Fig. 10  Thin-walled tubular 
specimen with flat ends indicat-
ing fracture plane. a Schematic 
arrangement, b cross-sectional 
view, c photograph of a failed 
specimen indicating the fracture 
plane
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cylinders. In their study a 30% increase in IPS strength and 
modulus values is reported as compared to the correspond-
ing quasi-static values.

Barre et  al. [55] studied the strain rate effect on IPS 
modulus of E-glass and phenolic resin composites using 
drop weight apparatus. Composites materials with eight 
plies were produced with resin transfer molding process. 
They carried out high strain rate tensile tests using 15° and 
±45° off-axis specimens. They observed a slight increase in 
IPSS with strain rate.

Hsiao and Daniel [56] investigated the compressive and 
in-plane shear behavior of UD carbon/epoxy composites. 
They used a drop tower with impactor of mass 4.66  kg 
and falling from a height of 2.44 m. 30° and 45° off-axis 
specimens were used in their studies. The validity of using 
off-axis tests for shear characterization was first carried out 
using quasi-static compression tests. They observed that 
shear stress–shear strain behavior was highly non-linear. 
About 80% increase in failure stress level was observed 
at dynamic loading compared to that at quasi-static load-
ing. The yield stress also increased with increase in strain 
rate. Further, they observed that initial shear modulus is 
increased by 18% at high strain rate loading compared to 
that at quasi-static loading.

Hsaio et al. [29] evaluated IPS behavior of UD carbon/
epoxy laminates using off-axis specimens on compressive 
SHPB. 15°, 30°, 45° and 60° off-axis specimens were used 
to study the in-plane shear stress–shear strain behavior. 
They observed that for 15° and 60° off-axis specimens, the 
transverse component of the stress was predominant at fail-
ure. Hence they used 30° and 45° off-axis specimens for the 
investigation of strain rate effect on IPS. With both types 
of specimens, modulus and strength values increase at high 
strain rate compared to that at quasi-static strain rate, but no 
significant change in ultimate strain was observed. In addi-
tion, they reported a higher IPS strength for 45° off-axis 
specimens compared with 30° specimen.

Using digital image correlation and off-axis specimen 
under compressive loading, Koerber et al. [57] investigated 
the effect of loading rate on the in-plane shear properties 
of UD carbon/epoxy. In their study, the IPS strength and 
IPS modulus at dynamic loading are increased by 42 and 
25% respectively compared with quasi-static loading. Their 
observation agrees well with the results by Hsaio et al. [29], 
though the value is a little bit lower. Note, the maximum 
strain rate used by Koerber et  al. [57] is 350/s compared 
with 1200/s used by Hsaio et al. [29].

Ishiguro et  al. [58] investigated strain rate effect on of 
the shear strength of carbon reinforced polymer compos-
ites using Universal Testing Machine (UTM) and double 
notched specimens. Their specimen was specially designed 
to suppress bending effects. The dynamic experiments are 
conducted in a UTM at cross-head rate range of 0.005 to 

5 mm per minute. Shear strength was calculated by dividing 
the load at failure by the area under shear. They reported 
a slight increase in shear strength with increase in strain 
rate. Salvi et  al. [59] studied the strain-rate effect on UD 
carbon-fiber composites. They used Iosipescu shear test at 
an actuator velocity of 50.8 mm per second. They also used 
drop weight test for shear testing under intermediate strain 
rates. They observed slight increase in both shear modulus 
and shear strength, in both 0° and 90° UD specimens, with 
increase in strain rate.

Papadakis et al. [30, 60] studied in-plane shear proper-
ties of UD glass/epoxy composites. They used Instron 4050 
UTM instrumented with a 100 kN load cell. They applied 
uniaxial tensile load on 45° specimens under three differ-
ent loading rates. The loading rates were varied with cross-
head displacement of 5, 50 and 500 mm per minute. They 
found that the shear modulus is decreased with increase in 
strain rate. They also found that the failure strain was insen-
sitive to the strain rate but the failure stress was slightly 
increased with strain rate.

Tsai and Sun [61] used compressive SHPB apparatus 
for evaluating IPS strength of UD S2/8552 glass/epoxy 
specimens. They observed that, for specimens with off-axis 
angles less than 10°, fiber micro-buckling, and for off-axis 
angle between 15° and 45°, in-plane shearing was the major 
failure modes respectively. They observed that, if off-axis 
angle was greater than 45°, out of plane shear failure would 
take place. Their experimental results showed that the shear 
strength is increased as the strain rate is increased. On the 
other hand, the shear failure strain is decreased as the load-
ing rate is increased.

Raju and Dandayudhapani [62] performed experimen-
tal studies using a V-notch rail servo hydraulic machine 
to evaluate IPS behavior of carbon/epoxy and glass/epoxy 
composites. The testing was conducted at nominal stroke 
rates ranging between 2.5 × 10−5 to 2.54 m per second. The 
shear strength exhibited an increasing trend with increas-
ing stroke rate. At the highest stroke rate, they reported, the 
shear strength is increased by a factor of two relative to that 
of the quasi-static rate. The same trend was observed for 
both carbon/epoxy and glass/epoxy composites.

Figure  11a, b gives comparison of shear strain rate 
versus in-plane shear strength plots from different stud-
ies. Figure 11a represents the trend of IPS for low strain 
rate from three different studies on E-glass/epoxy com-
posites. Barre et al. [55] used drop weight technique with 
15° off-axis specimens and reported the lowest value of 
dynamic IPS strength among the compared studies. The 
low value of IPS strength can be attributed to the drop 
weight technique employed, which fails to generate pure 
in-plane shear loading in the case of 15° of axis speci-
mens. Shokrieh and Omidi [53] used servo-hydraulic 
testing apparatus with ±45° specimens. This technique 



 J. dynamic behavior mater.

1 3

would induce bending stresses which could contribute to 
failure at lower shear stress. Hence this technique also 
would give lower IPSS. However, it can be observed 
that IPS strength obtained using servo-hydraulic testing 
apparatus [53] is higher than the value obtained using 
drop weight technique [55]. This can be attributed to 
the specimen configuration used. Generally, ±45° speci-
mens give higher IPS strength compared to 15° off-axis 
specimens. Tsai and Sun [61] used SHPB apparatus 
with ±45° specimens. It can be noted that this technique 
gives higher IPS strength than the other two techniques, 

namely, drop weight technique and servo-hydraulic test-
ing technique.

Figure  11b represents the trend of IPS for moderate 
to high shear strain rate from three different studies. Tsai 
and Sun [61] and Shokrieh and Omidi [53] used glass/
epoxy whereas Hsaio et al. [29] used carbon/epoxy lami-
nates. It can be observed that carbon/epoxy laminates 
give higher IPS strength compared to glass/epoxy lami-
nates at high strain rate shear loading with all the other 
conditions remain the same.

Comparison of IPS properties of UD carbon/epoxy 30° 
and 45° off-axis specimens from studies by Hsiao and 
Daniel [56] is presented in Table 1. It is evident from the 
table that for the same material and testing technique, 45° 
off-axis specimens gave higher IPS strength compared to 
that for 30° off-axis specimens.

Variation of in-plane shear modulus with cross-head 
speed from different studies is presented in Fig. 12. Salvi 
et al. [59] used Iosipescu specimens made of UD carbon-
fiber. Their study shows only marginal increase in IPS 
modulus at high strain rate compared with quasi-static 
loading, for both 0° and 90° specimens. On the other 
hand, using UD glass/epoxy tensile specimen, Papada-
kis et al. [30, 60] reported IPS modulus decreases at high 
strain rate loading compared with quasit static.

Figure  13 gives variation of IPSS with cross-head 
speed plots from two different studies. Raju and Danday-
udhapani [62] used hydraulic machine with V-notch car-
bon/epoxy and glass/epoxy specimens. Both the materi-
als had  [0]12 stacking sequence and cured at 135 °C in an 
autoclave. The variation of dynamic IPSS with the cross-
head speed for both the materials is almost the same. 
Papadakis et al. [30, 60] used UD glass/epoxy specimen 
and the tests were conducted on UTM. The laminate had 
[±45]2S stacking sequence. They reported lower dynamic 

Fig. 11  Comparison of shear strain rate versus inplane shear strength 
plots for UD composites from different authors: a at low strain rate, b 
at moderate/high strain rate

Table 1  In-plane shear strength of UD carbon/epoxy composites by 
Hsiao and Daniel [29]

Specimen configuration In-plane shear strength,  S12 (MPa)

Quasi-static Intermediate 
(0.1 per sec)

High 
(300 per 
sec)

30° off-axis 110 135 175
45° off-axis 110 150 198 Fig. 12  Comparison of cross-head speed versus inplane shear modu-

lus plots for UD composites from different authors
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IPSS compared to that reported by Raju and Dandayud-
hapani [62] for the same material.

Summary of the results presented by Ishiguro et al. [58] 
is presented in Table  2. It can be seen that even at lower 
cross-head rates, IPSS is slightly sensitive to the loading 
rate.

Woven Fabric Composites

Chiem and Liu [63] used TSHB apparatus for IPS charac-
terization of woven carbon/epoxy composites. They used 
thin-wall tubular specimens for dynamic shear testing on 
TSHB. They prepared specimens in such a way that the 
yarns were along the axis of the specimen. The experiments 
were conducted in the shear strain rate range of 1000–5500 
per second. The reported shear strain rate seems to be 
higher.

Hou and Ruiz [64] studied IPS properties of woven 
carbon fiber reinforced plastic laminates. They used ten-
sile SHPB apparatus for high strain rate in-plane shear 
characterization. They also used quasi-static screw-driven 
machine and hydraulic machine for low and intermediate 
strain rate tests, respectively. Difficulties present in testing 
of 90° specimens compared to ±45° specimens were dis-
cussed. For IPS characterization, they used ±45° specimens 
of carbon fiber reinforced plastic laminates. They observed 
that both IPS strength and IPS modules were strain rate 
dependent. About 75% increase in IPS strength and 48% 
increase in IPS modulus was observed compared to quasi-
static results.

Okoli and Smith [65] studied the shear behavior of 
woven glass/epoxy composites. They used UTM with 
cross-head speed in the range of 0.0083 to 0.83 mm per 
second. Tests were performed on Iosipescu specimens 
(ASTM D 5379-93). From the tests, they observed that 
shear modulus is increased by 11% and shear strength is 
increased by 7% with increasing strain rate.

Brown et al. [66] performed experiments to determine 
high strain rate mechanical properties of commingled 
E-glass/polypropylene composites. They used ±45° spec-
imens as described by ASTM standard D3518. The quasi-
static tests were conducted on a UTM. A modified instru-
mented falling weight drop tower was used for high strain 
rate characterization, over a strain rate range of 0.01–100 
per second. They reported a decrease in shear modulus 
and strength with increase in strain rate. The result is 
contrary to the work by Gowtham et  al. [67], where the 
in-plane shear strength is observed to be increases with 
increase in strain rate.

Variation of IPS strength with shear strain rate plots 
for WF composites from different studies is presented in 
Fig. 14a–c. Figure 14a represents trend of IPS strength at 
high strain rate for WF composites. Chiem and Liu [63] 
carried out experiments on carbon/epoxy thin-wall tubu-
lar specimens using TSHB apparatus. The study indicates 
that IPS strength increase with increase in shear strain 
rate.

Figure 14b represents the trend of IPS strength for mod-
erate strain rate from two different studies. Hou and Ruiz 
[64] used tensile SHPB apparatus with ±45° carbon/epoxy 
specimens. Brown et  al. [66] used drop weight apparatus 
with ±45° E-glass/epoxy specimens. They reported lower 
IPS strength compared to that reported by Hou and Ruiz 
[64] in the same strain rate range. This may be attributed 
to the fact that E-glass/epoxy composite is known to have 
lower IPS strength compared to carbon/epoxy composite. 
Further Brown et  al. [66] used drop weight apparatus for 
their studies. In drop weight technique, stress modes other 
than the in-plane shear are present in the specimen during 
failure.

Figure 14c represents the trend of IPS strength for low 
strain rate from two different studies. Hou and Ruiz [64] 
used SHPB apparatus with ±45° off-axis carbon/epoxy 
specimens. Okoli and Smith [65] used UTM with Iosipescu 
glass/epoxy specimens. Okoli and Smith [65] reported 
a lower dynamic IPS strength compared to that reported 
by Hou and Ruiz [64] in the same strain rate range. The 
lower dynamic IPSS reported by Okoli and Smith [65] can 
be attributed to use of E-glass/epoxy composites which 
is known to have lower IPS strength compared to carbon/
epoxy composites. Further Iosipescu specimens fail prema-
turely compared to thin-wall tubular specimens due to the 
presence of other stress components during IPS failure.

Fig. 13  Comparison of cross-head speed versus inplane shear 
strength plots for UD composites from different authors

Table 2  In-plane shear strength of UD glass/epoxy composites by 
Ishiguro et al. [58]

Cross-head speed (mm/min) 0.001 0.01 0.1 1 10
S12 (MPa) 16.0 16.5 15.8 16.0 17.0
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The studies presented in Fig. 14, except for Brown et al. 
[66], report that the IPS strength is higher in dynamic than 
quasi-static. Further the dynamic IPS strength increase with 
increase in shear strain rate for WF composites. Brown 
et  al. [66], on the other hand, reported a decrease in IPS 
strength with increase in strain rate for WF carbon/epoxy 
composites.

Figure 15 presents comparison of IPS modulus for WF 
composites as a function of strain rate from different stud-
ies. Results from studies by Hou and Ruiz [64] indicate 
that IPS modulus for carbon/epoxy composites does not 
depend upon the shear strain rate, whereas Brown et  al. 

[66] reported a decrease in IPS modulus with increase in 
shear strain rate.

4.2 Interlaminar Shear (ILS) Properties

ILS properties are typical to a laminated composites. This 
is not present in the homogenous materials like resins and 
metals. As stated earlier, ILS characterization of laminated 
composites is usually carried out on TSHB apparatus using 
thin-wall tubular specimens or on SHPB/drop weight appa-
ratus using single or double-lap specimens.

Unidirectional Laminated Composites

Sayers and Harris [47] performed experimental stud-
ies for determining the ILS properties of laminated com-
posites using short beam specimens made of Hyfil carbon 
fiber with HR4C epoxy resin. They used Instron testing 
machine at a rate of 0.1 cm/min for quasi-static loading and 
drop weight test for dynamic loading, both compressive. 
The span of the specimens was 40 mm and span to thick-
ness ratio was 5.25. The results from both UD and cross-
ply composite specimens showed that the ILSS value at 
high strain rate was 70% higher than at quasi-static value. 
They also observed that the failure was not in pure shear 
mode and some amount of bending stress is contributed 
to the failure. Thy further notice that, the bending stress 
is increased as the release height of the drop weight is 
increased. They concluded that this technique provides an 
approximate ILSS of the material.

Bouette et  al. [31] performed experimental studies on 
UD T300/5208 carbon/epoxy composites using tensile 
SHPB apparatus. Experiments were conducted using dou-
ble-lap specimens at three different strain rates: low (0.001 
per second), intermediate (1 per second) and high (1000 
per second). They observed that the strain rate has no effect 
on the ILSS and shear modulus of the specimen. From 

Fig. 14  Comparison of shear strain rate versus inplane shear strength 
plots for WF composites from different authors: a at high strain rate, 
b at moderate strain rate, c at low strain rate

Fig. 15  Comparison of shear strain rate versus inplane shear modu-
lus plots for WF composites from different authors
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scanning electronic microscopic studies on the specimens 
tested, they observed that the fracture surfaces were similar 
for all the strain rates. But more resin debris were observed 
in high strain rate tests.

Dong and Harding [32] used UD carbon/epoxy single-
lap shear specimens on tensile SHPB for measuring ILSS 
at high strain rates. The tests on 0°/0° single-lap carbon/
epoxy UD specimens showed that the ILSS is increased 
from 90 MPa under quasi-static loading to 100 MPa under 
high strain rate loading. For ±45° specimens, the ILSS is 
increased from 44 MPa at quasi-static loading to 67 MPa 
at high strain rate loading. They also carried out studies 
on UD carbon/epoxy using double-lap shear specimens on 
tensile SHPB. For 0°/0° and ±45° double-lap shear speci-
mens, both quasi-static and dynamic ILSS are decreased 
compared to their respective single-lap specimen values. 
They also studied the effect of fiber orientation on ILSS at 
quasi-static and high strain rate loading. They observed that 
the ILSS is significantly higher for 0°/0° specimens than 
for ±45° specimens. However the increase in ILSS due to 
high strain rate is more in the case of ±45° specimens than 
in the case of 0°/0° specimens. This observation was made 
based on both single-lap and double-lap specimens.

Harding and Dong [68] used UD carbon/epoxy double-
lap specimens in their studies. They used three different 
specimen lay-ups: 0°/0°, 0°/90° and ±45°. For all the three 
lay-ups, an increase in ILSS was observed with increase 
in strain rate. For the lay-up 0°/0°, the dynamic ILSS is 
increased by 17% compared to quasi-static test value. For 
the 0°/90° and ±45° lay-ups, the increase was about 30%. 
Large experimental scatter was observed in the case of 
0°/90° and ±45° lay-ups, whereas experimental scatter in 
0°/0° lay-up was less. They further observed that failure 
was initiated at two ends of the interlaminar shear plane at 
the point of stress concentration. They also observed that 
in addition to shear stress, normal stress plays a role in the 
failure of the specimen.

Dai et  al. [69] used TSHB apparatus to characterize 
the shear properties of A350-O aluminum alloy and UD 
carbon/356-O aluminum composite. The study was con-
ducted in the strain rate range of 100 to 1000 per second 
using thin-wall tubular specimens. They found that shear 
strengths of both the materials are nearly the same. Hence, 
they concluded that adding carbon-fiber to the aluminum 
matrix aligned along the torsional loading axis does not 
improve the shear strength of the matrix material.

Hallett et  al. [70] used single-lap specimens for ILS 
characterization of cross-ply carbon/epoxy T300/914 
laminate. The tests were performed using compressive 
SHPB apparatus. They conducted nine tests: two under 
quasi-static loading with strain rate of approximately 
0.0005 per second and seven tests under high strain 
rate loading in the strain rate range from 400 to 800 

per second. A large experimental scatter was observed 
in dynamic shear strength results, varied from 67.5 to 
125 MPa. The mean value of shear strength at high strain 
rate was 88.9  MPa. This shows an increase over quasi-
static shear strength value of 71.5  MPa. The failure 
strain at high strain rate varied from 1.78 to 2.44% with 
mean value of 2.13%. Failure strain at quasi-static shear 
loading was found to be 1.68%. They observed a slight 
decrease in shear modulus from 4.75 GPa at quasi-static 
loading to average value of 4.3 GPa under high strain rate 
loading. Further, they studied damage mechanisms of the 
specimens at high strain rate by the help of high speed 
camera. They found that the damage was much localized 
and the propagation of failure was very rapid at the last 
few micro seconds of the tests.

Comparison of ILSS versus strain rate for UD compos-
ites from different studies is presented in Fig. 16.

Figure 16a represents the trend of ILSS from two dif-
ferent studies using carbon/epoxy specimens with differ-
ent layups. Dong and Harding [32] used 0°/0° and ±45° 
carbon/epoxy specimens on a tensile SHPB apparatus. 
Single-lap specimens for both the layups exhibit higher 

Fig. 16  Comparison of axial strain rate versus interlaminar shear 
strength plots for UD composites from different authors
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quasi-static and dynamic ILSS compared to double-lap 
specimens. They also carried out studies on specimens 
made of carbon/PEEK with 0°/90° layups and observed 
a similar trend. From Fig. 16a, it can be seen that ILSS 
obtained by Bouette et  al. [31] from double-lap speci-
mens is significantly lower than that presented by Dong 
and Harding [32] from single-lap specimens for 0°/0° 
layups. On the other hand, the ILSS presented by both 
Bouette et al. [31] and Dong and Harding [32] using dou-
ble-lap specimens with 0°/0° layup is nearly the same.

Figure 16b presents the trend of ILSS from two differ-
ent studies. Hallett et al. [70] used carbon/epoxy single-lap 
specimens on SHPB apparatus. Harding and Dong [68] 
used carbon/epoxy specimen on SHPB apparatus using 
double-lap specimens. Quasi-static and dynamic ILSS val-
ues presented by Hallett et al. [70] are higher than that pre-
sented by Harding and Dong [68]. Further from the results 
of Harding and Dong [68], it is clear that even for double-
lap specimens, dynamic ILSS for 0°/0° specimens is higher 
compared to ±45° specimens. This observation matches 
very well with the results presented by Dong and Harding 
[32].

Comparing the results of Dong and Harding [32] using 
single-lap specimens and Harding and Dong [68] using 
double-lap specimens, it is evident that ILSS obtained from 
single-lap specimens is 50% higher than that obtained from 
double-lap specimens. Dong and Harding [32] concluded 
that the stress concentration developed in the double-lap 
specimens due to formation of other stresses in addition to 
interlaminar shear stress reduces the ILSS.

Table  3 gives ILSS values for carbon/epoxy mate-
rial from drop weight studies by Sayers and Harris [47]. 
For 0°/0° and 0°/90° specimens, dynamic ILSS value was 
lower than the quasi-static value due to the presence of 
bending stress during failure. On the other hand, all the 
studies presented in Fig. 9 indicated that the dynamic ILSS 
for UD composites is higher than the quasi-static ILSS and 
the dynamic ILSS increases with the increase in strain rate.

Figure 17 presents variation of ILS modulus with strain 
rate for UD composites from different studies. Results 
from studies by Hallett et al. [70] indicate ILS modulus for 
carbon/epoxy composites is nearly constant with varying 

strain rate, while Bouette et al. [31] reported a decrease in 
ILS modulus with increase in strain rate.

Woven Fabric Composites

Werner and Dharan [28] carried out high strain rate inter-
laminar shear tests on woven graphite/epoxy composites. 
They used compressive SHPB apparatus for their studies. 
The specimen orientation enabled authors to evaluate ILS 
properties and transverse shear properties from the same 
tests. Table  4 presents the results of Werner and Dharan 
[28]. In contrary to the general observation by many 
other researchers, the results indicates that the ILSS value 
decreases with strain rate.

Harding and Li [71] investigated the ILSS of plain weave 
carbon/epoxy and glass/epoxy composites using double-lap 
specimens and SHPB apparatus. From the test results it 
was observed that the fracture shear stress of glass/epoxy 
increased by 73% and carbon/epoxy increased by 71% 
compared to quasi-static values. But, the FEA analysis 
showed that, the shear stress distribution was not uniform 
and a large shear and translaminar normal stress concen-
trations at both the ends of the failure plane was observed. 
They also studied the effect of fiber weight fraction on the 
ILSS of materials at quasi-static and dynamic loading. At 
quasi-static loading, carbon/epoxy and glass/epoxy were 
insensitive to fiber weight fraction. Under dynamic loading, 
only glass/epoxy was studied and they observed increase in 
ILSS with increasing fiber weight fraction.

Leber and Lifshitz [45] studied shear properties of 
plain weave glass/epoxy laminates using thin-walltubular 
specimens with three different wall thicknesses: 1, 1.5 and 
2  mm. From quasi-static tests they observed that shear 
stress–shear strain plots are nearly identical for all three 
cases. The dynamic tests were conducted in the strain rate 
range of 300–500 per second. They observed that plain 
weave E-glass/epoxy laminate was highly sensitivity to 

Table 3  Interlaminar shear strength of UD carbon/epoxy composites 
by Sayers and Harris [47]

Loading condition ILSS,  S13 (MPa)

Unidirectional (0°/0°) Cross-
ply 
(0°/90°)

Quasi-static 49.26 34.26
High strain rate 35.16 24.13

Fig. 17  Comparison of axial strain rate versus interlaminar shear 
modulus plots for UD composites from different authors
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strain rate. The fracture stress is increased by 50%, shear 
modulus is increased by 60% and failure strain increased 
by 40% compared to the quasi-static values. By analyzing 
the fractured surfaces, they concluded that the fracture of 
the specimens would take place without a problem of stress 
concentration.

Lifshitz and Leber [72] studied properties of plain weave 
glass/epoxy composites under combined interlaminar ten-
sile–shear loading using tensile SHPB apparatus. In their 
study, a strain gage was placed directly on the specimen 
which provided direct continuous strain/time history of the 
loading pulse. The stress was obtained from the strain gage 
placed on the output bar. They observed that under com-
bined loading, the failure was clearly interlaminar. They 
further found that both strength and modulus are increased 
as the strain rate increased.

Ray [73] studied the effect of high strain rate and tem-
perature on ILSS of E-glass/epoxy composites using an 
INSTRON 1195 tensile testing machine and short beam 
specimen following ASTM D234484. The specimens were 

tested at a range of 0.5–500 mm/minute crosshead speed. 
He observed that ILSS value is lower at higher loading 
rates compared with lower loading rate.

Naik et  al. [41] studied the effect of strain rate on the 
interlaminar shear behavior of plain weave carbon/epoxy 
and plain weave E-glass/epoxy composites in the range of 
496–1000 per second. The shear testing was carried out 
using TSHB apparatus. For both types of specimens, the 
ILSS at high strain rate was enhanced compared to that 
at quasi-static loading. Further, it was observed that the 
ILSS increased with increasing shear strain rate within the 
range of shear strain rate considered. Further observed that, 
though the ILSS of carbon/epoxy seems slightly higher 
than that of E-glass/epoxy specimens for the same strain 
rate range, the change was not considerable.

Sethi et  al. [74] conducted a series of flexural tests to 
study the ILS behavior of glass/epoxy composites at dif-
ferent temperatures using beam shear specimens follow-
ing ASTM standard D2344-06. The tests were performed 

Table 4  Interlaminar shear strength of woven graphite/epoxy composites by Werner and Dharan [28]

Shear strain rate  (10−3 per second) 0 4 8 10 12 16

ILSS,  S13 (MPa) 63 61 60 58 56 54

Table 5  Interlaminar shear 
strength of plain-weave 
carbon/epoxy and glass/epoxy 
composites by Leber and 
Lifshitz [45] and Harding and 
Li [71]

Material References Weight fraction 
(%)

ILSS,  S13 (MPa)

Quasi-static High strain rate

Carbon/epoxy Harding and Li [17] 39 26.2 ± 1.3 –
45 26.4 ± 1.7 45.0 ± 4.2

Glass/epoxy Harding and Li [17] 53 20.8 ± 0.5 33.4 ± 2.0
57 20.2 ± 3.2 37.4 ± 4.3

Leber and Lifshitz [45] – 45 ± 2 70 ± 2

Fig. 18  Comparison of cross-head speed versus interlaminar shear 
strength plots for WF E-glass/epoxy composites

Fig. 19  Comparison of shear strain rate versus interlaminar shear 
strength plots for WF carbon/epoxy and E-glass/epoxy composites
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with cross-head speed in the range of 0–500 mm per min-
ute. They observed that ILSS increases with loading rate 
until the cross-head speed reaches 100  mm per minute 
but decreases with loading rate from the cross-head speed 
100 mm per minute and above.

Comparison of the results from Leber and Lifshitz [45] 
and Harding and Li [71] is presented in Table 5. Leber and 
Lifshitz [45] used TSHB apparatus for ILS characterization 
of E-glass/epoxy using thin-wall tubular specimens. On the 
other hand, Harding and Li [71] tested carbon/epoxy and 
E-glass/epoxy using double-lap specimens on SHPB appa-
ratus. It is clear that ILSS obtained using thin-wall tubu-
lar specimens on TSHB is nearly two times more than that 
obtained from double-lap specimens for the same mate-
rial. This behavior is seen in both quasi-static as well as 
dynamic ILSS. This is due to stress concentration effects 
in double-lap specimens. In thin-wall tubular specimens, 
interlaminar shear stress is uniformly distributed over the 
entire interface. There is no other mode of stress induced in 
thin-wall tubular specimens during TSHB testing [44].

Figure  18 presents the variation of ILS with cross-
head speed for WF E-glass/epoxy composites from two 
different studies. Ray [73] and Sethi et al. [74] used short 
beam shear specimens on UTM. Ray [73] reported higher 
ILSS at quasi-static and high strain rate loading com-
pared to that reported by Sethi et al. [74]. Both the stud-
ies concluded that the dynamic ILSS of the WF E-glass/
epoxy composites decreases with increase in strain rate. 
This trend could be attributed to the three point bending 
test technique employed in both the studies. In three point 
bending test in addition to shear stress, bending stress is 
an avoidable.

Figure  19 presents ILSS variation with shear strain 
rate for carbon/epoxy and E-glass/epoxy composites. 
It is clear that in both the materials, the dynamic ILSS 
increases with increase in strain rate.

Recently the dependency of dynamic interlaminar 
shear properties of composites on test technique have 
been investigated by Gowtham et  al. [44]. It is found 
that the ILLS highly depends on the test methods [44]. 
It should be noted here, the comparison of properties 
should be taken carefully as the test method has a great 
influence on the dynamic shear properties of composites.

Table 6  Summary of shear properties of unidirectional composites at different strain rates

Material Authors Laminate con-
figuration

Property strength (MPa) 
modulus (GPa)

Quasi-static High strain rate

UD Carbon/epoxy Sayers and Harris [47] 0°/0° ILSS,  S13 49.26 35.16
0° /90° 34.26 24.13

Bouette et al. [31] 0°/0° ILSS,  S13 74 ± 3 73 ± 4
Shear modulus, G± 5.6 ± 1 5.5 ± 0.3

Harding and Dong [68] 0°/0° ILSS,  S13 60.1 ± 1.9 70.8 ± 5.9
0°/90° 39.1 ± 6.7 51.6 ± 7.7
±45° 38.6 ± 6.5 49.8 ± 11.4

Dong and Harding [32] 0°/0° ILSS,  S13 89.4 102.1
±45° 43.8 66.9

Hsiao and Daniel [56] 30° IPSS,  S12 110 175
45° 110 198

Hallett et al. [70] 0°/0° ILSS,  S13 71.5 100
Shear modules,  G13 4.75 4.1

Ishiguro et al. [58] – IPSS,  S12 16 17
Hsiao et al. [29] – IPSS,  S12 110 200
Salvi et al. [59] – Shear modules,  G12 2.89 3.32
Raju and Dandayudhapani [62] – IPSS,  S12 114.8 205

UD glass/epoxy Barre et al. [55] – IPSS,  S12 25.6 ± 0.9 21.5 ± 3.9
Shear modules,  G12 3.2 ± 0.9 1.4 ± 0.2

Papadakis et al. [30, 60] ±45° IPSS,  S12 43.7 48.15
Shear modulus,  G12 1.74 1.08

Tsai and Sun [61] – IPSS,  S12 91 137
Shokrieh and Omidi [53] ±45° IPSS,  S12 40 54.8

Shear modulus,  G12 4.3 3.7
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4.3 Damage Mechanisms and Modes

The damage mechanisms are different for composites sub-
jected to quasi-static loading compared with that under 
high strain rate loading. There are many reason behind the 
variation in properties at different loading rates. One could 
be due to the fact that at quasi-static loading the damage 
propagates slowly utilizing most of the applied energy [41]. 

On the other hand, at higher strain rate there is no enough 
time for the damage to utilize the applied energy and initi-
ate. For the damage to initiate and propagate more energy 
or force is required, leading a higher shear properties at 
high strain rate [41]. The above argument is not unique 
to shear properties, it can be applied to tension and com-
pression. On the other hand, the viscoelastic nature of the 
polymer matrix would also play a great role on observed 

Table 7  Summary of shear properties of woven fabric composites at different strain rates

Material Authors Laminate 
configuration

Property strength (MPa) modulus (GPa) Quasi-static High strain rate

WF carbon/epoxy Werner and Dharan [28] – ILSS,  S13 63 54
Transverse shear strength,  S23 136 68

Chiem and Liu [63] – IPSS,  S12 – 173
Harding and Li [17] – ILSS,  S13 26.4 ± 1.7 45.0 ± 4.2
Hou and Ruiz [64] ±45° IPSS,  S12 128 225

Shear modulus,  G12 4.8 7.1
Naik et al. [41] ±45° ILSS,  S13 18.5 29.4

Shear modulus,  G13 2.1 2.8
WF glass/epoxy Harding and Li [17] – ILSS,  S13 20.2 ± 3.2 37.4 ± 4.3

Leber and Lifshitz [45] – ILSS,  S13 45 ± 2 70 ± 2
Shear modules,  G13 3.15 ± 0.15 5.0 ± 0.1

Hou and Ruiz [64] – IPSS,  S12 128 225
Shear modulus,  G12 4.8 7.1

Okoli and Smith [65] – IPSS,  S12 54 63
Shear modulus,  G12 4.54 5.48

Ray [73] – ILSS,  S13 28 24
Naik et al. [41] ±45° ILSS,  S13 19.5 32.5

Shear modulus,  G13 2.5 3.1
Brown et al. [66] – IPSS,  S12 30.55 14.10

Shear modulus,  G12 1.79 0.33
Sethi et al. [74] – ILSS,  S13 24 23

Table 8  In-plane shear property change factor for different composite materials

Authors Material Technique (specimen) Strain rate range (per second) Property change factor

Strength, 
 S12 (MPa)

Modulus, 
 G12 (GPa)

Barre et al. [55] UD E-glass/phenolic Drop weight (15° off-axis) 0–6 (axial) 1.26 0.39
Hsiao and Daniel [56] UD carbon/epoxy Drop weight (45° off-axis) 0–300 (axial) 1.80 –

Drop weight (30° off-axis) 1.59 –
Hsiao et al. [29] UD carbon/epoxy SHPB (45° off-axis) 0–1200 (axial) 1.82 –
Koerber et al. [57] UD carbon/epoxy SHPB off-axis 0–300 axial 1.42 1.25
Tsai and Sun [61] UD E-glass/epoxy SHPB (45° off-axis) 0–1000 (shear) 1.51 –
Shokrieh and Omidi [53] UD glass/epoxy Hydraulic machi (±45° Specimen) 0–130 (axial) 1.37 0.86
Chiem and Liu [63] WF carbon/epoxy TSHB (thin-walled) 1000–5500 (shear) 1.35 –
Hou and Ruiz [64] WF glass/epoxy Tensile SHPB (±45° Specimen) 0–600 (shear) 1.75 1.75
Okoli and Smith [65] WF glass/epoxy UTM (Iosipescu) 0–0.8 (shear) 1.17 1.21
Brown et al. [66] WF E-glass/epoxy Drop weight (±45° Specimen) 0–90 (shear) 0.79 0.12
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variation in properties at different strain rate. The interlami-
nar shear properties of composites is mainly depends on the 
polymer matrix properties [42]. Hence the damage mecha-
nisms observed specially in the case of interlaminar shear 
properties, would follow the high strain rate properties of 
the polymer matrix. It is well documented that most poly-
mer materials are strain rate sensitive [6, 35, 75, 76].

Lataillade et  al. [77] investigated the damages induced 
in composite material under high strain rates loading. 
They used servo-hydraulic testing machine in the strain 
rate range from 10 to 100 per second and tensile SHPB in 
the strain rate range from 100 to 1000 per second. In both 
the cases, they used ±45° specimen under tensile loading. 
They observed that ±45° specimens under tensile load-
ing are subjected to high shear stress and low transverse 
stress. They defined and measured two parameters which 
were responsible for the damage initiation and growth. One 
is stress at the damage initiation threshold and the other is 

damage propagation rate indicator. They observed that the 
damage initiation threshold for the E-glass/epoxy compos-
ites subjected to an interlaminar shear loading is increased 
linearly with the increase in logarithmic strain rate. The 
damage propagation rate is decreased with the increase in 
strain rate. They concluded that the increases in strain rate 
delays the initiation of damage within the composite and 
reduces the damage propagation rate.

Hallett et  al. [70] studied damage mechanisms in the 
specimens at high strain rate by the help of high speed 
camera. They found that the damage was much localized 
and the propagation of the damage front was very rapid at 
the last few micro seconds of the tests. Werner and Dharan 
[28] used electron microscope for studying failure sur-
faces. They observed that the density of interlaminar cracks 
increase as the strain rate increase.

Okoli [78] studied the effect of strain rate on failure 
energy of woven glass/epoxy composites. He observed that 

Table 9  Interlaminar shear property change factor for different composite materials

Authors Material Technique (specimen) Strain rate range 
(per second)

Property change factor

Strength,  S13 (MPa) Modulus, 
 G13 (GPa)

Sayers and Harris [47] UD carbon/epoxy Instron machine (SSB) – 0.71 –
Bouette et al. [31] UD carbon/epoxy SHPB (double-lap) 0–100 (shear) 0.99 0.98
Dong and Harding [32] UD carbon/epoxy SHPB (single-lap) 0–100 (axial) 0°/0° ±45° –

1.16 1.47 –
SHPB (double-lap) 1.16 1.26 –

Hallett et al. [70] UD carbon/epoxy SHPB (single-lap) 0–800 (axial) 1.39 0.87
Harding and Dong [68] UD carbon/epoxy SHPB (double -lap) 0–332 (axial) 0°/0° 0°/90° ±45° –

1.19 1.32 1.29
Werner and Dharan [28] WF graphite/epoxy SHPB 0–0.01 (shear) 0.86 –
Harding and Li [17] WF carbon/epoxy SHPB (double-lap) – 1.70 –

WF
E-glass/epoxy

1.61 –

Leber and Lifshitz [45] WF glass /epoxy TSHB thin-wall tubular 0–100 (shear) 1.55 1.27
Naik et al. [41] WF glass/epoxy TSHB (thin-wall tubular) 0–1000 (shear) 1.56 1.33

WF carbon/epoxy 1.67 1.24

Table 10  Comparison of 
Interlaminar shear strength of 
composites evaluated using 
single-lap and thin-wall tubular 
specimens

Authors Material Specimen Strength,  S13 (MPa)

Quasi-static High strain 
rate

Dong and Harding [32] UD carbon/epoxy Single-lap 0°/0° ±45° 0°/0° ±45°
86 44 100 72

Hallett et al. [70] UD carbon/epoxy Single-lap 72 100
Leber and Lifshitz [45] WF glass/epoxy Thin-wall tubular 47 73
Naik et al. [41] WF glass/epoxy Thin-wall tubular 18.5 29.4

WF carbon/epoxy 19.5 32.5
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the shear energy at yield increase linearly with increase in 
strain rate. The tendency for energy to increase as the strain 
rate increases was attributed to the failure modes of the 
composite laminates.

Papadakis et  al. [60] studied shear damage mecha-
nisms of the composites under high strain rates. They used 
[±45]2S glass/epoxy specimens. The critical shear dam-
age limit was observed to be inversely proportional to the 
rate of degradation of shear modulus and increased with 
increase in strain rate.

4.4 Discussion and Concluding Remarks

Shear properties of composites under high strain rate 
depends on many factors such as type of fiber and resin, 
fiber volume fraction, specimen orientation and configura-
tion and laminate configuration. Summary of shear prop-
erties under high strain rate loading by different studies is 
consolidated and presented in Tables 6 and 7. Shear proper-
ties under quasi-static loading are also presented for com-
parison. Even though the material and processing condi-
tions, laminate configuration and specimen geometry and 
test technique used are different for different studies, the 
consolidated information provided in Tables 6 and 7, gives 
an insight into the behavior of composites under high strain 
rate shear loading.

It can be observed that the shear properties under high 
strain rate loading are different compared to that under 
quasi-static loading. Generally, shear strength of compos-
ites increases under high strain rate loading compared to 
that under quasi-static loading. However, few studies indi-
cate decrease in shear strength under high strain rate load-
ing compared to that at quasi-static loading. Different stud-
ies indicate increase or decrease in shear modulus under 
high strain rate loading compared to that at quasi-static 
loading. There is no clear indication of trend in ultimate 
strain of composites under high strain loading.

Shear property change factors are presented in Tables 8 
and 9 for different composite materials. Property change 
factor is defined as the ratio of the property at high strain 
rate loading and the property at quasi-static loading. Spe-
cifically, when the property at high strain rate loading 
is higher than that at quasi-static loading, it is defined as 
property enhancement factor.

From Tables 8 and 9, it can be observed that the prop-
erty change factor for IPSS for UD and WF composites is 
in the range of 1.26–1.82 and 0.79–1.75, respectively. The 
property change factor for ILSS for UD and WF compos-
ites is in the range 0.71–1.47 and 1.55–1.70, respectively.

The property change factor for IPS modulus for UD and 
WF composites is 0.86 and 0.12–1.75, respectively. The 
property change factor for ILS modulus for UD and WF 

composites is in the range of 0.87–0.98 and 1.24–1.33, 
respectively.

The wide variation in property change factor reported 
can be attributed to different material and processing con-
dition, laminate configuration and specimen geometry and 
test technique used for different studies.

Comparison of ILSS of composites evaluated using 
single-lap and thin-wall tubular specimen is presented 
in Table  10. It can be observed that ILSS obtained using 
thin-wall tubular specimens on TSHB is lower than that 
obtained using single-lap specimens on SHPB. This is 
because of non-shear loading is also created in the case of 
single lap specimen, which overestimates the shear proper-
ties [44].
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