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Abstract

This review aims to assess publications relevant to understanding the rate-dependent dynamic behaviour of glass- and carbon-
fibre reinforced polymer composites (FRPs). FRPs are complex structures composed of fibres embedded in a polymer matrix,
making them highly anisotropic. Their properties depend on their constituent materials as well as micro-, meso- and macro-
scale structure. Deformation proceeds via a variety of damage mechanisms which degrade them, and failure can occur by one
or more different processes. The damage and failure mechanisms may exhibit complex and unpredictable rate-dependence,
with certain phenomena only observable under specific loading conditions or geometries. This review focusses on experi-
mental methods for measuring the rate-dependent deformation of fibre composites: it considers high-stain-rate testing of
both specimens of ‘simple’ geometry as well as more complex loadings such as joints, ballistic impact and underwater blast.
The effects of strain rate on damage and energy-based processes are also considered, and several scenarios identified where

strength and toughness may substantially decrease with an increase in strain rate.

Introduction

Fibre reinforced plastic (FRP) composites have been made
with a wide range of constituent materials, weaves, geom-
etries and fibre fill fractions, and so despite a large amount of
published experimental data, true like-for-like comparisons
between studies are rarely possible. Most tests have been
performed on a specific material of interest to the authors’
particular application, and — particularly at high rate — com-
prehensive understanding of the underlying mechanisms
remains limited.

Composites made from long fibres arranged in layers or
‘plies’ exhibit long-range anisotropy and order. This direc-
tionality means damage mechanisms and failure modes will
depend on the specific loading conditions and specimen
geometry, as well as factors such as rate and temperature
dependence. Further, whereas metals can absorb energy via
elastic and plastic deformation without significant reduc-
tion in strength, the dominant process of energy absorption
in composites occurs via damage such as matrix cracks,
debonding, delamination and fibre pull-out and/or breakage
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— all of which may degrade the material to a greater or lesser
extent. Each of these has an associated rate-dependence, so
in some circumstances a shift in failure mode is observed as
strain rate is increased. The overall rate-dependence of an
FRP specimen will be controlled by the rate-dependence of
each of these competing damage and failure mechanisms,
in addition to the properties of the constituent fibres and
matrix themselves.

Two recent review articles provided a nucleus for this
work. First, Zhang et al. [1] presented a review of the proper-
ties of glass fibre reinforced plastics (GFRPs). While their
interest was mainly in pultruded fibres, the lack of directly
relevant data led them to consider composites fabricated via
other techniques in some detail. Second, a review by Kidane
et al. [2] of strain rate effects in the shear loading of polymer
matrix composites provided understanding of multi-direc-
tional behaviour. This is of particular importance for the
understanding of the highly directional nature of glass and
carbon FRPs. Many of the challenges associated with high
strain rate testing of composites have been known for some
time, and are eloquently described as follows by Hamouda
et al. [3]:

The characterization of the constituents is indeed
important in assessing the performance of compos-
ites of the fibre-reinforced type, however, the complex
interaction occurring between the reinforcing fibres
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and the matrix phase results in difficulties in assessing
the rate dependency of the constituent phases. Thus,
whilst some progress in extending dynamic test tech-
niques to composites and developing new rate depend-
ent tests for composites has been made, assessing the
mechanical behaviour of composites will rest with the
ability to clearly distinguish the response mode of the
specimens tested, i.e. to specifically note the geometri-
cal and material properties features associated with the
specimens tested.

This review aims to draw together experimentally driven
research from a wide range of materials and types of experi-
ment to highlight particular physics of interest with regards
to high strain rate loading of FRPs. Central to this is the
concept that FRPs are structural materials whose properties
depend not only on ‘intrinsic’ material properties but also
on meso- and even macro-scale structure. As such, particu-
lar attention is paid to evidence of unexpected phenomena
which may arise because of these FRP-specific quirks, most
notably where high strain rate loading may present compara-
tively greater risk of damage or failure than under quasi-
static conditions. The focus here is primarily on macro-scale
deformation and failure properties, with reference made
to damage and failure modes within that context. A spe-
cific, detailed discussion of the rate dependence of fracture
mechanics in FRPs is beyond the scope of this review, as it
would itself likely warrant an article of similar length.

It should be noted that authors use different terms to
denote specimen orientation. Where laminas lie perpendicu-
lar to the loading direction, the terms ‘out-of-plane’, ‘trans-
verse’, ‘through thickness’ or ‘90°” are common. ‘In-plane
loading’ is usually reserved for woven and [0°,90°] layups,
while ‘longitudinal’ or ‘0°’ directions denote loading in the
fibre direction of uniaxial materials. ‘Off-axis’ tests involve
non-orthogonality between fibres and loading direction,
and may be ‘symmetrical’ (e.g. +45°). Crack propagation
and failure are more consistently labelled as in Fig. 1, with
‘mixed mode’ (usually I & II) loading also possible.

A range of dynamic testing methods have been employed
for the testing of composites, examples of which are given
in Table 1. Fibre-reinforced plastics (glass and carbon

Mode | Mode Il

Mode Il

Fig.1 Schematic diagrams of various types of loading for crack
induction. From [4]

Table 1 Summary of systems used for dynamic loading. From [3]

Mode Applicable
strain rate

™

Testing techniques

Compression  <0.1 Conventional testing machine

0.1-100 Servo-hydraulic machine
0.1-500 Cam plastometer and drop test
200-10* Hopkinson pressure bar
10*-10° Direct impact using air gun apparatus
Tension <0.1 Conventional testing machine
0.1-100 Servo-hydraulic machine
100-10* Hopkinson pressure bar in tension
104 Expanding ring
>10° Flyer plate
Shear <0.1 Conventional testing machine
0.1-100 Servo-hydraulic machine
10-10° Torsional impact
100-10* Hopkinson pressure bar is torsion
10°-10* Double-notch shear and punch
10*-10’ Pressure-shear plate impact

reinforcements) began to be widely used in the aerospace
industry in the 1960s as they are both light and strong (have
a high specific strength). The major impact threat comes
from so-called ‘foreign object damage’. This can be low
velocity (someone drops a spanner during maintenance),
resulting in so-called HVID (Hardly Visible Impact Dam-
age). Or it can be high velocity (due to stones, nuts and bolts
etc. left lying around on the runway and thrown into the
air during take-off and landing), resulting in BOID (Bloody
Obvious Impact Damage). HVID is more insidious as it can
cause catastrophic failure without warning. BOID can be
seen by eye and dealt with, though of course failure may
occur simultaneously with its formation, so various non-
invasive techniques have been developed to detect HVID.
Damage studies are performed either by low velocity gas
guns or by drop-weight studies using blunt-ended rods or
darts.

First applied to fibre composites in the 1970s, Split Hop-
kinson Pressure Bar (SHPB) experiments have become argu-
ably the most common means of probing high-strain-rate
loading. However, application of SHPB testing to compos-
ites is not easy: It requires the coupling of a propagating
elastic wave in a cylindrical metal bar into a small specimen
of highly anisotropic (but spatially ordered) composite, with-
out introducing significant dispersion, edge effects or stress
concentration. End-friction is also a potential concern [5].
As SHPB experiments are designed to measure flow stress,
early-time strain data prior to force equilibrium is not reli-
able or straightforward to analyse [6], and achieving a con-
stant strain rate in SHPB loading [7] is a particular concern
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Fig.2 Strain-rate sensitivity of various composites under interlaminar loading.
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‘PP’ and ‘W’ denote pre-preg and plain weave reinforcement

respectively. The error bars denote the range of reported sensitivity. From [11]

both in long specimens and where failure strains are very
small [8]. As a result, low strain mechanical parameters such
as dynamic moduli cannot be measured reliably or accu-
rately using the SHPB. Pulse-shaping is sometimes used to
keep the strain rate more constant throughout loading [9].
Tuttle & Brinson point out that strain gauges affixed directly
to composite samples with epoxy may well fail before the
specimen does [10], and the authors offer further commen-
tary on alignment issues, off-axis testing and other concerns.

Van Blitterswyk et al. [11] recently provided a review of
interlaminar properties of composites at high strain rates,
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which highlighted difficulties with the SHPB (and other)
experiments. They emphasised the need for full-field data as
opposed to information obtained from only a single point on
the specimen. Furthermore, they presented a series of charts
detailing relative sensitivity to strain rate of key interlaminar
properties, which illustrate the lack of agreement between
studies as to their strain rate sensitivity (Fig. 2). In recent
years full-field measurement techniques have become much
more common where non-uniform strains are expected: Dig-
ital Image Cross-Correlation (DICC) is the most common
approach; more bespoke methods, such as Digital Gradient
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Sensing [12] (which can be used to measure out-of-plane
deformation), have also been developed.

As inspection of specimens post-experiment is of particu-
lar interest for damage-driven deformation in FRPs, some
researchers [13—15] have used a ‘reaction mass’ design of
SHPB, whereby the input bar is stopped after a pre-set time
in order to avoid repeat loading. Such a setup is challenging
to implement well, and reduces the flexibility of the sys-
tem to tune parameters or test different materials, so is most
suited for single-interest laboratories.

A wide variety of other high-strain-rate experimental
methods have been employed to investigate the impact prop-
erties of FRPs. A technique has been developed which is
part ballistic impact, part Hopkinson bar [16], in which a
projectile impacts a ‘mitigator’, fixed to a specimen held
between two ‘momentum exchange masses’. Accelerometers
and streak cameras are used to measure stress and strain.
Moulart and co-workers used a mesh grid (as opposed to the
more common speckle pattern) with DICC to study notched
composite specimens [17, 18]. Various sample-heating
methods have been proposed, such as a novel approach
which includes cooling both sides of a central furnace [19].
Dropweight-tensile rigs are also in use [20], and many vari-
ations of SHPB apparatus have been attempted, including
a spherical indenter design [21]. Govender et al. reviewed
‘three-point bend’ SHPB designs, most of which involve
a two-pronged mounting fixture being added to either the
input or output side of the specimen being loaded [22].

There have been very few studies of the Taylor impact of
rods made from fibre-reinforced composites. The following
are the only published papers we know of: [23-26]. Bourne
and co-workers machined 7.6 mm diameter Taylor impact
cylinders from a multilayer carbon fibre reinforced tough-
ened epoxy [24]. Specimens were machined out of the panel
with three different orientations of their axes with respect
to the plane of the panel: 0°, 45° and through-thickness.
Figure 3 presents some of their results for cylinders where
the fibres were aligned with the axis of the specimen cyl-
inder (top) and perpendicular to the cylinder axis (bottom),
highlighting very different failure modes in the two cases.
They discussed the high-speed photographic observations in
terms of the known response of fibre-reinforced composites
to shock- and elastic-wave loading, but made no compari-
son with constitutive models for composites, which are still
under development [27].

As composites contain many fibres, and thus many fibre-
matrix interfaces, analysing the most basic representative
system possible can provide insights. Applying a high strain
rate tensile load to a single fibre [28] is arguably the simplest
such approach, and novel diagnostic options include imaging
of a SHPB-driven experiment using a synchroton’s x-ray
beamline [29]. Chu et al. designed a pull-apart test for a

similar glass/epoxy specimen, showing that the debonding
force increased by 81% from quasistatic to high strain rate
loading, while the crack velocity increased by 16% [30].
There are also many examples of quasistatic fibre-matrix
interface experiments, such as Favre & Merienne’s pull-out
assessment of fibre coatings [31].

Several low-rate experimental methods are also worth
mentioning. Mandell et al.’s quasistatic debonding test
which probes the response to specific geometries by means
of different impactor shapes may offer inspiration for high-
rate experimental design [32]. Fibre pull-out [31, 33] and
fatigue debonding [34] experiments are common, and the
study of interfacial physics and chemistry is much more
developed under quasistatic loading conditions [35]. Simi-
larly, beyond the scope of this review is a large body of par-
tially relevant research, from developing and analysing new
(e.g. high glass transition temperature, T,) epoxies [36, 37]
to testing of aged composites, sometimes using accelerated
aging techniques [38].

Constructing models able to account for the many differ-
ent types of possible deformation, damage and failure modes
is a real challenge, and many models are designed only to
replicate a subset of composite behaviour relevant to particu-
lar applications. Matrix properties are usually considered to
be viscoelastic, viscoplastic or visco-elasto-plastic, while
the fibres themselves are invariably elastic. The extreme
anisotropy means isotropic approaches are rarely sensible;
orthotropic models should account for both longitudinal and
shear response to, for example, predict the interlaminar shear
failure under oblique compressive loading. Rate dependence
is then added as an additional layer of complexity, usually
by tuning the relevant parameters based on experimental
observations — though other factors such as adiabatic heat-
ing may also need to be included. The rate dependence of
failure modes, damage localisation and other less easily
characterised phenomena are the most significant challenge
to include.

Thiruppukuzhi & Sun’s attempt to construct a rate-
dependent model in stages from constitutive behaviour, con-
sideration of individual laminates, and rate-sensitive failure
modes is insightful, and outlines a general approach now
considered standard [39]. Mariani’s delamination model
used an energy-based approach, focussing on a particular
impact loading failure mode [40]. Karkkainen et al. took
a more holistic approach by modelling an unusual SHPB
geometry and including rate-dependent and mode-dependent
cohesive interface failure [41]. Shokrieh et al.’s approach
involved modelling the fibres and matrix separately (in a
rate-sensitive manner), then building a micromechanical
framework to bring the components together [42]. Recently,
molecular dynamics methods have been applied to study
the rate-dependence of fibre-matrix interfaces providing
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Fig.3 Selected frames from high-speed photographic sequences of
the impact of fibre-reinforced epoxy cylindrical rods. a Fibres aligned
with the axis of the cylinder. Impact velocity 148 m/s. Interframe
time 125 ps. b Fibres aligned perpendicular to the axis of the cylin-
der. Impact velocity 246 m/s. Interframe time 42 ps. From [24]

interesting insights [43]. Analysis shows that the fracture
energies should increase with rate as the atoms are less
relaxed, and that interfacial failure should become more
common at high loading rates due to differences in the strain
rate dependency of fibre and matrix.

FRPs are anisotropic composites which deform and
degrade via a variety of distinct damage mechanisms; they
are arguably ‘structures’ rather than ‘materials’. As such, it
is important to consider how high-rate-experiments, many
of which are usually applied to isotropic metals and poly-
mers, can be sensibly used to probe the properties of FRPs.
The dynamic behaviour of FRPs depends on variables such
as specimen and loading geometry, and so it is important
to understand published data — and comparisons between
studies — in the context of the specific experimental meth-
ods employed in each case. In this review, we first consider
the most basic tensile and compression loading geometries,
followed by a section on off-axis and shear loading (where
failure is often induced along weaker inter and intra-laminar
failure planes). More geometrically complex scenarios such
as ballistic, blast and underwater loading are then consid-
ered, as are joints (which are often the weakest parts of FRP
structures). Because deformation occurs via damage — a pro-
cess controlled by energy and work as much as stress and
strain — in the third part of the report we consider energy
and toughness, repeat loading and geometric effects in some
detail.

@ Springer

Tensile Loading

Tensile loading provides the most obviously quasi-one-
dimensional configuration, in contrast with compression
testing where any failure must involve some lateral motion.
However, failure under tensile conditions is often far from
one-dimensional, depending on the fibre layup relative to
the loading direction. This section focusses on the effects
of strain rate on parameters such as failure stress, strain and
modulus. Damage and failure mechanisms also show some
rate dependence, and these are discussed in more detail later.
A wide variety of tensile testing geometries have been used
in composite testing, some of which are shown in Fig. 4.

Early dynamic experimental methods were developed
from quasistatic equivalents, and their findings were pri-
marily qualitative and comparative rather than quantitative.
For example, Almahdy & Verleysen discuss some of the
challenges of high strain rate tensile testing, notably explain-
ing that ‘classical’ SHPB analysis is insufficient due to the
deformation being non-uniform [44]. Because of the non-
uniformity, strain gauges glued to the surface of the central
section of a specimen [45] have largely been superseded by
full-field diagnostics such as DICC [46]. Indeed, some novel
attempts at measuring full-field displacement pre-date mod-
ern computational methods: Armenakas & Sciammarella,
for example, applied photosensitive emulsion to a specimen
surface and then optically projected a fine grating onto the
emulsion so as to create a grid pattern photographically.
The dynamic deformation was then recorded using a high-
speed rotating mirror camera [47]. In this quite remarkable
paper, significant anisotropy in strain across the material
was observed.

Because composites can be very strong in the direction
of fibres (particularly unidirectional materials), care must be
taken when considering how to grip each end of the speci-
men to hold it without causing damage. To give a few exam-
ples from lower rate experiments, ‘double tabs’ bonded to
both ends to better distribute the gripping stress have been
recommended [49]. Use of a single material cut with much
wider end-tabs [50], gluing steel tabs to each end of a com-
posite specimen [45], and a combination of narrower neck
region and punched holes in each end section (rather than
relying on gripping alone) [51] have all been attempted.

An early example of the importance of careful grip design
at high rate comes from Ross et al. [52], who in compar-
ing threaded and dumbbell specimens found that data
obtained using dumbbell specimens contained a ‘wobble’
or dip during initial loading as the specimen slipped in its
grip. The ‘modern’ tensile SHPB arrangement was likely
first deployed to test composites in the 1990s. In that dec-
ade, one early study was of glass/epoxy composites, using
epoxy to fix a specimen with a central section waisted in
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Fig.4 Different specimen
configurations used for high Q es for bolt
strain rate tensile testing: a end- ( a ) (\\\\\\\\\\\\\\\\\\\nl//l////////////// /) ( d )
threaded cylinder, b ‘hat’ speci-
men, ¢ end-threaded specimen — - o
with collar, d tensile specimen _h—
with bolt grips, e ‘M-shaped’
specimen. From [48] Leg
(b) ————— Compressive force
L (e) Specimen leg
In tenslon

(c)

both perpendicular directions [53]. Their specimen was ‘uni-
directionally arranged’ in the test section, while ‘orthogo-
nally arranged’ at both ends. The three most commonly used
gripping methods for tensile samples are: (a) adhesive (usu-
ally laterally across long end-grips to increase the area of
contact); (b) wedge, T-shape or dumbbell obstructive grips;
and (c) lateral compressive grips.

In some cases, grips may fail at the end tabs for 0° test-
ing [54]; specimens with multiple fibre orientations are gen-
erally weaker; one epoxy-fixed specimen of [0/45/90/-45]
graphite/epoxy failed in the central section at ca. 500 MPa
[55]. Mechanical clamping by means of bas-relief and bolt-
ing has also been attempted, but concerns regarding slipping
and noisy data led the authors to instead attach their speci-
mens to the steel fixtures with epoxy (Fig. 5) [56]. Given the
strongly anisotropic nature of composites, different speci-
men geometries for fibre-direction and transverse samples
may be preferable [57]: For through-thickness samples, a
short, waisted disk glued to the flat ends of the sample hold-
ers was used — the short sample accounting for the low sound
speed in that direction. This meant there was no need for
high-strength grips (Fig. 6 top). Along the fibre direction,
a wedge-shaped sample was held in place within a slotted
mount (Fig. 6 bottom). In a rare example of such high failure
stresses being achievable in a high strain rate experiment on
FRP, in order to successfully grip s-glass/epoxy composites
Gerlach et al. [58] chose adhesive bonding over bolted or
screwed joints, but added a ‘lightweight inertial gripping
mechanism’, which allowed loading of the specimens to the
point of fibre failure at ca. 3500 N (Fig. 7).

With regards to materials data obtained from tensile
SHPB testing, as published studies involve tests on different

Cylindrical steel fixture Screw

)

2

| \|
Laminate specimen

Fig.5 Design using epoxy to affix the specimens to the steel fixtures.
From [56]

materials, with various types of fibre, matrix materials, lay-
ups and loading methods, it is perhaps unsurprising that
the results are not always consistent. However, the litera-
ture contains a large amount of useful information which is
summarised below.

In 1983 Harding and Welsh [59] described a tensile
SHPB experiment utilising a hollow ‘weigh bar’ tube con-
taining both the specimen and inertia bar, where a flat speci-
men (similar to those used in low rate experiments) was
attached to the bars with epoxy and loaded in tension. No
discernible rate dependence in strength was observed for
CFRP, while the GFRP samples became notably stiffer and
stronger at higher rates. Additionally, the area of damage
increased from bring localised around the failure point under
quasistatic load, to across the whole specimen at high rate
— an observation since corroborated [46, 60, 61]. The same
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Fig.6 Different specimen designs employed by the same authors,
dependant on orientation of the fibres. Top: through-thickness tests
employ a short sample glued to flat mount ends; Bottom: fibre-direc-
tion samples wedged into holders. From [57]

authors [62] presented an SHPB analysis of woven compos-
ites under tension two years later, studying carbon, Kevlar
and glass fibre. Employing a very similar specimen design to
before, the aim of their paper was to understand rate depend-
ent behaviour. They argued that the rate dependence of ten-
sile modulus ‘derives from the elastic interaction between
the reinforcement and the resin matrix, and is determined by
the rate-dependence of the matrix strength’. They note that
at low rates, fibre pull-out controls fracture strength, while
debonding between fractured fibre tows and the resin matrix
is more prevalent at higher rates meaning that the matrix
itself is actually carrying a significant fraction of the load.
For GFRP in the fibre direction, failure strength certainly
appears to increase under more rapid loading. There is some
agreement that at high rates the modulus increases with
strain rate [50, 53, 58, 61, 63, 64] — though some authors
suggest otherwise [65], and one author observed a decrease
for moderate rates under tensile loading [60]. Failure strain
may increase [58] (particularly in the fibre direction [60]),
be uncorrelated [53] or even reduce (for carbon/glass hybrid
composites [51]). Properties are fibre-dominated in the 0°
direction. Studies on bundles of unbonded glass fibres show
that their tensile strength increases with rate [66, 67]. This
effect is less pronounced for carbon fibres [68]. In other
directions, where failure can occur by tensile or shear failure
without breaking any fibres, strengths are significantly lower,
and failure is dominated by the properties of the matrix.
Higher moduli and failure stresses have been observed at
higher strain rates for transverse loading [58, 63, 65].
There are other complications. The strength and failure
modes may depend on the quality of manufacturing [58, 63].
The data often exhibits more scatter in high-rate experiments
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specimen movement

inertia force direction
«<—

Fig.7 Top: illustration of fibre failure vs. failure due to pull out
(quasi-static data); Bottom: metal clamps used for high-rate tests ben-
efiting from inertia effects. From [58]

[46, 60], though it is difficult to separate experimental arte-
facts from random variation in true material response — an
issue discussed in more detail later in this review.. Further,
the stacking sequence and reinforcement texture may affect
the results [69]. Several models have focussed on high strain
rate tensile failure [48, 70]. The (relatively) one-dimensional
failure modes allow the complexities seen elsewhere to be
ignored.

For carbon fibre composites (CFRPs), one study found
the stress and strain both increased slightly with rate for 0°
loading [71], but only the strain increased with rate in the
through thickness direction. Another measured an increase
in stiffness for all geometries, with the most notable strength
increase with rate observed for +45° specimens [72], while
a third found little rate (or temperature) dependence in the
0° direction, but a significant increase in strength for 90° at
high rate (and low temperature) [56]. Taniguchi et al. used
tapered thread and compression ring grips (similar to a col-
let), and found little rate dependence in the 0° direction,
while the transverse (90°) loading was marginally stiffer
and +45° specimens were significantly stiffer at high rate,
though with lower failure strain [73, 74]. Most authors
seem to agree that while the carbon fibres themselves do
not exhibit rate dependent behaviour, the viscoelastic matrix
certainly does, and so composites loaded in tension are more
strongly rate-dependent in matrix-dominated directions,
with an increase in stiffness (usually) and modulus (some-
times) observed.

Okuyama et al. applied a tensile load to a CFRP speci-
men with a hole in the middle, and observed the spatial
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distribution of strain using DICC and a Shimadzu high-
speed camera, [75]. Perpendicular to the loading direction,
they found that the strain diminished at a shorter distance
from the hole in low rate than in high rate tests, but the oppo-
site was true along the loading direction, so that the strain
distribution was laterally narrow and vertically broad at high
compared with low rates. The authors suggest a combination
of increased stiffness and a change in crack formation may
contribute to the changes observed.

Compressive Loading

Dynamic compressive testing of fibre-reinforced polymers
does not require end grips, and simpler cylindrical or cuboi-
dal specimens are commonly used. Experiments are more
straightforward to perform, and the equipment required is
more widely available. Accordingly, the published literature
is more extensive. However, many of the other complexities
associated with the dynamic behaviour of composites still
apply, and damage and failure mechanisms under compres-
sion are often more complex than under tension due to the
possibility of buckling/kinking of fibres which strongly cou-
ples compressive loading to delamination and shear behav-
iour. Critically, it seems likely that specimen geometry may
control the likelihood of other deformation mechanisms such
as bending or buckling. In this section the compressive load-
ing of specimens along principal axes (with respect to fibre
orientation) is considered.

In 1986, Kumar et al. reported a study of GFRP under
dynamic compressive SHPB loading using cylindrical
samples [76]. They found that the increase of strength with
strain rate was most pronounced when loaded in the fibre
direction. El-Habak agreed about the increase in strength
[77], and found the rate sensitivity was more pronounced
for a GFRP with a polyester rather than with an epoxy
matrix. Many other authors have also observed an increase
in strength with rate in GFRP composites made with a
variety of matrix materials (commonly epoxy, vinyl and
polypropylene) [6, 78—84], examples of which are given
in Fig. 8. The modulus may increase [79, 83], remain con-
stant [78] or reduce [76] with rate. One research team sug-
gested that the response switches from stiff to soft above a
threshold impact pressure [85]. However, in publications
where data is presented it is often not clear what method
was used to extract the dynamic modulus. A major prob-
lem is that elastic behaviour occurs early in the deforma-
tion when the specimen in an SHPB is not in force-equilib-
rium, so calculating the modulus is not straightforward and
results may be difficult to justify. Most studies on unidirec-
tionally-reinforced materials have been where the loading
was in the fibre direction. However, rate-dependence has
also been observed for transverse loading [84]. Significant

asymmetry between tensile and compressive strength has
also been found [86].

As with glass fibres, there is widespread (though not
unanimous [14]) agreement that the compressive strength
of CFRPs increases with rate in the fibre direction [89-93].
Some studies reported an increase in modulus [14, 90-92,
94], while others did not [89, 93]. Hosur et al. argued that
high-rate stiffening arises from a combination of the effects
of fibre direction, viscoelastic matrix, failure mode, crack
response time, failure surface area and temperature rise [13].
Again, there is some evidence that lower failure strains may
lead to a decrease in energy absorption with increase in
strain rate [14]. There is also some evidence for reduced
strength at high rate for compressive transverse loading [13],
though this may be due to specimen edge effects producing
delamination which is not seen in quasistatic loading [91,
92].

The rate dependence of composites is generally under-
stood to be due to the behaviour of the matrix and this is
certainly the case for the modulus. Studies that compare
epoxy-composites with pure epoxy suggest the dynamic
response of both can be described in a similar manner [79].
While many argue that the rate-dependence of yield strength
follows a linear (or log-linear) relationship, others suggest a
well defined transition occurs from ductile to brittle behav-
iour [95]. Similar arguments have been made for the stiffen-
ing behaviour [79]. However, there is typically a wide scatter
in high strain rate data for which experimental repeatability
may only be partly to blame [6].

Woven GFRPs have also been widely studied under
high rate compression. Whereas unidirectional compos-
ites are significantly stronger when loaded along the fibre
direction (where failure necessitates lateral tensile failure
by ‘brooming’ [96]), woven materials under compression
are often stronger when the woven plies are normal to
the loading direction [97]. This is a geometrically-driven
result, as weaves resist the lateral expansion forces pro-
duced by compressive loading. By contrast, under ten-
sile load in the same direction, woven composites fail at
similar (low) strengths as unidirectionally fibre-reinforced
composites [98]. The weakest loading direction for woven
composites has been found to be at~45° to the plies,
where global shearing can most easily occur [99, 100].
Strength again generally appears to increase with strain
rate [97, 101] with a rate dependence somewhere between
linear and log-linear, although there is some evidence of
a weaker rate dependence at very high strain rates due to
thermal softening or enhanced damage [102, 103]. Differ-
ent matrix materials have been found to exhibit different
degrees of rate-dependence [87, 104].

Song et al. noted that while woven CFRPs were gener-
ally stronger and stiffer at high rate, the reverse was true
for in-plane compression. This was possibly due to stress

@ Springer



186

Journal of Dynamic Behavior of Materials (2022) 8:178-213

localisation at weak ply-ply interfaces. As with GFRPs,
higher strengths are sometimes [105] but not always [106]
observed for through-thickness loading. Ferrero et al. noticed
that [+45°] CFRP layups resulted in non-linear stress—strain
curves at high rates [107], while [0°/90°] combinations did
not. Fibre sliding was suggested as an underlying cause of
this difference: a result which could undermine orthotropic
models. Nakai et al. [108] observed a slight increase in
strength, but a reduction in both strain and absorbed energy,
with increased loading rate in all three principal directions
for [0°/90°] layups. Conversely Zou et al. reported a rate-
independent modulus and increased stress, strain and elastic
‘spring back’ [109]. Further, these authors noted an addi-
tional complexity in loading behaviour: a ‘transitional’ strain
rate, where failure strength and strain first decrease and then
increase with increasing strain rate.

Models of the rate-dependent compression of woven com-
posites should take account of the difference in rate sensitiv-
ity between transverse and through-thickness loading [9]. An
orthotropic approach may be useful [110], though may not
be enough to replicate off-axis (e.g. 45°) loading. Damage
should be considered carefully [87], particularly as at high
rates stress—strain curves become non-linear, indicating that
damage may be initiating relatively early in the loading pro-
cess [111, 112]. Furthermore, while the stitching in woven
composites may not affect the overall strength or stiffness,
it does appear to significantly change damage mechanisms
by reducing micro-buckling and large-scale delamination in
favour of much more localised ‘microdelamination’ [113].
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Off-axis loading and shear behaviour

Because the fibres are much stronger than the matrix, com-
posites often fail in a such a way that few fibres are damaged
in the process. Reinforcement in all directions within plies
is possible by alternating fibre orientations, but interlami-
nar failure remains largely matrix-dominated (though stitch-
ing, weaving and ‘3D’ weaves are attempts to address this),
and so for many FRPs interlaminar shear is often a likely
failure mode; in certain circumstances in-plane shear may
also occur. Shear experiments, particularly at high rate, may
take several forms: Loading of a thin-walled cylinder in a
torsion SHPB offers arguably the most ‘pure’ shear load-
ing, although compression and tensile bar systems are more
commonly employed, using either a shear specimen design
(such as single or double lap) or off-axis fibre orientation
to generate shear behaviour in a controlled manner. More
bespoke experiments include 3-point bending, cylinder-tor-
sion, rail-shear and Iosipescu shear tests. Kidane et al. offer
a good review on rate dependence of shear properties [2].
They found that most (but not all) authors reported increased
shear strength with rate; the in-plane shear strength for uni-
directional materials, and the interlaminar shear strength for
woven composites, increased with rate in all cases; but some
discrepancy between results was seen for unidirectional
materials under interlaminar shear and woven materials for
in-plane shear.

Low rate off-axis tensile testing has been performed
on composites for decades [114, 115] and are still a cause
for concern [116] as clamped ends can result in induced
rotation (Fig. 9 left). The use of rotating end grips [117]
and/or long thin samples (length > 12 X width) [118] have
been suggested to minimise these issues. Pierron & Vautrin
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Fig. 8 Left, stress—strain plot for CFRP and GFRP at varying strain rates. From [81]. Right, average dynamic compressive strength of GFRP as a
function of strain rate. From [84] (right). The numbered references in the figure are: [21]: [22, 87]: [88], and [23]: [80]
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reported an increase in sample shear stress of up to 40% due
to variations in the design of tabs used to grip composite
specimens [119]. Oblique end-tabs promote a shear response
with reduced rotation (Fig. 9 centre) [120, 121]. However,
it should be noted that since the off-axis tensile test is not a
pure shear test [119], additional care is required when using
data obtained this way to calculate material properties.
Sayers & Harris were among the first to employ drop-
weight impact testing to evaluate the dynamic shear proper-
ties of composites [122]. They observed a 30% reduction
in strength between quasistatic and impact loading. The
authors suggested that the high quasistatic strength is due to
creep partially relieving the edge stresses between laminates.
By contrast Lifshitz studied the impact loading of GFRP
laminates at different angles [123], and reported that the
failure stress was higher at higher strain rates, although the
rate effects only become apparent during the later stages of
impact. Off-axis tensile drop-weight experiments reported
in 1996 found there was a decrease in shear modulus with
strain rate for glass/phenolic laminates at 15°, while 45°
samples exhibited rate-independent modulus [69]. The
authors of this paper suggested that the reason for the dif-
ference was that the matrix behaved differently at the two
loading angles. By contrast, Salvi et al. observed a slight
increase in both shear modulus and shear strength of CFRP

Fig.9 Left: Effect of clamped
ends on an off-axis tensile/ * * * ’ ‘
shear test. From [117]. Right:
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specimens with rate when subjected to a three-point bend
pre-notched (mode 1 failure) test [124]. Since then a number
of novel experimental tests have been developed for load-
ing composite specimens dynamically under shear, including
a hydraulic loading rig for combined transverse compres-
sion and shear [125], and a hydraulic crash machine [126]
designed to deform large disk specimens. It is worth noting
that damage in specimens with a small number of weft fibres
can be very non-uniform under shear loading. This results in
highly scattered data and ‘wiggly’ stress strain curves [65].
Finally, while there is little information about the effect of
strain rate on the Poisson’s ratio of GFRPs, one study found
little rate dependence [127].

The off-axis test (Fig. 10) is relatively straightforward to
perform, although sample preparation can be challenging.
Some authors have been critical of this method due to (i)
shear-coupling and other complications not being fully cap-
tured [1], and (ii) there being up to 30% variation in stress
across a sample [128], though good lubrication to minimise
specimen-bar friction can help [129].

In 1986 Kumar et al. reported compressive SHPB tests of
short cylindrical specimens of a GFRP having various fibre
directions [76]. They found linear stress—strain curves for 0°
and 10° fibre directions with respect to the loading direction.
Nonlinear behaviour was observed at larger angles. Tensile
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Fig. 10 Schematic of SHPB for off-axis compression test. From [130]

(lateral) splitting of fibres was the failure mechanism when
the specimens were loaded in the fibre-direction, while at
all other angles failure occurred by interlaminar shear. Simi-
larly Tsai & Sun found that micro-bucking transitioned to
shear failure at off-axis angles greater than 10° [130]. They
also found that for off-axis angles greater than 45°, out-of-
plane shear failure occurred. In their studies, shear strength
increased with strain rate, while failure strain decreased.
While shear strength generally increases with rate, there is
evidence that the strain rate dependence varies in an unpre-
dictable manner with loading direction [131].

For CFRPs, rate-dependence may vary depending on
loading direction. For example, Hsiao et al. found that for
CFRP laminates, as the loading rate was increased from
intermediate to high, the in-plane shear moduli increased
by 80% whereas they only increased by 18% for 30° and
45° samples [132]. However, another group of researchers
[133-136] found that the ratio of transverse to in-plane shear
moduli and strengths was independent of rate. In compres-
sion, the minimum yield strength can occur (via interlaminar
shear) for fibres that are angled at around 60° to the loading
direction [137, 138], whereas under tension the minimum
occurs at 90° [139] (Fig. 11).

Several authors [138, 139] who reported increased
strengths with rate noted that a Puck (Mode A) failure enve-
lope fitted the experimental data quite successfully. Koerber
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et al. found that the relationship between strength/modu-
lus and strain rate may shift from linear to a much stronger
exponential relationship at strain rates above a few hundred
per second [140]. Concerning failure mechanisms, Reis
et al.’s study on carbon/epoxy specimens showed a transition
at high strain rate from longitudinal cracking to delamination
buckling failure [141]. They suggested that the transition
was promoted both by extension-shear coupling effects and
the viscoelastic matrix responding in a more brittle fashion.

It is also possible to obtain some insights into the shear
behaviour of fibre composites from symmetric (+x°) off-
axis specimens. Indeed Weeks & Sun took the view that this
approach is required to avoid macro-bending issues [142];
they also cautioned that low failure strains can make acqui-
sition of good quality data difficult. Lifshitz’s dropweight
experiments performed in 1976 on +45° composites showed
that while the initial response was the same as for low rate
tests, the late-time (higher stress) high rate response was
stiffer [123]. Later Lifshitz & Leber used an off-axis sample
cut in half and bonded to create a symmetrical specimen
[63]. A more recent study found that strength increased with
rate, but the modulus was lower [143], and another observed
greater compressive, tensile and in-plane shear strength with
rate [144]. As Taniguchi et al. showed [73, 74], shear failure
at low rates occurs at fibre-matrix interfaces, while at high
rates cracks propagate in the matrix as well, with different
rate-dependence in failure observed for different orientations
(Fig. 12). Cui et al. loaded +45° CFRPs under tension and
compression [145], and also found that the strength and stiff-
ness increased with rate. There were also changes in the fail-
ure mechanism: They found that the best fit to their results
was given by a lamina-based model which considered each
ply separately and included interlaminar forces and fibre
orientation.
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Fig. 11 Ultimate stress under compression of CFRP as a function of angle between the fibre and loading directions (left). From [137]. Quasi-
static and dynamic yield and failure envelopes for tensile loading (right). From [139]
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Fig. 12 Comparison between
static and dynamic fracture
surfaces for a 90° and b +45°
specimens. Reproduced from
[73] with kind permission of
Taylor & Francis Ltd (www.
tandfonline.com)

Static

Single- and double-lapped shear specimens can be
loaded in compression (or less commonly in tension). For
GFRP, in one single-lap study [146] a doubling of shear
strength was observed between quasistatic and the fast-
est hydraulically driven strain rate tested. Data for CFRP
is more common, driven primarily by aerospace applica-
tions: Two studies [71, 147] found the shear stress and
strain increased with loading rate, while another [148] saw
no difference. In contrast, a slightly lower shear stress at
high rate in carbon/epoxy specimens [149], and a small
decrease in through-thickness shear modulus with rate
[150] have been reported. A particular issue with lapped
shear experiments is the non-uniform stress distribution
along the interface: Dong & Harding noted that shear
strength appeared to be around 50% greater in single lap
compared to double lap experiments [149, 151]. They
saw fracture initiate simultaneously at both ends of the
join, as normal forces were significant at these points.
On the assumption that failure initiation is described by
the Tsai-Hill criterion, the authors noted that the average

Dynamic

(b)

interlaminar shear stress was estimated to be less than
the true interlaminar shear strength by between 60 and
80%. Further, the shear strength of specimens with 90°/0°
adjacent layers at the interface was approximately half the
strength of those with 0°/0° adjacent layers.

Torsion SHPB experiments have occasionally been
employed to study composites. Comparison with an SHPB
torsion study of acrylic [152] again suggested that the inter-
laminar shear response of composites depends mainly on
the properties of the polymer matrix. Under torsion loading,
little rate dependence for the flow shear strength has been
reported[153], as have higher shear strengths at high strain
rates [154, 155]. It appears that interlaminar shear strength
obtained using a torsion SHPB is lower than for single lap
specimens tested using a compression SHPB. This is prob-
ably because non-shear stresses are also created in single lap
specimens, resulting in an overestimate of the shear strength
[2], while in a torsion SHPB test stress concentration is
localised in particular fracture planes [156].
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Shear behaviour has also been investigated using several
more unusual high strain rate tests. Variations on a com-
pression-based SHPB include ‘overlap’ specimens (Fig. 13
top) [148], a ‘notched single overlap’ design (Fig. 13 bot-
tom) [149], and an input bar-output tube design with a
cylindrical shear zone in a notched specimen between the
two [157]. Nemes et al. presented a novel ‘punch-shear’
SHPB design, which when applied to graphite-epoxy disks
showed that their response depended on both loading rate
and specimen thickness [158]. The experiment produced a
characteristic ‘knee’ in the load—displacement plots which
indicated the point of initial transverse shear failure, which
they found increased with strain rate. This is an example of
a particular loading geometry leading to a series of ‘failure
states’ that would not otherwise be observed. Other authors
have designed 3-point-bending style experiments based
around an SHPB design [159]; a 3-point SHPB shear test
(Fig. 14) [160] and a point-loading impact experiment [122]
both indicated a decrease in shear stress (interlaminar in
the former and transverse in the latter) at higher rates. In a
particularly novel experiment, Fletcher et al. attempted to
extract shear and transverse moduli via DICC by impacting
a projectile into a short bar with an unconstrained specimen
attached to the end [161].

Ballistic, Blast and Shock Loading

The previous three sections have considered dynamic load-
ing in the simplest orientations — tension, compression and
shear — which might normally constitute sufficient ‘materi-
als characterisation’ efforts when studying a novel material
of interest. For FRPs, however, the combination of struc-
tural and geometric effects, anisotropy and the many and
varied damage and failure modes means that oftentimes,
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Fig. 14 A 3-point bending test. From [160]

slightly larger scale experiments with more varied and
complex geometries are also needed in order to obtain suf-
ficient knowledge (and thus develop predictive modelling
capability).

Concerns about the ability of FRPs to withstand bal-
listic impact were raised decades ago. An early review by
Cantwell & Morton noted that while composites are in
general strong, they are weak when subjected to localised
impact loading [162]. Tests such as the one shown in Fig. 15
produce three-dimensional dynamic loading and therefore
are difficult to instrument in a way which provides consti-
tutive data useful for numerical modelling. However, they
are closer to real life impacts than most laboratory tests.
Three-dimensional loadings are perhaps best used as severe
tests of constitutive models developed using much simpler
test geometries. In addition bird-strike can be a severe prob-
lem for the engines or the pilot cabin wind-shield and is
studied by a combination of synthetic and real, albeit dead,
birds [163—-171]. Hypervelocity impact damage to compos-
ites is of interest due to their increasing use in spacecraft,
satellite bumper shields, and terrestrial armour applications
[172-174].
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Fig. 15 Schematic diagram of drop-weight (DYNATUP) impact test-
ing of composites. From [175]
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Fig. 16 Residual velocity measurements and simulations for ballis-
tic impact. Simulations A-D are elastoviscoplastic bi-material, simi-
lar with tension and elastic shearing, elastic bi-material, and elastic
respectively. Reproduced from [54] Copyright 1998 © Elsevier Mas-
son SAS. All Rights Reserved

Several studies have employed classic ‘residual velocity’
ballistic tests to characterise their localised loading response
at high rate: Kammerer & Neme [54, 176] fired steel balls
into unidirectional composite plates, plotting the incident
vs residual velocity (Fig. 16), while Justo & Marquer used
Fragment Simulating Projectiles (FSPs), and found that their
residual kinetic energy increased linearly with impact energy
[177]. Pattofatto et al. described several iterations on bal-
listic loading experiments on woven glass/polypropylene
[178], including sabot-backed rod impact with high-speed
video displacement measurement, and ‘reverse impact’ in

which a hollow cylindrical projectile with composite disk
fixed to the front is impacted on a single Hopkinson bar.
They found that the maximum load & perforation energy
increased with rate, contrary to Cantwell & Morton [162].

LS DYNA has been used to model ballistic impact on
FRPs by multiple authors, including Hou et al. who com-
pared experimental results for long-rod impact with an early
version of the code [179]. Lua et al.’s approach accounted
for matrix cracking and strain-rate-hardening, but not delam-
ination and disbanding failure modes [180], while Sevkat
et al. took a more complex approach, assessing their model
against a 22 cal impact and relying on a pair of adhered
strain gauges to characterise the experimental response
[181]. Budhoo et al. made use of sophisticated LS-DYNA
models to predict the response to ballistic [182] and drop-
weight impact [183]. Their material was described by a
nonlinear orthotropic composite model which incorporated
matrix cracking, brittle compressive failure, fibre breakage,
tensile failure and delamination. Schiffer et al.’s analytical
model appears more rudimentary, but took account of the
fact that transverse shear stiffness is an important considera-
tion [184]. Miao et al. focussed on low-velocity impact of
composites of different weaves and showed distinct differ-
ences in failure modes between materials [185]: Z-weave
(a 3D composite) was found to be particularly helpful at
avoiding large-scale delamination, for example.

Blast loading of composite plates on their own has rarely
been studied. One rare example is Mallon et al.’s work,
where pre-stressed composite samples were loaded in a
shock tube [186]. 3D DICC was used to track crack propaga-
tion velocity which was found to depend on fibre orientation.
Most papers on blast-loading of composites have focussed
on sandwich panels for blast mitigation and/or reinforcement
of concrete structures with composite layers, both topics
being outside the scope of this review. For more informa-
tion on the current state of knowledge, see Mouritz’ recent
excellent review article on blast loading of composites in
general [187].

Plate impact experiments have been used to investigate
the shock properties of composites, although their inter-
nal structure, heterogeneity and very high fibre strength
make extracting useful information challenging. Espinosa
et al. used VISAR to measure the free surface velocity of
woven fibre composite targets, which gave information about
delamination processes occurring under the tensile load pro-
duced during the shock-release process [188]. Yuan et al.
impacted composite-on-composite (with additional imped-
ance-mismatched layers) to obtain shear strength, which
(given quite a few assumptions) was shown to increase dra-
matically from 0.1 to nearly 0.7 GPa when the Hugoniot
stress increased from 0.85 to 1.7 GPa. Tsai et al. observed
no clear shock front below around 2 GPa in woven glass/
polyester, and noted the difficulties in applying quasi-1D
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experiments and analysis to a heterogeneous material under-
going mesoscale damage such as complex delamination and
failure [189].

Joints

Joints between composite panels — both bonded and bolted
— present three challenges to the understanding of the rate-
dependent response of large-scale composite structures.
First, they are places where the geometry is complicated,
and thus often where the stresses are locally concentrated.
Second, joints usually include materials such as metal pins
or adhesives in addition to the fibres and matrix of the com-
posite. Third, as the high-strength fibres which give the
composite material its strength cannot cross an interface,
joints are often weak regions where damage is most likely
to occur. Adhesive joints rely on the strength of the poly-
mer bond, while bolted joints require holes to be cut in the
panels being joined. As a result, predicting and assessing
the behaviour of joints requires a more detailed understand-
ing of composite behaviour than is given by standard quasi-
unidirectional analysis. Although the focus of this section is
on joints between composite materials, insights have been
obtained from the literature on joints between other types
of materials. Similarly, while the high rate response is of
primary interest, the quasistatic behaviour of joints is also
considered for comparative purposes.

There are certain similarities between the behaviour of
bonded joints and the interlaminar shear behaviour of FRP
structures. However, as joints are zones of entirely fibre-free
material they will have different strengths [190]. Also as
joints are created some time after the curing of the com-
posite panels that are being bonded, they are likely to be a
source of weakness in the structure for this reason as well
[191]. As discussed above, ‘lapped’ joints under load exhibit
stress localisation: Zachary & Burger illustrated this issue
using two epoxy-bonded photoelastic strips, dynamically
loaded by the detonation of a lead azide charge (Fig. 17)
[192]. The two ends of the bonded area are clearly loca-
tions of high stress, and the authors suggested that the extent
of stress concentration is more intense at higher rate. The
image shows that a nominally plane wave pulse results in a
complex, highly non-uniform load being transmitted through
the joint. Adams et al. studied a similar geometry for double-
lap joints between two different materials (CFRP and steel)
{Adams, 1986 #4538), and argued that stress localisation
arose from the ‘shear-lag effect’ caused by differences in the
strains in the two materials either side of the joint. Several
authors have proposed that filleting (sloping) the edges near
the joint can reduce the intensity of localisation (Fig. 18)
{Hildebrand, 1994 #4556;Sato, 1997 #4020}. There is
evidence that the stacking sequence affects the strength of
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Fig. 17 Photoelastic strips subject to explosively driven plane wave
loading (from the left of the image), illustrating complex stress states
at the joint. From [192]

bonded double-lap joints. For example, one study found that
placing 0° plies on the outside was beneficial [193].

Several authors have found that the failure processes
involved in the failure of joints made from composites
are complex. For example, a temperature-dependent shift
between brittle, stick—slip and ductile behaviour has been
observed [195], and Farrow et al. found there was a sig-
nificant (~50%) loss in strength despite the damage pro-
duced by side-on loading of joints being barely visible [196].
Side-on loading involves mixed-mode failure mechanisms
which change as cracks develop [197]. All this implies that
predictive models require careful design, including a focus
on localised stresses [198] as well as multiple and mixed
possible failure modes [199]. Various methods have been
proposed for increasing the strength of bonds: (i) Avila
& Bueno found that wavy lap joints could be up to 40%
stronger than those that are flat [200]; (ii) Khalili et al. dem-
onstrated that adding glass powder or short fibres to the
bonding adhesive may increase joint strength [201]; and (iii)
Tzetzis showed that roughening the adhered surfaces also
improved bonding, although only for situations when failure
occurred at the interface [202]. Roughening had no effect
on ‘cohesive’ failure, that is when failure occurs within the
bulk of the adhesive.

Methods for assessing the dynamic strength of adhesive
bonds include: (i) a three-point bend test produced by means
of a pendulum striker [203]; (ii) various ‘ram-motion’ load
cells applied in a beam-bending geometry with adhesive glu-
ing together two layers in the beam [204], and (iii) ‘falling
wedge’ dropweights [205]. The dropweight methods have
provided data indicating that higher rate tests have lower
initiation energies for debonding, because they produce
a smaller zone of plastic deformation than low rate tests.
Rate dependent behaviour appears to depend on the type of
experiment, with higher rates often resulting in increased
strength (all things being equal), but with the risk that failure
changes the deformation modes to ones with lower strength
or energy absorption. Wu et al.’s force—deflection plots for
CFRP single-lap joints indicate a factor of ~1.1-1.6 increase
in ultimate load and energy absorption compared with static
testing [206], while Tarfaoui & El Moumen’s larger-scale
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Fig. 18 ‘Filleting’ the edges of
panels in bonded double-lap
joints can be seen to reduce
local stress concentrations.
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top-hat joints (having a balsa core with GFRP skin and stiff-
eners) exhibited reduced stiffness and a change in damage
modes and late-time force histories at high rate [207]. In
another large-scale study [208], the bonding between steel
and GFRP reinforcements had a rate dependence which
depended on the thickness of the composite panels. While
the ultimate load capacity generally increased with rate, in
one set of tests the composite underwent longitudinal tearing
failure which they attributed to a non-uniform stress dis-
tribution at higher rates, which cancelled out the expected
high-rate strengthening.

One study [209, 210] found that around 25pm of
cyanoacrylate adhesive provided optimum strength for bond-
ing to metals. The authors argued that due to the impedance
mismatch, the SHPB is unsuitable for testing non-metallic
adhesive materials in this geometry. A theoretical study
modelled double-lap shear failure, and found that a thick,
short, softer adhesive layer provides better stress homoge-
neity [211]. Janin et al., frustrated with the limited high-
rate data available, decided not to perform single/double
lap shear experiments and instead impacted side-on two
aluminium half-dodecagons glued together [212]. This geo-
metrical shape has joints at 15°, 45°, and 75° allowing their
compression SHPB to probe multiaxial loading. A series of
papers presented both experimental and modelling data for
the SHPB loading of metals bonded with cyanoacrylate and
epoxy [213-215]. Although the shear strength appeared to
increase with rate, they found evidence that above a thresh-
old strain rate (around 1000 s™"), the failure stress and strain
sharply declined to below quasi-static values (Fig. 19). They

|
i

)

suggested that adiabatic heating of the adhesive was the rea-
son, a conclusion that Rizk et al. also came to with regards
to thermomechanical failure of joints in warm environments
[216]. SHPB compression tests on cubic composite spec-
imens with a 1 mm adhesive layer running through their
centres in both in-plane [217] and out-of-plane [218] ori-
entations suggested that while stress and modulus increase
with strain rate, localised heating (which they argue is pri-
marily damage-driven) occurred at the composite-adhesive
interfaces only in the out-of-plane configuration. Further,
while laminate splitting is characteristic of low-rate failure,
at higher rates both delamination and interfacial separation
between adhesive and adherent are important.

Bolted joints behave in an arguably even more uncertain
manner, with factors such as bolt/hole size tolerance and
the presence of an obvious inhomogeneity making it par-
ticularly challenging to extract general trends from experi-
ments. Tsiang’s 1984 review of bolted composite joints
summarised several numerical and analytical modelling
approaches [219]. They commented that such approaches
are often quite conservative due to overestimation of the
effects of fibre breakage when drilling holes, and noted
that (i) a good understanding of through-thickness (third
dimension) responses, such as delamination, was lacking,
and (ii) non-destructive analysis of sub-critical damage
around joints was needed to help predict failure. More
recently, Pearce et al.’s experiments on bolted CFRP
panels highlighted how ‘simple’ models struggle to rep-
licate real-world behaviour [220, 221]. They suggested in
a later paper that bolts really need a finite element (FE)
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approach, and delamination of plies should not be ignored
[222]. Again highlighting the importance of a fully three
dimensional approach, there is some evidence that pre-
loading bolted composite joints in torsion may increase
the load they can bear, for reasons that are still unclear
[223]. However, inclining the bolt beyond a certain angle
can weaken the joint, necessitating the use of large wash-
ers [224]; hexagonal bolt-heads should also be avoided.
Further, fibre lay-up has been found to have some effect
on bolted joint behaviour, as Hamada et al. noted that
having 0° fibres on the outermost plies (rather than part
way through) resulted in higher tensile strength [225]. In
woven GFRP joints, +45° orientation has been found to
lead to more sudden failure than 0°/90°, while a sufficient
distance between the pinned joint and material edge is
needed to avoid unexpected failure modes involving ten-
sion and shear [226]. Recent developments include the
use of micropins instead of a single large bolt [227], and
an increase in the sophistication of damage and fracture
analysis modelling [228].

Several studies have considered the rate-dependence of
bolted joint behaviour in the regime between quasistatic and
medium rate loading. Li et al. suggested that joint strength
was a minimum for impact velocities of around Sm/s in riv-
eted composite joints [229]. Heimbs et al.’s study suggested
that while single-lap shear with one bolt showed little to no
rate dependence [230], a single lap shear with two bolts did
show increased strength and energy absorption at 10m/s due
to a change in failure mode from net tension to “extensive
bearing and pull-through failure”. Another study also noted
a change in damage mode between quasistatic and 2m/s
loading [231], but while they found that the failure stress
increased, the absorbed energy decreased (presumably due
to rate-dependent stiffening).
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Little information about the high-rate loading of bolted
composite joints has been published in the open literature.
From the data that is available, it appears that whether their
strength increases or decreases with loading rate depends
on the specific geometries and materials involved. Ger et al.
found that for carbon and hybrid fibre composites, the bear-
ing strength decreased with rate [232]. They also reported:
(i) a more pronounced decrease for pinned joints which
lacked side-clamping pressure; (ii) a smaller reduction for
double lap compared to single lap joints; (iii) tensile failure
due to high stress concentration at the joining hole was what
governed the rate dependent behaviour; and (iv) their bonded
joints were stronger at high rate. VanderKlok et al. studied
metal and composite plates that were bolted together [233].
While generally stronger at high rate, the rate dependence
appeared to depend strongly on the ratio ‘e/d’, where e is the
distance from the far edge of the plates to the bolt centre, and
d is the bolt diameter. A ratio of 1 resulted in slightly lower
strength at high rate, 2 a slightly higher strength, and a ratio
of 3 produced a compound structure that was much stronger
under high rate loading than quasistatic. A combination of
failure modes, inertial effects and load transfer rate were
suggested as underlying causes of the variations observed.
Finally, Wang et al. applied tensile loads to GFRP single-
lap bolted joints, and found that both strength and stiffness
increased at higher rate [234].

Underwater Loading

Use of FRPs in marine applications date back as far as
World War 2 [235]. They were introduced because (i) they
are lighter, (ii) they are non-magnetics (and hence are par-
ticularly useful in minesweeping), (iii) metals corrode in
seawater, and (iv) wood is eaten by marine organisms. To
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date, FRPs have been used for “hulls, bearings, propellers,
hatch covers, exhausts, topside structures, radomes, sonar
domes, railings, vessels of all types, valves and other subsea
structures [235].” ‘E-glass’ is most commonly used, with
occasional use of the stronger S-glass (also known as R-glass
or T-glass). The much more expensive carbon fibre is rarely
seen in marine applications, in contrast to aviation where
high strength-to-weight ratio requirements often outweigh
material cost considerations. Marine application presents
two unique challenges beyond that hitherto discussed in this
review: FRPs can be subject to mechanical changes when
submerged, and underwater loading can involve phenomena
such as bubble collapse and much longer duration loading
pulses than typically seen on land or in the air.

Submerging composites in water (whether pure, tap, salt
or sea) changes their mechanical properties, most notably
through plasticisation and softening of the matrix [236]
— although Wang et al. noted that seawater also strongly
degrades adhesive carbon—carbon bonding [237]. Dynamic
mechanical analysis (DMA) data for glass/plastic confirms
that changes in mechanical properties (principally those
of the polymer matrix) which occur from prolonged sub-
mersion may not be entirely reversed by repeated drying
[238]. Woldesenbet et al. [239] claim plasticisation by water
increases the ultimate stress in carbon/epoxy, though not at
high strain rate when submersion takes place at higher tem-
peratures (Fig. 20). Conversely Yin et al.’s glass/polyethyl-
ene composites generally lost strength after being immersed
in seawater [240]. They found the immersion temperature
affected the result: hotter baths led to a greater loss in flex-
ural strength, but a less pronounced reduction in tensile
strength. Two other studies, on glass/vinyl ester [241] and
pure epoxy [242] found that degradation due to moisture was
worse for low rate loading; the effects being reduced when
loads were applied in the (glass) fibre direction. The effect
of moisture on bonded joints is also important to understand:

Ferreira et al. found that bonded composite joints can lose
around 30% of their static strength after a few weeks in water
[243].

Replicating underwater blast loading in the laboratory
is challenging, for while it is possible to apply dynamic
loads whose peak is representative of a full-scale event, the
loading duration is necessarily shorter. This is particularly
important for composites for which the total impulse — not
just the peak strength — is an important factor in the pro-
duction of damage. Mouritz and co-workers have published
a series of papers on submerged charge blast loading of
composite panels [244]. They showed that while stitching
reduces delamination damage, stitches acted as stress con-
centrators which increased local damage at the point of fail-
ure [245]; defects arising from particular lay-up techniques
significantly affected shock strength [246]; and material
degradation from repeat loading only became apparent due
to serious delamination or fibre damage, not matrix cracking
[247]. One conclusion from this series of studies was that
data obtained from simpler quasi-static 4-point bending tests
could be extrapolated to the blast loading case using a simple
rate-dependence relationship [248]. Mouritz’ recent review
[187] of blast loading composites concluded that compar-
ing the many studies that have been performed is difficult
mainly due to differences in experimental methods. In par-
ticular, information is lacking about repeat loading (critical
for underwater cavitation) as is the response to near-field
(high stress) blast.

Rather than use an open-tank blast design, LeBlanc &
Shukla instead employed a conical shock tube (Fig. 21) with
triaxial strain gauges mounted on a cylindrical specimen
which can be either air- or water-backed [249]. Both the
water and the composite specimen were modelled with LS
DYNA. Subsequent tests considered curved panels [250]
and pre-stressing of samples [251]. In the studies reported
in their final paper, they varied both the curvature (bowing
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Fig.20 Moisture absorption of ca. 6 mm diameter carbon/epoxy cylinders immersed in distilled water at room temperature (left), and ultimate
stress vs strain for different moisture conditions in the fibre direction (right). From [239]
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Fig.21 Conical shock tube
schematic with expanded detail
of piston. From [249]
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towards the loading direction) and the thickness, showing
that more acutely curved specimens are stiffer and buckle
less [252]. More recent large-tank explosive tests have
involved (i) cantilevered plates [253], and (ii) the analysis
of the resistance to the formation of holes during through-
thickness penetration by considering the energy required
to initiate fibre rupture [254] (where the Von Mises strain
exceeded the ultimate elongation of statically loaded sam-
ples twofold). Rolfe et al. performed much larger scale blast
loading tests both under water and in air with several kgs of
explosive material [255]. Gauch et al. showed that polyurea
coatings help reduce damage from underwater blast load-
ing but also increase strain during early time deformation
[256]. Ren et al. considered sandwich panels [257]. In most
cases, the primary aim was the comparison of experiment
with (and thus validation of) various modelling approaches.

Due to the geometric complexity (and more direct real-
world application) of underwater blast, it has been a par-
ticular focus of modelling efforts over the past decades.
Early publications were mostly reporting analytic studies
of fluid—structure interactions, such as those involving sub-
merged composite cylinders [258] and attempts to replicate
underwater explosive loading (UNDEX) with a simpler
equivalent system [259]. Gong & Lam published a series
of papers assessing the transient response of composite
submersibles to explosive loads, using some coupled equa-
tions and an FE model [260]. Structures modelled included
a floating composite ship section [261], and a layered beam
[262]. Some structural damping and stiffness effects were
included. Motley et al. modelled in 3D the shock response
of composite marine structures to underwater blast [253].
They noted how more flexible panels resulted in better
energy transfer across the plate, a macro-scale structural
effect rather than a material property. The authors noted the
comparative difficulty in predicting brittle composite fail-
ure as opposed to ductile deformation of metal components.
The systems that have been modelled include: (i) sandwich
panels under blast load [263, 264] (the authors ignored
certain complex phenomena such as small amplitude, high
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frequency oscillations); (ii) numerical modelling of a com-
plete submarine hull subject to stand-off explosion [265,
266], and (iii) a peridynamic thermomechanical model of
shock-loaded marine composites [267].

Replicating underwater blast at full-scale necessar-
ily involves relatively large, spherically symmetrical (as
opposed to 1D) experiments, which are made more chal-
lenging if explosive charges are used. It is therefore sensible
to attempt to replicate blast loading conditions using pres-
surised inert gases. A small number of in-house designs of
experimental apparatus to achieve this have been reported in
the past few decades. One example is Espinosa et al.’s design
for performing shock experiments in water [268, 269]. They
used a gas gun to launch a flyer that then impacted a piston
of smaller diameter, thereby driving a shockwave though
a water-filled tapered tube to load a circular disk-shaped
composite specimen. The diagnostics they used included
high-speed photography, shadow moiré, and pressure trans-
ducers positioned along the length of the edge of the water
tank. Wei et al. later modelled these experiments, noting
in particular that delamination was highly rate-dependent
[270]. Georgia Tech’s Underwater Shock Loading Simula-
tor (Fig. 22) is similar, and uses measurements of deflec-
tion and calculation of absorbed energy (using Abaqus/
Explicit models) as the main analysis tools. Experiments
performed include testing various sandwich panels [271,
272], the response to blast of cylindrical composite struc-
tures [273-275] and hybrid metal-composite plates [276].

A smaller-scale apparatus was used by Schiffer et al. to
test circular composite plates [277]. Iterations of the design
allowed for a variety of different composite specimens to
be assessed and compared with models. Initial experiments
produced minor shear failure in air-backed specimens loaded
up to 10 MPa [278]. Double-skinned specimens with water
in between [279] and sandwich plates [280] were also tested.
Making the shock tube out of a transparent material allowed
high-speed photography of the water during dynamic load-
ing. This facilitated analysis and comparison with model-
ling of cavitation activity, additional (re)loading and other
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more complex fluid dynamic interactions as the specimen
plate deformed [281]. Researchers in China have recently
conducted similar experiments [282, 283].

Dropweight experiments where composite plates were
loaded on the surface of [284] or immersed in [285] water
have also proved insightful. Owens et al. reflected on the
importance of fluid—structure interaction (FSI) effects in
relatively dense fluids such as water [285]. ‘Added Vir-
tual Mass Incremental’ factors, that is to say the ratio of
kinetic energy in water to that in the plate, were on average
eight times greater in the air backed case and nearly four
times higher in the water-backed case. The authors noted
that these factors are significantly greater than the typically
quoted figure of 1.4 for steel plates submerged in water. A
subsequent paper by Kwon [286] expanded on this to explain
that FSI has a significant bearing on structural dynamic
behaviours such as frequencies, damping, and magnitudes
thereby strongly affecting the failure of composite structures
under water. In other words, the modest difference in density
between water and composite panels strongly reduces the
‘effective’ loading stress applied to a composite panel if it
is immersed in water on both sides, compared to the same
panel backed by air.

Damage, Failure and Energy

The previous sections have largely discussed the rate
dependence of deformation through the lens of traditional
mechanical analysis approaches. In this section, further con-
sideration is given to the more FRP-specific processes occur-
ring during deformation such as damage modes and energy
absorption, which are not necessarily captured if we limit
our assessment to that of failure stress and strain. As noted
in the introduction, fracture mechanics in composites is a
substantial area of research in itself, and so not something
this review has space to assess in detail.

There are many possible damage and failure processes in
fibre-reinforced composites. The particular failure process
that occurs in any given scenario will depend on a number of
factors including the loading rate, specimen shape and size,
fibre weave, layup, pre-existing flaws or damage, tempera-
ture, fibre and matrix properties and interactions between
them. As a result, in many cases ‘standard’ materials charac-
terisation tests may not be sufficient to fully characterise and
predict behaviour. Cantwell & Morton tabulated the energy
required for various failure modes in quasistatic loading (see
Table 2), highlighting the much greater work required for
fibre fracture and pull-out compared with splitting, delami-
nation or debonding [162].

The physics of the damage mechanisms in compos-
ites is surprisingly complex. Localised impact results in a
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Fig.22 Georgia Tech’s Underwater Shock Loading Simulator
(USLS) for measuring the response of various structures to underwa-
ter impulsive loading. From [274]

Table 2 Typical values of the energy absorbing capability of various
continuous fibre composites for different failure modes. From [162]

Failure mode Material Typical fracture
energy ()kJ mh
Splitting Type II CF/epoxy 0.1-1
AS4/PEEK 3.8
Delamination T300/epoxy 0.1
IM6/PEEK 22

Transverse fibre fracture ~ Treated CF/epoxy 20

Untreated CF/epoxy 60

AS4/PEEK 128
Fibre pull-out CF/polyester 26

CF/bismaleimide 800
Debonding CF/epoxy 6

delaminated area which depends on impact force [287], for
example, while adding stitches between plies reduces the
risk of structural damage leading on to catastrophic failure
but at the expense of degraded in-plane mechanical prop-
erties [288]. Interactions between the physical constituents
of damaged materials are still poorly understood. Kendall
proposed that ‘structural dislocations’ (small voids and
cracks) might function to arrest the propagation of damage
by cracking, in a manner similar to dislocation-driven work-
hardening in metals [289]. The propagation of different types
of damage can also differ quite significantly: A three-point
bend configuration in a modified Kolsky bar showed that
mode II cracks extend much faster crack than mode I [290].
Lee et al., however, found that in unidirectional CFRPs, the
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crack speed was faster for mode I than for mixed mode I &
I [291].

Several studies have focussed on fibre-matrix interactions,
often by using simplified model systems. In 1980, Mandell
et al. performed indentation tests to assess fibre-matrix bond
strength, which involved compressing a fibre or region of
fibres on the surface of a polished specimen [32], then
removing the indenter and visually assessing debonding. Bi
et al. studied the initiation and propagation of cracks at the
fibre/matrix interface of a model aluminium/epoxy system
[292], and found that the dynamic interface strength and
toughness were considerably higher dynamically than the
quasistatic values; Li et al. observed similar results, which
were also strongly dependent on surface roughness [293].
Gradin & Bécklund made a macroscopic physical model of
fibre debonding by setting epoxy around a steel cylinder,
which they then pulled out [34], observing that longer cracks
at the interface grew faster. Tamrakar et al. devised a SHPB-
style single fibre and micro-droplet pull-out test, which they
claimed was the first such study to be performed at high rate
[294].

Methods for tracking damage evolution in real-time dur-
ing an experiment are being developed. Mahmood et al.
coated glass fibres with graphene oxide (which is piezore-
sistive) in order to record strain in real time [295] — with the
added benefit that the graphene oxide layer improved the
flexural strength by 23% and the interlaminar shear strength
by 29%. Minnaar developed a non-contact crack detection
method [290] which consisted of a series of four laser inter-
ferometers that measured the displacements of the surface,
allowing the degree of delamination to be determined. Woo
& Kim [296] employed acoustic emission and wavelet analy-
sis to SHPB experiments to find particular frequency ranges
which may correspond to different damage mechanisms such
as matrix fracture, fibre-matrix debonding, fibre pull-out,
and fibre breakage. Riccio et al. investigated delamination
buckling and growth phenomena in stiffened composite pan-
els under compression [297] by embedding optical fibres
in the skin of the panels close to an artificial delamination.

Assessment of damage and failure in recovered samples
post-experiment is most commonly performed using optical
and electron microscopy, although an increasing diversity
of diagnostic tools are beginning to be employed. Duchene
et al. recently reviewed the non-destructive techniques that
are used for the assessment of mechanical damage [298].
Acoustic emission and acoustic inspection are becoming
increasingly widely used, although it is difficult to differen-
tiate between different types of damage, and high attenuation
in heterogeneous composites makes it difficult to use these
techniques on thicker specimens. DICC optical techniques,
as mentioned elsewhere in this review, can be used to meas-
ure full field strains at a specimen surface in order to obtain
deformation maps. X-ray radiography and tomography are
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better for smaller specimens but cannot be used to study
very small cracks. Infrared thermography, shearography
using lasers, electrical resistance and eddy currents have
also been used with varying success. Wu et al. used a pulse
echo reflector technique similar to ultrasonic imaging, and
found that they were able to detect hardly-visible impact
damage and pre-failure delamination within a composite
[287]. Saeedifar et al. combined passive and active acoustic
methods to assess non-visible damage [299], while Xue et al.
used both acoustic emission and X-ray microtomography to
observe damage due to a compression stress of 60 MPa in
a specimen whose yield strength was more than twice that
[300]. Russo claimed that it was possible to detect and quan-
tify the damage to GRFP structural elements by measuring
their elastic response and inputting this into an FE model
[301].

Various authors have shown that strain rate has an effect
on the stress—strain behaviour, much of which is attributed
primarily to the strain rate sensitivity of polymer matrix
materials. For example, Tasdemirci & Hall [112] observed
a linear relationship for composites compressed under qua-
sistatic conditions, but not for higher rate loading. Griffiths
and Martin also observed an increase in nonlinearity with
rate [302]. Departure from linearity indicates a change in
modulus due to damage, suggesting that despite strength
being observed to increase with strain rate, the same may
not be true for the damage threshold. Indeed damage mecha-
nisms may vary with rate as well as with loading geometry,
specimen structure and other variables. For example, Werner
& Dharan observed that the density of interlaminar cracks
increased as the strain rate was increased [160]. Several
authors have observed a change from splitting (or delamina-
tion) to fragmentation in composites loaded using compres-
sion SHPBs as the loading rate (and stress) increases [13,
94]. Taniguchi et al. impacted hollow composite tubes side-
on, and observed differences in the fracture surfaces [303]:
At high rates, failure appeared to occur mostly within the
matrix, rather than jumping between the matrix/fibre bound-
aries (Fig. 23). Small changes in the loading configuration
can have surprising effects, such as Minak et al.’s discovery
that for composite cylinders impacted at low velocities, pre-
loading the specimen in torsion didn’t noticeably affect when
damage first initiated, but did lead to damage propagating

matrix—=

fiber .
Static

Fig. 23 Comparison of the fracture surface behaviour between static
and dynamic tests, as observed by Taniguchi. Reproduced from [303]
with kind permission of Taylor & Francis Ltd (www.tandfonline.com)
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much more readily thereafter [304]. Tsai & Chen investi-
gated the nonlinear rate-dependent properties of CFRPs
using micromechanical analysis [305]. As expected, they
found experimentally that CRFPs stiffen as the strain rate
increases, and they attributed this observation entirely to
the epoxy matrix rather than the fibres. They measured the
properties of both the epoxy and the composite, and then
compared the results to their micromechanical model.

Failure modes, too, may change with strain rate. For
example, Gama et al. found that when they compressed uni-
directional and woven glass/vinyl, kink bands were formed
at both quasistatic and SHPB rates [6]. However, there was
much more interlaminar delamination at high rates implying
tensile failure of the plies perpendicular to the loading direc-
tion. Failure also occurred on multiple planes at high rates,
but for quasistatic loading failure occurred only in the maxi-
mum shear plane. One driving factor behind these changes
is that damage processes are not instantaneous, but take
time to nucleate and grow. Energy is also required. Accord-
ingly, various attempts have been made to model strain rate
dependent damage behaviour [306-308]. Lataillade et al.
investigated this experimentally by using a strain-arrest ten-
sile SHPB apparatus to load +45° off-axis (symmetrical)
specimens to better understand damage propagation [309].
Fibre-matrix unsticking appeared first, before microcracks
coalesced between fibres, and an initial elastic region was
followed by an ‘anelastic’ plateau in the stress—strain plots.
The authors argued that at higher rates, damage initiation is
delayed, and reduces the rate of propagation.

At very high rates, adiabatic heating of the viscoelastic
matrix during compression may occur, and there is evidence
that this may lead to a significant drop in strength above
a threshold rate [213-215]. As a result of these observa-
tions, Li & Ghosh recently developed a continuum damage
model which includes adiabatic heating so as to improve
understanding of high strain rate impacts [310], although
their model does not appear to replicate the dramatic
strength reductions that some researchers have observed.
Tarfaoui et al. measured the deformation, damage mode
and temperature simultaneously of deforming GFRPs both

Fig. 24 Schematic and photo-
graph of the experimental setup
for four-point bending SHPB
experiments. From [314]

quasistatically and at high strain rates in an SHPB [311].
The greatest local temperature change they observed was
219 °C, with hot zones localised at damage sites, suggest-
ing that heating is not just due to the viscoelastic response
of the matrix.

As discussed in previous sections, the yield and ultimate
strengths of FRPs tend to increase with strain rate in most
circumstances. However, there is much less agreement about
the effect of strain rate on modulus and failure strain, in
large part as a result of to the difficulty in accurately and
reliably measuring these parameters at high rates. For these
reasons, we will discuss a collection of papers which con-
sidered the issue from the point of view of energy absorp-
tion. Several studies reported an increase in toughness with
rate: (i) Adachi et al. evaluated the interlaminar dynamic
fracture toughness of unidirectional CFRP laminates using
“end notched flexure” specimens in an SHPB to drive mode
II delamination [312]; (ii) Kuhn et al. compressed double
edge notched specimens of various sizes in the fibre direc-
tion [313]; and (iii) Leite et al. performed a four point bend-
ing investigation of the interlaminar fracture toughness of a
CFRP [314] (Fig. 24). Compression of unidirectional GFRPs
has been shown to result in similar increased energy absorp-
tion before failure [83], with both matrix and fibre failure
modes thought to contribute [80].

However, even for simple SHPB compression experi-
ments, changes in failure mode — particularly for carbon
composites — have been seen to significantly reduce failure
strain as strain rate is increased, leading to a decrease in
toughness with rate [81]. Taniguchi et al. conducted side-on
impact studies of hollow composite tubes in which the fibres
were oriented at either 0° or £45° [303]. They found that
the energy absorbed increased with strain rate for 0° fibre
specimens, but remained constant for tubes where the fibres
were arranged at +45°. Furthermore, the effect of strain rate
on energy absorption changed after onset of damage: before
damage occurred, the energy absorbed increased with rate,
but after damage initiated the energy absorption decreased
as the rate was increased.

QO

Incident Bar

(a) Schematic assembly

(b) Real assembly
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Mesoscale structure, as well as rate, can affect the energy
absorption properties of a composite. Daryadel et al. found
that energy absorption depends on structure, with glass
fibres surrounded by graphite fibres providing the highest
specific energy absorption and highest ultimate strength
[315]. Interestingly, observations made with a high-speed
camera showed that the specimens were not visibly dam-
aged at the peak load, but the surface started to shatter a few
microseconds afterwards. Tarfaoui et al. used energy balance
to quantify the energy dissipation during SHPB tests, and
found that although stitching between plies did not increase
the damage initiation strength, it did increase the fracture
energy for crack propagation as z-direction fibres help to
prevent delamination [316]. As an example of very specific
rate sensitivity in dynamic response, Yasaee et al. investi-
gated the strain rate dependence of mode II delamination
resistance using three-point end notched flexure specimens
with and without z-pins (i.e. fibres in the z-direction) [159].
Unsurprisingly, z-pins increased the delamination toughness
as they specifically reinforce the dominant interlaminar shear
failure mode. More interestingly, a significant increase in
toughness was observed at higher rates as the z-pins failed
by shear rather than pull-out. Indeed the balance of work
done between particular damage modes is not necessarily
obvious. Simulations [273] suggest that delamination might
contribute only 20% of the overall fracture work and ~5%
of total energy dissipation — but is the driving force of other
failure modes such as intralaminar cracks — while friction
between cracked surfaces could account for a similar amount
of work done as fracture and strain.

Repeat Loading

One of the biggest concerns about using FRPs in many
applications is the extent to which degradation in struc-
tural properties can accumulate without any obvious signs
of damage or failure. Fatigue testing (a subject beyond the
scope of this review) offers some insight, but at high strain
rates, one subject of particular interest is the extent to which
a single loading event — such as a bicycle crash or bird strike
on an aircraft — might lead to a reduction in residual strength
or toughness.

Because deformation in composites is always accompa-
nied by damage (which is irreversible and cumulative) an
applied load which does not cause yield or visible damage
may reduce the ability of a composite to withstand a second
loading event. Some low-rate studies have addressed this
concern, but the rate dependence of the effect of multiple
loading is difficult to assess due to the experimental dif-
ficulty of applying a load at very high rate in a stress- or
strain-limited manner. For example, Li et al. found that the
damage produced by repeated low velocity impact increased
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with successive blows [317]. Strength has also been found
to decrease for samples which have been previously loaded
[162, 318]. There is some disagreement about the load
required to trigger a reduction in strength: Cantwell &
Morton observed a roughly constant decrease in residual
strength with impact energy (Fig. 25); Oleg et al. argued
that a threshold load was required [318]; and Mouritz’
underwater shock loading experiments [247] suggested that
fatigue strength only noticeably decreases once delamination
or fibre damage has occurred — minor amounts of matrix
cracking appeared to have little effect. Bolted joints are also
weaker under cyclic loading, with one study recording a 63%
reduction in strength [319].

Tarfaoui et al. studied the residual strength of damaged
GRFP tubular structures, 55 mm diameter with 6 mm wall
thickness [320]. The resulting damage was assessed using
both ultrasonic transducers and by injecting UV sensitive
penetrant into cut sections — with the latter technique show-
ing the extent of the damage to be around ten times larger
than the former suggested. They found there was a threshold
impact energy of around 3 J for damage to appear at the sur-
face, a rapid increase between 3 and 5 J due to macroscopic
delamination, and then a more gradual rise with energy
as cracks propagated within the debonded plies (Fig. 26,
black data). The pre-damaged tubes were then subject to
an increasing external hydrostatic pressure until the tubes
imploded (Fig. 27), revealing a relationship between failure
stress and pre-damage. Notably, they found that the direction
of the damage mattered: radial delamination had little effect
on implosion resistance, but there was a significant reduc-
tion in failure stress at slightly higher impact energies where
intralaminar cracks also occurred (Fig. 26 orange data). It
is important to note that this result is likely to be highly
specific to this particular set of loading conditions so that
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Fig. 25 Residual strength of composites with two types of fibre (solid
and open circle data points). From [162]
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due to initial impact loading (black data and circular points), and
subsequent failure stress during underwater implosion of the pre-
impacted specimens. From [320]

a particular type of damage from the first loading scenario
leads to a particular failure mechanism in the second.

Specimen Geometry and Damage
Localisation

In the previous sections we have considered the response of
an FRP specimen to dynamic loading under a wide range
of conditions. Almost exclusively, a single specimen geom-
etry was chosen and tested in each study — and so compari-
sons between different experiments, materials and authors
are required to build a picture of how different deformation
phenomena, damage and failure modes can arise under dif-
ferent loading conditions. For this final technical section,
we review differences in response observed when specimens
of varying geometry are compared under similar loading
conditions, and consider whether strain rate effects may be
different for ‘uniform’ specimens (which are the subject of
most studies in the literature) than for those where specimen
geometry leads to spatially localised stress concentration .

As composites are technically structures rather than mate-
rials, their dynamic properties are a combination of intrinsic
‘material’ and extensive ‘structural’ responses, as evidenced
by the studies highlighted in this section. Careful consid-
eration must therefore be paid to all possible deformation
mechanisms, some of which may not arise through oft-used
testing procedures sufficient for characterising more standard
materials. This is a particular challenge at high strain rates,
where non-equilibrium and wave effects have to be taken
into account.

Fig.27 Undamaged and damaged tubes before and after implosion,
illustrating different failure modes in pre-damaged specimens. From
[320]

Few studies have considered the effects of the shape of
SHPB specimens, despite longstanding evidence of their
importance. More than 45 years ago, Griffiths & Martin
urged caution interpreting results for axial SHPB load-
ing of unidirectional composite specimens [302], as “the
apparent reduction in the modulus at high strain rate in this
case appears to be due to the specimen geometry and not
an intrinsic property of the composite.” Two decades later,
Harding noted there were differences between the compres-
sive response of solid cylinders and thin waisted strip speci-
mens [321] (Fig. 28). These differences included a larger
damage area in the strip specimens at high rate which did
not appear in the cylindrical specimens.

Several authors have compared specimens with different
length-to-diameter (L/D) ratios. El-Habak found quite differ-
ent stress—strain curves for L/D ratios of 0.85 and 1.3 [77].
Tasdemirci & Hall found the failure strains were higher in
compressed woven glass/epoxy specimens with an L/D of
1 [112] compared with previous data obtained for similar
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Fig. 28 Effect of strain rate on cylindrical (left) and strip (right) specimens, illustrating significant differences in overall response. From [321]

materials with an L/D of 0.5. They argued that “Since the
matrix is strain rate sensitive, its yield stress increases during
dynamic testing and makes it more likely that a competing
deformation mechanism, such as delamination, will occur.
Taller samples present (i) more locations for delamination
and (ii) less interfacial constraint and, thus, produce higher
strains to failure.” However, two other compression studies
found no statistically significant variation with shape or size
[322, 323].

Pintado et al., when studying the through-thickness
response, found that larger specimens were stiffer and
exhibited different damage initiation characteristics [324].
Other experiments have shown that larger woven carbon/
epoxy specimens are weaker under compression (perhaps
due to having larger flaws), despite edge effects resulting in
a discrepancy between model and experiment [325]. Ploeckl
et al. [93] found that the measured compressive strength for
long and thin unidirectional specimens was lower than the
‘true’ value derived from testing multi-directional laminates
and calculating the strength of laminates only containing
0° degree fibres. Another example of unexpected rate-
dependence is Heimbs et al.’s study which found that while
a single-lap shear specimen with one bolt showed little or no
rate dependence, an otherwise identical specimen with two
bolts did show increased strength and energy absorption at
10m/s due to a change in failure mode from net tension to
“extensive bearing and pull-through failure” [230]. Pouya
et al. recently performed compression SHPB experiments
on metal specimens with varying geometries as a practice
run for the more complex composites [326]. However, the
authors note that different geometries result in quite dif-
ferent wave reflections at specimen-bar interfaces, making
analysis quite tricky for even this relatively straightforward
experiment.

The spatial distribution of damage has been observed to
depend on the rate of loading. Many authors have observed
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that under standard low rate tensile or compressive loads,
damage localises as the stresses concentrate at weak points
formed as cracks develop. By contrast, at high loading rates,
damage initiation and propagation is more limited due to
wave propagation effects. Therefore many smaller cracks
and delaminations occur prior to failure [46, 59—61]. The
interlaminar shear properties of composites (the most com-
mon failure modes) mainly depend on the properties of the
polymer matrix [152], so the damage mechanisms observed
are likely to be governed by the high strain rate properties
of the polymer matrix which are strain rate sensitive [2].
Cantwell & Morton’s 1991 review of impact resistance
stated that although composites can be very strong, they are
particularly weak to localised impact loading [162]. How-
ever, understanding how damage and failure occur locally is
challenging. While damage during loading standard cylin-
drical or cuboidal specimens tends to become more widely
distributed as the rate of loading is increased, the opposite
may be true where the experiment results in localisation of
the peak stress such as in falling wedge dropweight tests
[205] and notched tensile SHPB experiments (Fig. 29) [327].
This might be because creep-like relaxation of the polymer
helps relieve stress build-up between layers during impact
[122], and the finite velocity of stress waves limits the rate
at which energy can be dissipated from the point of impact.
The anisotropic structural nature of composites again blurs
the boundary between intrinsic ‘material’ properties and
structural response. Stout et al. studied damage development
in CFRPs by means of quasistatic and dynamic bend testing
of beams [328]. In the quasistatic case, damage progressed
gradually from multiple small matrix cracks across a large
volume, followed by a small number of long delamination
cracks which led to failure. In the dynamic case, damage
was limited to a much smaller volume, and dominated by
matrix cracking — with only a few short delamination cracks
occurring (and no structural failure). This experiment again
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illustrates the complex relationship between damage modes,
localisation and onset of failure.

When the impact or peak stress is deliberately local-
ised, there is even more evidence of reduced toughness
at high rate than for the ‘simple’ loading geometries dis-
cussed above. For example, in mode I wedge impact tests,
Kusaka et al. (Fig. 30) observed that damage was physi-
cally limited to a smaller area at higher rates [329] as did
Hoffman et al. who studied the tensile loading of notched
samples [327]. Salvi et al. also reported a decrease in mode
I toughness at higher loading rates in three-point bending
tests [124]. Machado et al.’s experiments on falling wedge
impact into double cantilever beams [330] showed there was
a significant increase in toughness at higher temperatures
(which they argued was due to increasing ductility of the
resin) as well as a decrease in toughness with increasing
rate, and Kusaka et al.’s end notched flexure tests showed a
decrease in toughness with increasing shear strain rate [331]
despite taking care to correct for the kinetic energy of the

the spatial distribution of damage, and accordingly failure strength/
toughness is reduced. From [327]

specimen due to dynamic fracture. Fractography of the lat-
ter showed that ductile fracture of the matrix resin, which
was observed at low strain rates, was not present at high
strain rates. Instead, the fracture surfaces were smooth due
to debonding at the interface between reinforcing fibres and
the matrix resin which required less energy per unit area to
create than the ductile ones formed at low loading rates. This
phenomenon was confirmed by May’s review of a number of
studies of the rate-dependence of mode I fracture toughness
noted that for CFRPs tested at low to medium strain rates
the fracture toughness decreased as the crosshead speed was
increased from 4.2 x 10™°m/s to 0.67m/s [332].

Discussion

Although there have been many studies of the high rate load-
ing of composites, many deficiencies remain in experimental
best-practice, and a consistent, unified understanding of the
underlying phenomena remains elusive. Most papers have
been concerned with a single material using just a few geom-
etries and loading conditions, so quantitative comparison
between materials or test conditions is lacking. The result is
that there is only limited understanding of the mechanisms
operating in the damage and failure of composites and their
rate dependence, and so the models still most commonly
employed are based on quasistatic data.

Composites should be thought of as intermediate between
materials and structures rather than materials in the tradi-
tional sense that mechanical properties obtained for a small
piece can be extrapolated to a product made from it. The
properties of composites therefore depend not only on the
intrinsic properties of the materials of which they are made,
but also on the interfaces between them, their structure at all
scales from micro to macro, and (what is often overlooked)
the geometry and size of the specimen. Thus, for compos-
ites, techniques such as the SHPB should be considered as a
form of structural analysis, which should then be combined
with knowledge of the intrinsic properties of the materi-
als that they are composed of along with their arrangement
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within the structure. Indeed, the assumption made since the
days of Thomas Young in the 1820s [333] that one can test
a representative small element of a material and scale up the
result to any size and shape of structure needs very careful
consideration with respect to FRPs.

The current state of the art requires any new composite
material to be tested under a range of conditions that are
relevant to each particular application. However, the most
useful route for future research will be carefully thought-
out investigations of the underlying deformation and dam-
age mechanisms leading to improved understanding of the
relevant phenomena. The most fruitful research efforts at
present appear to those that take a hybrid approach, in which
in the short-term materials of interest are tested so as to
reduce the risk of failure in the specific applications, but in
the long-term predictive modelling capability is developed
that will have wider applicability.

For tensile loading, the fibre response dominates where
there are many 0° aligned fibres, strength and failure strain
tend to increase, and the modulus often remains almost con-
stant. In off-axis directions, the behaviour of the polymer
matrix plays a much more important role. Since polymers tend
to be much more rate-sensitive than glass and carbon fibres
and usually become stiffer as the rate is increased, the off-
axis properties of fibre composites also often become stiffer at
increased rates. A major complication is that changes in dam-
age failure modes can occur as the loading rate is increased.
Under compressive loading, failure invariably involves lat-
eral deformation regardless of fibre orientation, and always
involves some behaviour that is controlled by the matrix. In
tension and compression, where specimens of simple geom-
etry are used, strength usually increases with strain rate,
although this is not a universal finding (e.g. in-plane loading
of woven materials, which may fail more readily by large-
scale shear along a relatively weak interface at higher rates).

A variety of methods for loading in shear at high strain
rate have been considered, and large differences in meas-
ured shear strengths have been reported by researchers who
have compared several loading geometries (e.g. single vs
double lap, shear vs torsion), as each method involves vary-
ing non-ideal behaviour involving stresses which are non-
uniform and/or multi-dimensional. Accordingly, there is less
agreement regarding the rate dependence of such behaviour.
Lapped shear geometries are commonly used in the assess-
ment of joints, for which the single lap geometry is the most
straightforward option. The rate-dependence of the dynamic
behaviour of such specimens is very strongly coupled with
the details of the experiment, and so it is difficult if not
impossible to uncover genuine trends. For bolted joints, the
ratio between bolt diameter and the distance to the edges has
been shown to affect the response. For bonded joints, sloping
(bevelling) the edges of each lap can reduce the often con-
siderable stress focussing at the ends of the interface section.
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In both bolted and bonded cases, particular care is required
to ensure repeatability test to test as a slight variation in the
thickness of an adhesive bond, or the tightness of fit of a
bolt, can significantly affect the outcome of an experiment.
Such experiments should be considered as structural tests
rather than as material characterisation and are best used as
a tool for model validation.

Dry ballistic experiments are a useful and efficient
method of replicating geometrically complex, localised
impacts in order to (i) extract some quantitative data such
as energy absorption via residual velocity measurement,
(i1) make qualitative comparisons (e.g. comparing failure
modes), and (iii) perhaps most importantly provide a way
of validating experimental models. Careful choice of ori-
entation, layup and clamping needs to be made in order to
activate or avoid certain failure modes such as delamination.

Exposure to moisture can profoundly affect the mechani-
cal properties of composites, not only by changing the
properties of the polymer matrix but also the matrix-fibre
interfaces. Immersion in seawater may produce different
effects to immersion in pure water, different polymers will
be affected in different ways, and it can take many weeks
or months for even very small specimens to become fully
water-saturated. The effect on the strength of composites
can be very significant and will likely depend strongly on
the particular material (particularly that of the matrix) stud-
ied. ‘UNDEX" blast loading and the more controlled method
of ballistically-driven underwater shock offer good struc-
tural analysis tests which are useful for model validation,
but complex stress states (spatially and temporally) in the
water and composite make it difficult to extract quantitative
‘materials’ data.

Beyond the well understood rate-dependent phenom-
ena associated with polymers employed in FRPs as matrix
materials, rate-dependence manifests itself most obviously
in composites through damage and failure mechanisms. For
example, as the rate is increased, fibre pull-out becomes
energetically unfavourable compared with fibre breakage,
small cracks propagating along fibre-matrix interfaces
change to cracks entirely within the matrix, and kink bands
are replaced with large-scale shear failure. Often, where both
stresses and materials are largely uniform, an increase in
strain rate leads to initial damage being more widespread
within a material. Under quasistatic loading, once a crack
has opened up, that weaker location becomes a point where
the stress concentrates, causing the crack to propagate. Since
crack propagation takes time, many smaller cracks nucle-
ate across a wide area under dynamic loading before any
particular one reaches the point at which it results in fail-
ure. This is one mechanism lying behind the often observed
increase in strength with rate.

Where a reduction in strength is observed with rate, the
underlying cause usually involves a pre-existing weak point, or
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region of concentrated stress, in the structure being loaded. In
such a situation, applying a load more slowly can allow plastic
deformation in the matrix to reduce the stress concentration.
At higher rates there is insufficient time for this to occur, and
damage is more highly localised in the already weak regions,
leading to a reduction in strength with rate. Indeed, where an
unexpected reduction in mechanical properties with increas-
ing rate is observed in ‘simple’ specimens, it is likely that a
local weakness such as a manufacturing flaw or slightly weaker
interlaminar join, may be the cause.

Finally, even when strength increases with strain rate, the
increased stiffness (driven primarily by polymer matrix behav-
iour) may result in a failure strain which is sufficiently reduced
such that the toughness of the composite decreases with an
increase in strain rate. This is a particular concern with respect
to the durability of large composite structures, where a stiffer,
more brittle response will be significantly less able to with-
stand a localised rapidly applied load.

New papers continue to provide data on an increasingly
wide array of novel FRPs, with evolutions ranging from dam-
age-sensing and self-repair to 3D weaves and reinforcement
with carbon nanotubes. However, the ability to make best use
of these innovations in high-rate applications still requires a
robust understanding of the underlying physical phenomena
— and accordingly the ability to develop predictive model-
ling capability. The complexities involved in this process for
composites require us to extend beyond the traditional suite of
‘materials characterisation’ testing, to consider a wider range
of carefully selected experimental methods (which are ulti-
mately all to a certain extent a form of ‘structural analysis’,
given the nature of FRPs).

The ability to draw useful equivalences between studies
relies on the extent to which testing methods and the specific
FRPs used are known and can be compared. As such, so per-
forming a wider range of experiments on similar materials and
methodologies (ideally using multiple specimen geometries)
remains an important counterpoint to repeating the same tests
on an ever-wider array of FRPs. Further, when methods such
as SHPB and Plate Impact are applied to composites, we
must be mindful of the extent to which ‘traditional” analysis
approaches can be transferred from metals and polymers to
composites. For high-rate testing, the focus is often on the
point of failure itself; features of the loading path, such as dam-
age accumulation and energy absorption, often occur before
dynamic equilibrium has been reached, and are thus difficult
to measure — but are of particular importance when it comes
to understanding FRPs.
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