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A B S T R A C T

This research investigates the performance of interlaminar hybrid composites as the skins of composite
sandwich panels under blast loading with the aim of promoting delamination between dissimilar plies for
energy absorption. The deformation of the composite panels was captured using high-speed digital image
correlation (DIC). High-speed full-field DIC enables failure to be captured at the moment it occurs across the
entire panel. X-ray micro-CT imaging was used to assess the post-blast damage sustained by particular areas
of interest from each panel, which were selected based on DIC results. The combination of full-field DIC and
detailed X-ray micro-CT scanning enabled a unique comparison of both the global and localised blast resilience
of hybrid and conventional composite sandwich panels to be performed.

Following a single blast load, the extent of damage to the Hybrid-3B skinned sandwich panel was found to
lie between that of GFRP and CFRP skinned sandwich panels. X-ray micro-CT scanning of these panels reveals
that there is no continuous damage path through the skin thickness of Hybrid-3B, whereas the GFRP and CFRP
panels sustain damage in every ply.

Following repeat blast loading, the Hybrid-4 skinned sandwich panel suffered from a front skin crack
spanning the length of the panel. Post-blast compressive strength testing reveals that this skin crack and
resulting core crack acted as a stress relief, limiting the damage sustained elsewhere in the panel.

It was concluded that Hybrid-3B results in a good trade-off between strength and stiffness and is
advantageous over conventional CFRP and GFRP panels under a single blast load. Under repeated loading
Hybrid-4 offers advantages over Hybrid-3B. Finally, the design of the support structure can significantly aid in
blast resilience, and, a holistic approach considering both panels and support should be taken when designing
for blast resilience.
1. Introduction

Composite sandwich panels are being adopted for an increasing
number of engineering applications. The performance advantages that
composite materials possess, in the marine and naval industry, lead
to enhanced stealth properties, higher velocity or greater payload,
and reduced maintenance costs [1]. Naval vessels are also required to
withstand a range of demanding loads due to the environment in which
they operate. This can include impact, wave slamming and both air and
underwater blast loading. Blast loading phenomena are complex and
can result in devastating consequences. Therefore, composite material
behaviour against blast loads must be investigated further to achieve
the necessary performance and safety standards.

∗ Corresponding author.
E-mail address: hari.arora@swansea.ac.uk (H. Arora).

Numerous experimental and numerical investigations on blast per-
formance of composite sandwich panels have been carried out [2–4].
For a comprehensive review of recent research into blast performance
of fibre-based polymer composites, the reader is directed to Ref. [5].
Researchers have widely concluded that the core material absorbs most
of the energy during blast [6] and investigations focussing on the core
material have been performed [2,4,7]. However, the composite skins
provide in-plane and bending stiffness to the structure following a
blast load. Improving blast resilience of the composite skins is equally
important. Investigations into skin resilience during blast have been
performed [8–11]. Arora et al. [12] compared the large-scale blast
performance of composite sandwich panels with glass-fibre reinforced
polymer (GFRP) and carbon-fibre reinforced polymer (CFRP) skins. The
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GFRP sandwich panel suffered from a large front skin crack and under-
went greater panel deflection. However, the reduction in relative load
bearing capacity after blast was greater in CFRP targets demonstrating
potential for a trade-off between the two composite materials.

The use of polymer interlayers within composite laminate skins to
increase energy absorption has been investigated following a successful
demonstration that poly-urea (PU) interlayers improve the properties of
concrete structures under blast loading [13]. Kelly et al. [7] determined
that a composite sandwich panel with GFRP skins and polypropylene
(PP) interlayers improved the energy storage capacity of the GFRP by
preventing front face sheet failure. Panels deflected less than a panel
with solely GFRP skins and an identical core when simultaneously
subjected to the same blast load. Upon post-blast inspection the panel
with PP interlayers suffered from less front skin/core debonding and
had no front skin cracks. Gardner et al. [14] have performed shock tube
investigations studying the addition of PU interlayers within composite
sandwich panels. The position of the interlayer was found to affect
deflection and strain of the sandwich panels. Placing the interlayer
behind the front skin or behind the core was found to reduce deflection,
velocity and in-plane strain. The concept of using polymer interlayers
can be extended to the use of hybrid composite laminates as sandwich
panel skins. Hybrid composites are being widely researched with the
aim of improving toughness of composite materials along with im-
proving damage resistance and reducing brittle modes of failure. These
properties would be beneficial under blast loading.

The impact performance of simple hybrid composites, using materi-
als that are commercially available, has been widely researched. Impact
performance has been linked to toughness [15]. Key investigations per-
formed by Sevkat et al. [16,17] found that damage accumulation was
reduced when glass-fibre layers were the outside layers in GFRP/CFRP
hybrid laminates under impact. The authors attributed this to the
incompatibility of the layers increasing the likelihood of delamination.
Other authors have separately reached similar conclusions, that impact
resistance is improved when glass-fibre fabrics were the outermost layer
experiencing impact [18–20].

The ability of hybrid composites to exhibit damage contributes di-
rectly to the amount of energy they could absorb under impact loading.
Park and Jang [21] compared the impact performance of interlayer
and intralayer aramid-fibre and polyethylene (PE) fibre hybrids. The
authors observed that the interlayer hybrids had a greater penetration
resistance due to the easier development of a delamination. However,
this led to greater delaminated areas and should result in poorer
post-impact mechanical properties.

Czél et al. [22] have successfully controlled the damage mechanisms
by reducing the thickness of the low elongation carbon-fibre layer.
The authors sandwiched a 29 μm carbon-fibre layer between thicker
lass-fibre layers. Under tensile testing, this led to several breaks in the
arbon-fibre along the length of the sample with diffuse delamination
efore the glass-fibre layers broke. This failure mechanism absorbed a
ignificant amount of energy. Wisnom et al. have continued to perform
nvestigations into thin-ply carbon/glass hybrid composites [23,24],
ncluding under bending which is most relevant to this study [25]. The
uthors tested thin-ply hybrids under 4-point bending, making use of
symmetric layups, and achieved gradual failure with high levels of
lexural displacement. The specimens exhibited no catastrophic failure
ut rather progressive brush-like failure. By identifying the failure
equence of the plies, the authors were able to identify an optimum
rchitecture.

With regards to blast loading, there exists an optimum architec-
ure to achieve the best possible trade-off between energy absorption
hrough damage mechanisms and post-blast performance. Previous
arge-scale blast testing of hybrid composite sandwich panels [26,27]
emonstrated that hybrid skins advantageously reduce the panel de-
lection compared to sandwich panels with conventional GFRP or CFRP
kins. However, the position of the glass-fibre and carbon-fibre layers
as shown to have no effect under such large-scale testing unlike

uring localised impact testing [28].

2

Table 1
Details of the panel types tested in each series.

Test series PE7 charge (kg) Stand-off distance (m) Panel type

A 30 10.5
GFRP
CFRP
Hybrid-3B(1)

B 8 8 Hybrid-3B(2)
Hybrid-4(1)

Fig. 1. Schematic layup diagram of composite sandwich panels.

This paper aims to extend the preceding research by investigating
hybrid composite sandwich panels with more significant differences
in layup and thinner carbon-fibre layers to promote energy absorbing
delamination failures observed by other researchers [22]. Furthermore,
this paper utilises a combination of full-field DIC and detailed X-ray
micro-CT scanning to perform a comparison of the global and localised
blast resilience between hybrid and conventional composite sandwich
panels.

2. Materials

The performance of composite sandwich panels, with both hybrid
skins and conventional skins, were analysed during two test series.
A schematic diagram showing the layups of these panels is shown in
Fig. 1. During test series A, three panels were subjected to a 30 kg PE7
charge at 10.5 m stand-off distance. Test series B involved subjecting
two hybrid panels to a repeat blast load. The panels underwent two 8 kg
PE7 charges at 8 m stand-off distance. The types of panels evaluated in
each test are detailed in Table 1.

All panels were 1.39 m × 1.23 m in size. The panels were con-
structed from four layers of bi-axial fabric either side of a 30 mm
thick Divinycell H100 PVC foam core. The fabric layers were arranged
quadriaxially, [0/90/−45/+45]2 CORE[+45/−45/90/0]2. Gurit XE603
600 gsm E-glass fibre and 400 gsm HexTow AS4 carbon-fibre were
used. The panels were infused with a mix of SR8100 epoxy resin and
SD8824 hardener. The panels were fabricated using resin infusion. The
panels were ambient cured and then held under vacuum for 24 h be-
fore being demoulded. The panels were manufactured by Independent
Composites in Bristol.

For test series A, GFRP, CFRP and Hybrid-3B panels were selected.
The GFRP and CFRP panels would act as benchmarks and quantify the
advantages or disadvantages of adopting a hybrid skin under the same
blast conditions. Hybrid-3B was selected as it was constructed from an
equal number of plies of glass-fibre and carbon-fibre. Thereby sitting
between the GFRP and CFRP panels in mass. Although this one layup
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Fig. 2. Photographs of panels mounted on the cubicle.
Table 2
Properties of the composite sandwich panels.

Panel type Areal density Equivalent bending Fibre volume fraction
(kg m−2) stiffness (kN m−2)

GFRP 10.21 19.8 0.55
CFRP 8.98 55.5 0.46
Hybrid-3B 9.94 48.7 0.39
Hybrid-4 9.88 38.9 0.39

of an equally distributed number of plies of carbon-fibre and glass-
fibre was selected, the choice of layup is acknowledged to influence
performance [28]. Due to test limitations a selection was made to use
Hybrid-3B for this test series.

For test series B, Hybrid-3B and Hybrid-4 panels were compared.
This was to identify the change in performance achieved by varying
the hybrid skin layup. Hybrid-4 contains a greater proportion of glass-
fibre, reducing the panel bending stiffness but also reducing the number
of interfaces between the dissimilar glass-fibre and carbon-fibre layers.
Table 2 details properties for each panel type. The areal density was cal-
culated from the mass and dimensions of the manufactured panels. The
bending stiffness was calculated using classical beam theory, datasheet
properties and the thickness of each layer measured from the manufac-
tured panels. Fibre volume fraction was calculated using thickness of
each layer measured from the manufactured panels and the fibre and
areal densities of the dry fibres provided by the manufacturers.

3. Methods

3.1. Air blast experimental method

During testing, the composite sandwich panels were mounted side-
by-side onto the front of a steel cubicle. The panels were bolted to
the cubicle along the top and bottom edges using 8 × M12 bolts and
clamped along the vertical edges in four positions. The bolts were
equally spaced 154 mm and 462 mm either side of the centre line along
the top and bottom edges. The position of the clamping locations are
shown in Fig. 2(b). A 100 mm wide, 5 mm thick steel frame was placed
up against the panel to help distribute the bolting and clamping forces.

Pendine concrete blocks were placed alongside the cubicle to reduce
blast clearing effects. Clearing is where the blast wave passes around
the free edge of a structure, which can lead to a reduced amplitude
and duration of loading on the target. The reader is directed to Rigby
et al. [29] for a detailed explanation of blast clearing effects. In ad-
dition, the vertical height of the cubicle was extended using a steel

sheet supported by welded struts. These blocks and height extension

3

aimed to mitigate the effects of blast clearing around the cubicle. Fig. 2
shows an image of the cubicle setup with two panels mounted prior
to testing and a more detailed view of the fixing locations. The stand-
off distances for the experiments were calculated, using the method
outlined by Andrews and Moussa, to cause core damage and limited
front skin damage [30], and Computational Fluid Dynamics (CFD)
modelling detailed in Section 3.2. Fig. 3 shows a schematic diagram of
the test pad setup. The spherical PE7 charge for each experiment was
positioned on a polystyrene stand in-line with the mid-height of the
panels and at the perpendicular stand-off distance, illustrated in Fig. 3,
as specified in Table 1.

3D DIC was implemented to capture the response of the pan-
els during blast loading. Since two panels were tested per charge,
four high-speed cameras were used. The cameras used were a pair of
Photron SAX2s and a pair of Photron AX100s recording at 12,500 fps
and 4000 fps, respectively. The cameras were triggered via a manual
switch which was pressed at the same time as the charge detonation
switch. For this study, 24 mm lenses were used on all cameras to
ensure the panels were within the field of view (FOV). The cameras
were mounted vertically on a heavy-duty camera stand, weighed down
with sandbags for further ballast. Banks of LED lights were used to
illuminate the back skin of the panels during blast testing. Fig. 4 shows
the setup of the high-speed cameras within the cubicle mounted in
vertical pairs. Camera calibration was carried out using a 700 mm CC
coded calibration cross supplied by GOM UK. A speckle pattern was
painted on the back skin of each panel to facilitate DIC. During test
series A, an additional high-speed Photron SA1 camera was setup to
record the progression of the wave front. This camera was mounted on
the bank of the test arena.

Polyvinylidene fluoride (PVDF) film pressure sensors were imple-
mented during the blast experiment. A PVDF sensor was taped to
the centre of each panel for all blast experiments. Movement of the
sensor cable was minimised by fixing it to the panel and cubicle by
using self-adhesive cable ties. The pressure gauges were connected via
a charge amplifier to the data acquisition setup. The PVDF pressure
sensors measure the pressure as the air particles come to rest against
the panel surface, which is the reflected overpressure. To validate blast
calculations, a side-on pressure gauge was situated at the set stand-off
distance for each test, 10.5 m for test series A and 8 m for test series
B. The side-on pressure gauge was positioned at the centre height of
the charge and parallel to the blast wave. This measured the static
overpressure as the air particles moved over the face of the pressure
sensor. To reduce the disruption of the flow a thin steel plate was placed
over the sensor face.
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Fig. 3. Schematic of the test pad setup showing locations of pressure gauges.
D

Fig. 4. Photograph showing the DIC setup within the test cubicle.

3.2. Computational fluid dynamics modelling

To support the analytical stand-off distance calculations performed
and to generate numerical data to supplement experimental results, a
CFD model of the experimental setup was created using Pro S Air. The
analytical method assumes a uniform pressure across the panel front.
In reality the pressure distribution across the panel front varies due
to blast clearing effects despite the cubicle modifications and Pendine
concrete blocks adopted as mitigation.

It is only possible to define infinitely rigid obstacles in the CFD
solver as it has no structural capabilities. Nevertheless, the results
provide an estimate of the reflected overpressure across the test panels.
A spherical geometry, cylindrical geometry and 3D geometry were used
in turn to efficiently model the separate stages of the blast wave and
its interactions with the surroundings. Each geometry stage had an
appropriate cell size and problem time as recommended both by the
software user guides [31,32], and by convergence studies performed
in previous investigations [33]. The spherical geometry modelled the
pressure from detonation until the blast wave reached the closest
boundary, the floor. The cylindrical geometry modelled the blast wave
between reaching the floor and reaching the next boundary, the cubicle.
The 3D geometry stage took over to model the blast wave as it encoun-
tered the 3D test cubicle as an object. For computational efficiency,
4

a plane of symmetry was assumed to run through the centre of the
test cubicle. This symmetry boundary was assumed to be reflective
along with the floor with 100% of the blast energy being reflected. All
other boundaries were 100% transmissive. In the 3D geometry stage,
the control volume that was modelled spanned from the ground to
4 m in height, from the centre of the charge to 13.5 m or 11.5 m in
length, depending on the stand-off distance, and from the centre of
the cubicle to 4 m in width. The reflected overpressure was measured
25 mm in front of the cubicle to take into account the panel thickness.
It is acknowledged that taking measurements at this location results in
an underestimation of the overpressure. A measurement was taken at
400 target points across the panel. Pro S Air only had the capability
to model PE4 not PE7. However, considering both plastic explosives
consist of 88% Research Department Explosive (RDX) and have the
same TNT equivalent, the difference was deemed negligible. The model
was used to verify test setup parameters and guide post-test analysis.

3.3. Post-blast damage analysis

Visual inspection, residual strength tests and detailed X-ray micro-
CT imaging was performed to study damage. Following blast testing,
the damage sustained by each panel was recorded and evaluated to
reveal differences in the blast resilience of the panel layups. The
panels were sectioned. All edges were photographed and visually in-
spected for core cracks, front skin/core debonding and rear skin/core
debonding. The damage types and extent of damage was recorded.
Ten 300 mm × 200 mm specimen were taken from each panel and
subjected to edgewise compression loading. Other types of loading were
considered, however, edgewise compression loading was selected as
all damage types sustained by the panels during blast loading would
be exacerbated by this load direction leading to catastrophic failure
via buckling. The aim was to discern the impact of various degrees
of perceived damage from visual inspection on residual load bearing
capacity and likelihood of failure. Edgewise compression would simu-
late the structural loads experienced by the panel in service if used as
part of a vessel superstructure or hull. Furthermore, the compressive
strength of composite laminates is considerably lower than their tensile
strength. Therefore, compressive strength is usually the critical design
criteria [34]. Testing was performed using an Instron 5985 universal
testing machine at a quasi-static test rate of 2 mm min−1. A Nikon

7100 DSLR camera was used to capture one photograph every second
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Fig. 5. Photographs showing the detonation of the charge and progression of the blast wave front.
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o measure the strain using 2D DIC. A speckle pattern was painted along
ne edge of each specimen to facilitate DIC. To ensure even loading,
0 mm thick rubber spacers were placed between the machine platens
nd the steel plates. 2D DIC was adopted due to potential slipping
t the platens resulting in inaccurate machine displacement readings.
he 2D DIC data was used to calculate the initial specimen modulus
rior to the onset of appreciable out-of-plane displacement. An effective
dgewise stiffness was calculated from the in-plane engineering stress
nd average strain.

Further analysis of damage type and severity sustained by each skin
ayup was performed using X-ray micro-CT imaging. Highly damaged,
0 mm × 20 mm, samples were taken from each panel after blast
esting. This sample size was selected in order to capture the required
evel of detail and optimise scanning efficiency. Two lab-based X-
ay micro-CT/microscopy systems were used for imaging the samples.
cans of the CFRP and GFRP samples were carried out using a lab-
ased Nikon XT H225 microfocus X-ray microtomography system, with
1.3 Megapixel Varian PaxScan 2520 amorphous silicon flat panel

igital X-ray imager in reflection mode with a tungsten target. An X-
ay tube voltage of 60 kV, and a tube current of 65 μA were used,
ith an exposure of 500 ms. A total of 3015 projections were captured
ith a voxel (3D pixel) size of 17.46–17.85 μm. The tomograms were

econstructed from 2D projections using a Nikon commercial software
ackage (CTPro version 3.0, Nikon Metrology), a cone-beam recon-
truction algorithm based on filtered back-projection. The commercial
oftware VGStudio Max 2.1.5 was used to view the reconstructed data,
roduce 2D grayscale slices, and 3D volumes. Hybrid-3B(1), Hybrid-
B(2) and Hybrid-4(1) samples were investigated using a lab-based
eiss Xradia 520 (Carl Zeiss XRM, Pleasanton, CA, USA) X-ray micro-
cope, using a CCD detector system with scintillator-coupled visible
ight optics, and tungsten transmission target. An X-ray tube voltage of
00 kV, and a tube current of 90 μA were used, with an exposure of be-
ween 500–1000 ms, and a total of 3201 projections. An objective lens
iving an optical magnification of 0.4× was selected with binning set to
, producing anisotropic voxel (3D pixel) sizes in the range 16.888 μm
o 30.150 μm. The tomograms were reconstructed from 2D projections
sing a Zeiss commercial software package (XMReconstructor, Carl
eiss), a cone-beam reconstruction algorithm based on filtered back-
rojection. TXM3DViewer software was used to produce 2D grayscale

lices for subsequent analysis.
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. Results & discussion

.1. Air blast experimental results & discussion

.1.1. Test series A: Hybrid-3B versus conventional GFRP and CFRP
The progression of the blast wave during test series A is shown in

ig. 5. The first image clearly shows the detonation of the spherical
harge and the test cubicle. The blast wave front travelling across
he ground can then be seen in the subsequent images. The cam-
ra exposure was set to a minimum to prevent overexposure caused
y the detonation. This makes the final two images less clear. The
last wave can be seen reaching the cubicle between 11.2 ms and
4.0 ms after charge detonation, as predicted by Pro S Air simulations
11.7 ms). Since only two panels could be mounted on the cubicle
uring each experiment, GFRP and CFRP were subjected to the first
harge. Hybrid-3B(1) was tested against the second charge.

Fig. 6(a) shows a sequence of contour images of the out-of-plane
eflection and major strain for GFRP at intervals of time under the
0 kg PE7 blast load. The major strain reaches a maximum at the
anel centre point of 1.46%. GFRP experiences a maximum central
isplacement of 77.6 mm at the centre point at a time of 15.75 ms.
oth deflection and major strain, at this time, are spread over a central
ircular area. However, at later times up to 17.75 ms, the area of
aximum deflection and major strain becomes non-circular and a

and in the contour plots become visible, indicative of damage. This
emaining band of high strain and displacement, after peak deflection,
ndicates permanent panel damage.

The sequence of contour images of out-of-plane displacement and
ajor strain for CFRP are shown in Fig. 6(b). It is clear that CFRP

xperiences a lower deflection and strain compared to GFRP due to the
igher stiffness of carbon-fibre skins. The deflection and strain images
ndicate a region of damage running vertically down the centre of the
anel. The maximum central displacement point of CFRP is 61.4 mm
nd maximum central point major strain is 0.79%.

Fig. 6(c) shows the DIC contour image series for Hybrid-3B(1).
he panel experiences an area of high strain towards the top right-
and side of the panel. The deflection and strain images indicate a
egion of damage running diagonally across the panel. The maximum
isplacement of the centre point is 68.0 mm and maximum major strain
t the centre point is 0.96%.
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Fig. 6. DIC results for 30 kg PE7 charge at 10.5 m stand-off distance showing out-of-plane displacement and major strain contour images for: (a) GFRP, (b) CFRP and (c)
Hybrid-3B(1).
Table 3
Summary of pressure gauge readings for test series A.

Panel type Peak static Positive phase Calculated reflected PVDF reflected
overpressure (kPa) duration (ms) overpressure (kPa) overpressure (kPa)

GFRP 100.8 6.12 278.5 357.8
CFRP 320.6

Hybrid-3B(1) 93.8 12.23 253.3 334.5
a
i

Fig. 7 shows a plot of the static overpressure from the two trials
long with the displacement of the centre points of all three panels. The
tatic and reflected overpressures recorded by the two types of gauges
uring the first and second trial in test series A are detailed in Table 3.
FRP and CFRP were tested side-by-side, Hybrid-3B(1) was tested after.
FRP and CFRP experienced a peak static overpressure of 100.8 kPa
hilst Hybrid-3B(1) experienced a peak static overpressure of 93.8 kPa.
onsidering the complexity of the field-based experiments, both the
tatic overpressure results and reflected overpressure results reveal that
he panels all experienced a peak pressure load within 10%. Hybrid-
B(1), however, undergoes a greater blast impulse due to a greater
ositive phase duration. These tests were performed one after the other,
owever, this change in phase duration could be caused by a change
n atmospheric or weather conditions. Sources of experimental error
ould arise from variability in the charge, positioning of the charge or
ositioning of the side-on pressure gauge, however, precautions were
ade to minimise these effects, particularly with regards to positioning,
here possible.

As expected, the deflection of the panels negatively correlates with
heir stiffness. The deflection of Hybrid-3B(1) lies between the deflec-
ions of GFRP and CFRP. CFRP demonstrates a double peak around its
aximum deflection point. The timing of this double peak correlates
ith the development of the front crack that is visible in the major

train plots of Fig. 6(b) from 16.0 ms onwards. This corresponds
ith the three phases identified by Nurick et al. for uniform blast

oading on panels with honeycomb cores [35]. The first CFRP peak

ere corresponds to the end of Phase 2, where the crush limit of the r

6

core is reached and front skin tearing initiates, albeit the front skin
tearing in this case was at the panel centre not panel boundary. The
second CFRP peak corresponds to Phase 3 where the tearing of the
front skin further compresses the core, deforming the back skin and, in
this case, releases residual momentum within the panel. Damage also
causes the temporally elongated return of CFRP. Due to its high stiffness
and low mass, CFRP should have the shortest time period of response
followed by Hybrid-3B(1). Fig. 7 shows that this is not the case. The
panel stiffness, or flexural rigidity, is reduced due to damage resulting
in a longer period of response. This indicates that CFRP and Hybrid-
3B(1) have suffered from greater overall panel damage compared to
GFRP. Although Fig. 6(a) indicates that GFRP exhibits the highest strain
and high strain across a greater region, GFRP is able to sustain greater
strain before failure compared to CFRP. This widespread region of high
strain in Fig. 6(a) does not mean that the GFRP panel has suffered from
greater panel damage. However, failure mechanisms may differ which
may impact residual load bearing capacity.

To evaluate the relative performance of the panels in terms of the
blast energy dissipated, work done by each panel has been computed.
The work done by each panel was calculated using both numeri-
cal and experimental data. The experimentally recorded peak static
overpressure was used to calculate the peak reflected overpressure
using the Rankine–Hugoniot relationship shown in Eq. (1). In this
equation 𝑃𝑟 is reflected overpressure, 𝑃𝑠 is static pressure and 𝑃𝑜 is
mbient pressure. This relationship assumes the wave encounters an
nfinitely large rigid wall with a zero angle of incidence. The simulated

eflected overpressure at 400 target points across the panel front was
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Fig. 7. Central out-of-plane displacement against time for composite panels under 30 kg PE7 charge at 10.5 m stand-off distance along with the recorded side-on blast pressure
against time.
Fig. 8. Cumulative work done against time for composite panels under 30 kg PE7 charge at 10.5 m stand-off distance.
xtracted from the CFD model detailed in Section 3.2. The overpressure
t each target point and for each time step (between 11.75 ms and
6.25 ms) was normalised against the peak simulated reflected over-
ressure extracted from the CFD model. This resulted in normalised
imulated values (between 0 and 1) for each target point at every
ime step. These simulated normalised pressures were multiplied by
he experimentally calculated reflected overpressure. This results in a
eflected overpressure distribution across the panel replicating the blast
oading that occurred during the experiment. The displacement of the
ame 400 target points across the panel were extracted from DIC data
or each time step. The work done at each point was calculated by
ultiplying the displacement at that point by the reflected overpressure

xperienced at that point and by the area encompassing that point.
ig. 8 shows a cumulative work done versus time plot for all three
7

panels tested.

𝑃𝑟 = 2𝑃𝑠

[

7𝑃𝑜 + 4𝑃𝑠
7𝑃𝑜 + 𝑃𝑠

]

(1)

Fig. 8 shows that GFRP and CFRP experience similar cumulative
work done. Since these two panels were tested side-by-side and sub-
jected to the same overpressure, this implies the panels experienced
similar global displacements. Initially, the work done by GFRP is lower
than the other two panels despite exhibiting a greater central point
deflection. Therefore, the initial work done on CFRP must be caused
by the deflection of a more widespread area. The work done by GFRP
continues to increase and exceeds that of CFRP. This indicates that the
deflection of GFRP is sustained for a longer period of time. Beyond
13.8 ms, Hybrid-3B(1) experiences the greatest work done. This is
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Fig. 9. DIC results for Hybrid-3B(2) under the first 8 kg PE7 charge at 8 m stand-off distance showing: (a) out-of-plane displacement and major strain images, (b) deflection at
time intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
Fig. 10. DIC results for Hybrid-3B(2) under the second 8 kg PE7 charge at 8 m stand-off distance showing: (a) out-of-plane displacement and major strain images, (b) deflection
at time intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
partially caused by the differing pressure signatures, shown in Fig. 7.
This results in a greater impulse delivered to Hybrid-3B(1). The in-
creased work done on Hybrid-3B(1) is also partially caused by the
deflection of the panel. Fig. 7 shows that the centre point deflection
of Hybrid-3B(1) lies between that of CFRP and GFRP, however, Fig. 6
shows a band of diagonal damage. Deflection in this band is greater
than deflection at the centre point after approximately 15.25 ms. The
increased work done by Hybrid-3B(1) is caused by a combination of
the global panel deflection and the greater blast impulse due to the
elongated decay of the second blast. Panel deflection can absorb a
significant amount of blast energy and be beneficial for blast resilience,
provided that the deflection does not cause excessive damage. Post-
blast panel assessment will reveal whether the greater work done on
Hybrid-3B(1), interrelated with its greater deflection, results in greater
damage or whether the hybrid layup is advantageous.

4.1.2. Test series B: Hybrid-3B versus Hybrid-4 comparison
Fig. 9(a) shows a sequence of contour images of the out-of-plane

displacement and major strain taken from DIC image processing for
Hybrid-3B(2) under the first 8 kg PE7 blast load. The panel experiences
8

a relatively symmetric outward deflection and return. Fig. 9(b) shows
the displacement of the horizontal cross-section at the midplane of
Hybrid-3B(2). The panel reaches a maximum central displacement of
47.2 mm at 14 ms and maximum central major strain of 0.66%. The
symmetric response of the panel can be clearly seen in the cross-
sectional displacement until the final few cross-sections of the return
stroke. Deceleration is visible on the left-hand side of the panel, in-
dicating the presence of damage. Fig. 10 shows the DIC data for the
same panel, Hybrid-3B(2), under the second 8 kg PE7 blast load. The
panel experiences a greater deflection with a maximum of 50.9 mm
and maximum central major strain of 0.61%. The damage, caused
by the first blast, results in an asymmetric deflection and the further
accumulation of damage results in a more distorted return stroke.

Fig. 11 illustrates the response of Hybrid-4(1) to the first 8 kg PE7
blast load. Hybrid-4(1) experiences a greater central deflection and
major strain compared to Hybrid-3B(2) under the first blast load with
values of 51.9 mm and 0.78%, respectively. There is a greater extent
of panel deceleration and a gradient discontinuity in the return stroke
of Hybrid-4(1). The response of Hybrid-4(1) to the second blast load
is shown in Fig. 12. The deflection and strain images in Fig. 12(a)
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Fig. 11. DIC results for Hybrid-4(1) under the first 8 kg PE7 charge at 8 m stand-off distance showing: (a) out-of-plane displacement and major strain images, (b) deflection at
ime intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
Fig. 12. DIC results for Hybrid-4(2) under the second 8 kg PE7 charge at 8 m stand-off distance showing: (a) out-of-plane displacement and major strain images, (b) deflection
t time intervals for the horizontal centre section and (c) rebound at time intervals for the horizontal centre section.
ndicate the location of a severe crack. The maximum central out-of-
lane displacement of Hybrid-4(1) under the second blast load was
8.0 mm and maximum central major strain was 0.77%. Hybrid-4 has
lower equivalent bending stiffness compared to Hybrid-3B which

s caused by a lower proportion of carbon-fibre layers in the layup.
he results highlight that this reduced stiffness leads to greater panel
eflection under air blast loading. The repeated blast loading increases
he difference in performance between the two panels due to damage
ccumulation.

The work done on Hybrid-3B(2) and Hybrid-4(1) by the distributed
last pressures during the first and second trials in test series B
ave been calculated. The same method as previously detailed in
ection 4.1.1 was used. Fig. 13 shows a plot of cumulative work
one versus time for all four cases. Fig. 13 shows that Hybrid-3B(2)
ndergoes less work done during both trials compared to Hybrid-
(1). Since these panels were tested side-by-side and subjected to the
ame blast loads, this demonstrates that Hybrid-4(1) underwent greater
lobal deflection.
9

The static overpressure recorded during each of the test series B
blast trials is detailed in Table 4. The PVDF gauges failed to capture
pressure data during the second trial as the amplifier gain for the sec-
ond blast trial was set incorrectly. The voltage generated by the PVDF
gauges, therefore, exceeded the cut off voltage for data acquisition.
However other measurements indicate a highly comparable blast was
delivered during the repeat test, see Table 4.

4.2. Post blast damage results & discussion

4.2.1. Test series A: Hybrid-3B versus conventional GFRP and CFRP
Fig. 14 shows the front views of GFRP, CFRP and Hybrid-3B(1)

following sectioning. The red dashed boxes highlight the 300 mm
× 200 mm regions that were removed from the panel for edgewise
compression. All panels suffer from severe front skin fibre breakage.
The front skin damage for all three panels correlates with the suspected
damage observed in the DIC analysis. A DIC frame showing major strain
around the peak displacement of each panel is shown alongside the
panel front views in Fig. 14. The DIC data for both GFRP and CFRP
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Fig. 13. Cumulative work done against time for the composite panels under 8 kg PE7 charge at 8 m stand-off distance.
Table 4
Summary of pressure gauge readings for test series B.

Trial number Panel type Peak static Positive phase Calculated reflected PVDF reflected
overpressure (kPa) duration (ms) overpressure (kPa) overpressure (kPa)

B1 Hybrid-3B(2) 68.1 5.01 172.1 305.8
Hybrid-4(1) 310.4

B2 Hybrid-3B(2) 68.9 5.11 174.5 –
Hybrid-4(1) –
Table 5
Visual inspection of damage sustained by the panels under 30 kg PE7 charge at 10.5 m stand-off distance.

Panel type No. of core Length of core No. of core/front Length of front No. of core/rear Length of rear Length of front
cracks cracks (mm) skin debonds debonds (mm) skin debonds debonds (mm) skin cracks (mm)

GFRP 11 426 6 243 4 129 2468
CFRP 14 448 4 72 1 44 2180
Hybrid-3B(1) 11 420 2 137 2 51 2958
show sharp gradient discontinuities and strain peaks at the panel centre
which corresponds to the severe cracks running down the centre of
the panels. GFRP also suffers from a diagonal crack towards the top
of the panel. The DIC data for Hybrid-3B(1) highlights a crack running
diagonally across the panel. This corresponds with the crack running
from the bottom left-hand side of the panel to the middle right-hand
side. The total length of the front skin cracks is detailed in Table 5.

Core shear cracks are visible approximately 150 mm in from the
panel edges on all panels. The shear cracks occur at 45◦ to the through
thickness direction. Fig. 15(b) shows cross-sections of Hybrid-3B(1) as
viewed from the bottom of the panel. Fig. 15(c) highlights a cross-
section where a shear core crack and debonding is visible. Many core
shear cracks occur at this location as this is the transition region
between the constrained edge and the deflecting central region.

Despite undergoing differing central point deflections, all three
panels experience a similar extent of core shear cracking and front skin
damage. GFRP suffers from greater front skin and core debonding. This
is likely due to the reduced stiffness of the glass-fibre skins allowing
greater deflection compared to the core. The extent of damage to
Hybrid-3B(1) lies between that of GFRP and CFRP. Considering Hybrid-
3B(1) underwent more widespread deflection and was subjected to a
greater impulse, the ability for Hybrid-3B(1) to only sustain comparable
levels of damage demonstrates that this hybrid layup is advantageous.
10
Fig. 16 shows the compressive strength for the specimens taken
from the highlighted locations on GFRP, CFRP and Hybrid-3B(1). As
mentioned previously, compressive strength is often the critical design
criterion in structural naval composites. Specimens with no visually
identifiable damage or one isolated type of damage sit above the dashed
line shown in Fig. 16. Specimens with multiple damage types in more
than one location have a reduced post-blast compressive strength and
sit below this line. There is no clear correlation between the location
from which the specimens were taken, e.g. proximity to panel centre,
and the compressive strength achieved as shown in Fig. 17. The mean
compressive strengths for GFRP, CFRP and Hybrid-3B(1) are 79.7 MPa,
86.1 MPa and 96.7 MPa, respectively. Additionally, the compressive
strength ranges for GFRP, CFRP and Hybrid-3B(1) are 76.3 MPa, 85.3
MPa and 73.9 MPa, respectively. As previously hypothesised [12],
the higher stiffness of the CFRP panel results in a faster wave speed
allowing the wave propagation to the boundaries quicker than in the
GFRP panel. This would lead to damage build up across the whole
CFRP panel, however, under these conditions the increased stiffness of
the CFRP panel has a detrimental effect. This more equal distribution
does not occur as evidenced by a greater range of compressive strength
results. Additionally, the mean compressive strength for CFRP is only
8% greater than that of GFRP. Although no undamaged specimens were
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Fig. 14. Photographs showing the front skin following blast of (a) GFRP, (c) CFRP and (e) Hybrid-3B(1) and their DIC major strains respectively. The red dashed boxes highlight
the sections removed for edgewise compression testing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
tested, carbon-fibres are far stronger than glass-fibres and it can be
deduced that the percentage drop in the CFRP strength is greater than
for the GFRP panel. Under these blast conditions, the higher stiffness
of carbon-fibres is detrimental to post-blast panel performance.

The range of compressive strength results for the Hybrid-3B(1)
panel is lower than either CFRP or GFRP demonstrating a more equal
11
distribution of damage across the panel. Additionally, the mean com-
pressive strength is greater for Hybrid-3B(1). Hybrid-3B(1) should lie
between GFRP and CFRP, however, these results indicate that Hybrid-
3B(1) is a more optimal choice for post-blast performance.

X-ray micro-CT scanning of the coupons from these three panels
highlight significant differences in the damage sustained during blast
and account for the differences in residual strength. Fig. 18(a) shows a



E. Rolfe, R. Quinn, G. Irven et al. Thin-Walled Structures 188 (2023) 110874

Fig. 15. Photographs showing the damage to the core of Hybrid-3B(1) as viewed from the bottom.

Fig. 16. Post-blast maximum compressive strength for the ten specimens taken from GFRP, CFRP and Hybrid-3B(1).

Fig. 17. Diagrams showing the compressive strength of specimens taken from various locations following blast of (a) GFRP, (b) CFRP and (c) Hybrid-3B(1) panels.

12
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Fig. 18. X-ray micro-CT slices of (a) GFRP, (b) CFRP, (c) Hybrid-3B(1) from test series A and (d) Hybrid-3B(2), (e) Hybrid-4(1) from test series B.
hrough thickness crack propagating through the thickness of the GFRP
anel from front surface to back surface of the skin. The CFRP panel
uffers from delamination and cracking, as shown in Fig. 18(b). How-
ver, the crack does not traverse continuously through the thickness of
he skin. The cracks step through each ply, propagating as delamination
efore cracking through the ply thickness again in subsequent slices of
he X-ray micro-CT scan. Each layer within the CFRP skin does have a
rack. Hybrid-3B(1) exhibits delamination in all plies except the inner
ayer of glass-fibre. Cracks are arrested before reaching this glass-fibre
ayer either from the external side or internal side and there is no
amage path through the thickness of Hybrid-3B(1). By retaining the
ntegrity of this ply, Hybrid-3B(1) is able to undergo greater work done
13
and exhibits a greater mean residual compressive strength. Considering
the results detailed, Hybrid-3B(1) offers advantages over conventional
GFRP and CFRP panels under these test conditions.

4.2.2. Test series B: Hybrid-3B versus Hybrid-4 comparison
The front views of Hybrid-3B(2) and Hybrid-4(1) are shown in

Fig. 19. The 300 mm × 200 mm specimen with varying amounts of
damage that were removed from the panel for edgewise compression
are shown by the red dashed boxes. Hybrid-4(1) suffers from a severe
front skin crack travelling vertically from one bolt hole to another.
This front skin damage directly correlates with the sharp gradient
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s

Fig. 19. Photographs showing the front skin following blast of (a) Hybrid-3B(2) and (c) Hybrid-4(1) and their DIC major strains respectively. The red dashed boxes highlight the
ections removed for edgewise compression testing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 6
Visual inspection of damage sustained by the panels in test series B.

Panel type No. of core Length of core No. of core/front Length of front No. of core/rear Length of rear Length of front
cracks cracks (mm) skin debonds debonds (mm) skin debonds debonds (mm) skin cracks (mm)

Hybrid-3B(2) 7 270 1 29 0 0 320
Hybrid-4(1) 8 305 3 77 0 0 1368
discontinuity and strain peak observed in the DIC analysis of Hybrid-
4(1). Hybrid-3B(2) has a greater proportion of carbon-fibre leading to
higher panel stiffness and lower deflection under blast loading. The
damage inspection has revealed that this also leads to less visually
observable damage (see Table 6).

Fig. 20 shows a plot of the maximum compressive strength for the
specimen taken from the same locations on both panels. Two Hybrid-
3B(2) specimens have a significantly lower strength. These specimens
were taken from the left-hand side of Hybrid-3B(2) which was the
outside edge of the cubicle. This edge experienced greater constraint
and increased strain, as shown in Fig. 19, accounting for the damage.
However, the specimen taken from the equivalent position on Hybrid-
4(1), did not sustain the same amount of damage. Hybrid-4(1) suffers

from a front skin crack spanning the length of the panel and spanning

14
the length of two compression specimens. This skin crack and resulting
core crack could have acted as a stress relief and could account for
the lower damage identified on the constrained side of Hybrid-4(1).
However, the presence of the crack does not dominate the compression
results for these two Hybrid-4(1) specimens. The mean compressive
strengths for Hybrid-3B(2) and Hybrid-4(1) are 96.6 MPa and 112.7
MPa, respectively. The ranges are 106.6 MPa and 60.7 MPa for Hybrid-
3B(2) and Hybrid-4(1). As shown in Fig. 21, there is no clear correlation
between the location from which the specimen was taken and the
compressive strength achieved.

These results highlight that shear core cracking in Hybrid-3B(2)
has a greater effect on post-blast compressive strength than skin fail-
ure and direct core cracking in Hybrid-4(1). Overall, the two hy-

brid types achieve similar mean compressive strengths, however, the
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Fig. 20. Post-blast maximum compressive strength for the ten specimens taken from Hybrid-3B(2) and Hybrid-4(1).
Fig. 21. Diagrams showing the compressive strength of specimens taken from various locations following blast of (a) Hybrid-3B(2) and (b) Hybrid-4(1) panels.
wo more damaged Hybrid-3B(2) specimens detailed skew the range
f Hybrid-3B(2) compressive strengths. Despite the severe front skin
rack, Hybrid-4(1) more equally distributes blast damage across the
anel.

X-ray micro-CT scanning of the coupons from these panels is also
hown in Fig. 18. Hybrid-3B(2) exhibits a catastrophic through skin
hickness crack which significantly affects the glass-fibre layers and
he underlying foam core. This specimen was taken from the left-hand
ide of the panel and accounts for the significant drop in residual com-
ressive strength in this region. Fig. 18(e) shows a through thickness
rack propagating through the thickness of the Hybrid-4(1) panel with
vidence of delamination and some crack stepping. Although Hybrid-
(1) visibly has a crack running the length of the panel, the severity
f the damage is reduced compared to Hybrid-3B(2) which accounts
or the improved post-blast performance of the panel. Under these
est conditions, Hybrid-4(1) is advantageous with an increased residual
ompressive strength, smaller range, indicating more uniform distribu-
ion of damage across the panel, and reduced severity of damage in
ocations where cracking does occur. However, key considerations of
ervice loads and damage mechanisms is needed before recommenda-
ions can be made over layups and preferential damage mechanisms
gainst blast.
15
5. Conclusions

Five composite sandwich panels were subjected to air blast loads.
The investigations were carried out to compare the blast resilience
of different hybrid skin layups along with their performance under
different blast severities and repeat loads. Although direct comparisons
between panels were intended, the complex nature of blast experiments
resulted in variability and complications. For example, Hybrid-3B(1)
underwent an 85% greater blast impulse compared to GFRP and CFRP
due to an almost double positive phase duration. Despite this, the
deflection of Hybrid-3B(1) was found to lie between that of GFRP and
CFRP, as expected from their panel bending stiffnesses.

Hybrid-3B(1) sustained a similar extent of damage and a greater
mean post-blast compressive strength compared to both GFRP and
CFRP. In addition, the range of post-blast compressive strengths across
Hybrid-3B(1) were smaller, showing a more uniform distribution of
damage across the panel. Considering Hybrid-3B(1) underwent a
greater impulse, the results indicate that Hybrid-3B(1) is a more op-
timal choice for post-blast performance. Furthermore, X-ray micro-CT
scanning of test samples demonstrated the type of energy absorption
mechanisms that can occur in each skin layup. The GFRP panel exhibits

a crack propagating through the thickness of the GFRP panel from
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front surface to back surface of the skin. The CFRP panel suffers
from delamination and cracking. Although the crack does not traverse
continuously through the thickness of the skin, the cracks do step
through each ply, propagating as delamination before cracking through
the ply thickness again. Hybrid-3B(1) exhibits delamination in all plies
except the inner layer of glass-fibre. All cracks are arrested before
reaching this glass-fibre layer either from the external side or internal
side and there is no damage path through the thickness of Hybrid-
3B(1). This indicates that interactions between the skin layers prevents
a direct through thickness crack. By redirecting the crack and causing
delamination, debonding and fibre breakage, energy is absorbed by the
hybrid skin. Retaining the integrity of this ply accounts for the superior
post-blast performance of the Hybrid-3B(1) panel.

In test series B, although Hybrid-4(1) suffers from a crack spanning
the length of the panel, this crack acts as a stress relief and allows for
a more equal distribution of blast damage across the panel. Although
this crack does not significantly affect the post-blast compressive per-
formance of Hybrid-4(1), it is undesirable in marine applications due
to potential water ingress. Furthermore alternative subsequent loading
regimes may uncover undesirable load bearing capacity due to this
damage mechanism. The higher bending stiffness of Hybrid-3B(2) re-
sults in a less compliant panel which leads to severe damage in the
edge that experienced greater constraint. X-ray micro-CT analysis of
specimens from each panel reveal that repeat blast loading exacerbates
damage and causes through skin thickness cracking in both hybrid
panels. The damage sustained in Hybrid-3B(2) is more severe than the
damage in Hybrid-4(1). Under these blast conditions, Hybrid-4(1) is a
more optimised layup for during and post-blast performance. However,
further work is required to prevent the significant skin crack in Hybrid-
4(1) from occurring whilst retaining the advantages of the layup. In
addition, testing of Hybrid-4(1) against conventional panels under blast
conditions representative of the final application is recommended.

Additionally, the experiments have revealed that DIC deflection
maps and cross-sections accurately capture the location of severe dam-
age and, equally, severe front skin damage has a significant effect
on panel deflection. As previously outlined in Ref. [36], the support
conditions dictate the location of core cracks. The rigidity of the
support conditions results in high bending moments causing core cracks
to occur. The fixing method, bolts and bolt holes, act as the initiation
locations for front skin cracks. The design of the support structure can
significantly aid in blast resilience and a holistic approach considering
both panels and support should be taken when designing for blast
resilience. Furthermore, with accurate modelling of the support struc-
ture, relative performance of panel materials is feasible [28] allowing
for information to be extracted and shared and avoiding test specific
results.
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