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A B S T R A C T

A novel fibre composite sandwich core has been introduced in this study. Trapezoidal corrugated core glass-fibre
sandwich structures were hybridised using Kevlar and Zylon fibres to improve the dynamic impact performance.
The composite cores were fabricated with four layers of glass fibre and one of the layers was replaced either by
Kevlar or Zylon fibre to create hybrid composite core (Glass-to-Kevlar or Glass-to-Zylon ratio 75:25). The impact
behaviour, damage mode, specific absorbed energy, and residual strength after the impact of the composite
sandwiches were investigated using a low-velocity impact test with 30 J, 40 J and 50 J kinetic energy level. The
experimental results revealed that the hybridised sandwiches with high-performance fibre are performing ex-
tremely well when subjected to impact energy above the threshold limit. The observations during the experi-
mental work and numerical simulation have confirmed that Glass-Kevlar and Glass-Zylon hybridisation can
eliminate severe core rupture by minimising stress concentration and provide high specific energy without in-
creasing structural weight. Moreover, the loss of strength and stiffness of trapezoidal corrugated core sandwich
structures after an impact event can be minimised up to 56% and 69%, respectively using Glass-Zylon hy-
bridisation technique. Furthermore, an empirical relationship for predicting the residual strength of the com-
posite core sandwich is proposed.

1. Introduction

The application of sandwich structures increased extensively in
aerospace, marine, automotive, and transportation industries as well as
civil constructions [1]. Sandwich structures are often subjected to low-
velocity impact during their service life. This impact may arise from the
falling tools during maintenance work, bird strike, runway debris, tire
rubber impact, fan engine blade-off, hail storm, and water ditching in
particular if they are used in aircraft or marine applications. Several
researchers aimed to improve impact performance (high stiffness and
lightweight, high impact resistance, and energy absorption) and mini-
mise damage size, particularly core damage of such sandwich panels
under low-velocity impact [2,3]. Their approach mainly focused on
core configurations such as traditional metal-based honeycomb core
[4], sandwich metal foam cores [5], triangular core filled with ceramic
[6], lattice truss pattern and Y-frame core [7–10], multilayer corru-
gated core [11,12], sinusoidal core [13,14], aluminum Bi-tubular cor-
rugated sandwich [15],and corrugated core sandwich [16,17]. Among
them, corrugated core sandwich structures gained particular attention

due to their anisotropic mechanical properties [18], high strength/
stiffness-to-weight ratio [17,19–21] and relatively high impact energy
absorption capacity [11,22]. This type of folded core also minimise the
problems related to the humidity retention (common in foam core) due
to their excellent ventilation characteristics while their efficient in-line
production technology leads to reduce the cost. Another approach is to
combine polymeric or metal and fibre composite materials in the fab-
rication of sandwiches to improve impact resistance and minimise da-
mage size. For example, studies have been conducted on the composite
face sheet with 3D-printed polymeric core [23, 24], aluminium corru-
gated core [25], hybrid corrugated core sandwich [26], plywood core
with aluminium skins [27], kagome titanium truss core with carbon
face sheet [28], aluminium core with carbon face sheet [29], alumi-
nium honeycomb core with woven glass fabric epoxy laminate face
sheet [30] and aluminium corrugated core with carbon face sheets [31].
However, the aforementioned studies hybridised the face sheets but not
the core materials, and this approach marginally improved the impact
capacity. Therefore, an improved engineering approach is deemed ne-
cessary to improve the impact capacity.
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The increase of impact resistance with minimal sandwich weight is
an essential design criterion for sandwich structures [32]. To achieve
that the researches are now focusing on fibre composite cores along
with fibre composite face sheets for the sandwich systems. The present
study focused on improving fibre composite cores instead of face sheets.
The study on two-layers carbon-fibre composite pyramidal core ob-
served an improved energy absorption capability and less damage in
the sandwich [33]. Schneider et al. [34] fabricated the wrapped fibre
composite corrugated core and tested under out-of-plane dynamic
loading conditions. They observed the suppression of the failure modes
due to the warped fibre, while the high core density showed limited rate
sensitivity. Shi et al. [35] improved sandwich properties of thin-walled
honeycomb by adding an orthogrid structure in the core to minimise
core crashing. While these concepts can minimise the overall weight,
but the structural performance under impact load is remained a critical
issue. To overcome this limitation, the researches should focus on the
entire sandwich system with high-performance composite fibres.

One engineering approach to improve the impact resistance of the
composite core without increasing weight/thickness is to combine the
traditional fibres with high strength fibres. Zylon, a high-performance
fibre has recently been introduced in the market. This fibre offers a high
tensile strength, which is 1.6 times more than Kevlar with similar
density, and twice strength but only 20% density of steel fibre [36]. The
extremely high ultimate tensile strength (UTS), high elastic modulus
and good electrical insulation may improve impact resistance without
increasing structural weight [37]. However, the extensive survey of
literature only found some mechanical characteristics study [37,38],
but no investigation has been reported on the impact performance of
Zylon fibre. This is probably due to the recent development of this fibre
compare to the traditional fibres such as carbon and glass. Therefore, it
is worthwhile to investigate how Zylon fibre can perform under low-
velocity impact.

This study investigated the combination of different fibers (Glass,
Kevlar, and Zylon) in the fabrication of trapezoidal corrugated core of
the sandwich systems with the aim to achieve the superior performance
in specific stiffness/strength, energy absorption, and core damage
without increasing structural weight/thickness under low-velocity im-
pact. The performance of glass-Zylon was compared with the Glass-
Kevlar and the traditional Glass-Glass combinations. Three different ply
combinations and energy levels were studied to achieve the goals. The
residual strength after the impact of the corrugated core sandwiches
was also investigated in order to understand their damage levels. The
outcome of this study will help in designing high-performance and
lightweight trapezoidal composite corrugated core sandwich structures.

2. Manufacturing of corrugated sandwich

Three types of trapezoidal composite corrugated core sandwich
named as GG (Glass-Glass), GK (Glass-Kevlar), and GZ (Glass-Zylon)
were fabricated in this study. The trapezoidal composite corrugated
core sandwich panels were manufactured in four steps. First, four-plies
of woven E-glass fiber were stacked to fabricate the upper and lower
skins of the sandwiches. Then three different types of corrugated core
were manufactured in a prefabricated wood mould. The wooden mould
was made with an isosceles trapezoid cross-section to fabricate the
composite corrugated core with the corrugated pitch of (L) of 120mm,
short span length of (L1) 30mm, long span length of (L3) 90mm core
height (h) of 30mm and an inclination angle (w1) of 45° (Fig. 1a). To
ensure de-molding, the wooden profile was covered with a sticky Nylon
film. The fiber composite laminates were fabricated by hand lay-up
technique. The warp yarns laid in the Z direction (i.e., remained
straight), and the weft yarns of the fabric were bent over the corrugated
core profile edges in the X-direction. A constant load used to press
corrugated mould for no less than 48 h at room temperature (20 °C).

Fig. 1(b) shows the schematic profile of the stacking sequence of the
fibre layers in the core configuration. The first core configuration (GG)

were made by using just woven E-glass fibre. In the second corrugated
core configuration, three layers of woven E-glass fibre and one layer of
Kevlar fibre were used to fabricate hybrid Glass-Kevlar core (GK), i.e.,
Glass-to-Kevlar ratio 75:25. The same procedure was used in the fab-
rication of the third corrugated core, three plies of woven E-glass fibre
stacked with one layer of Zylon fiber to fabricate hybrid Glass-Zylon
corrugated core (GZ), i.e., Glass-to-Zylon ratio 75:25. Increasing the
high-performance fibre volume fraction above 25% (such as Z-G-Z-G or
Z-Z-Z-Z) would lead to increase the impact capacity however, the fab-
rication cost of the core will also increase. Therefore, the required
number of Zylon layers is dependent on the performance and cost cri-
teria of the sandwich core. To utilise the benefit of Zylon or Kevlar for
impact resistance, the high-performance fibres need to be placed as
close as to the impact surface. As such the exterior layer of the core
should be made up of high-performance fibre. However, the fibre layers
at the contact surface between face sheets (both upper and lower) and
the core have to be similar to ensure proper bonding. Because of this
reason, the second layer (i.e., G-Z-G-G) was fabricated using the high-
performance fibre. The mechanical properties of the fibre plies and
resin system are summarised in Table 1. In the third step, the fabricated
parts glued together by using Techniglue (R5-H5). The proper selection
of the glue is an essential criterion to avoid the micro-cracking that can
occur due to the stress transfer between fibre and the bond surface. The
glue [39] that used in this study has high resistance to micro-cracking
damage and compatible with matrix resin used to manufacture the
composite. Finally, the sandwich panels were cut to the required di-
mensions for testing. Table 2 shows the types of composite corrugated
core sandwich panels and their weights.

3. Experimental program

3.1. Impact tests

Drop-weight impact tests, as a rule, involve an impactor weight and
impactor head that falls along with guideposts and collides with the
target. In this study, the drop-weight test was conducted on composite
corrugated core sandwich structures by using the hemispherical head
(diameter = 12mm) connected to three different impactor masses (m)
with constant impact velocity ( =v gh2 ) to obtain three different
kinetic energies ( =K E mv. 1

2
2), where g is the gravity, h and m are the

height and impactor mass, respectively. This study only considered the
impact on short span of the core as there were no major changes ob-
served by Liu et al. [45] in impact behaviour due to the variation of
impact location (i.e., short span and long span). Table 3 shows the
impactor mass, initial impact velocity and kinetic energy applied on the
specimen.

The low-velocity impact tests were conducted according to the
standard guidelines specified in ASTM D7136 [46]. The kinetic energy
was decided using E= h*CE, where, h is the specimen thickness, E is the
potential energy of impactor head prior to dropping (J) and CE is the
specific ratio of impact energy to specimen thickness (6.7 J/mm) [46].
The specimen thickness (3.3 mm) at the location of impact is the sum of
upper skin thickness (1.8 mm) and an upper flat component of the core
(1.5 mm). The kinetic energy of the first test set-up (i) is 30 J, which
was set marginally above the threshold of damaged energy (22 J) of the
composite laminate. This is to ensure the visibility of damage in the
composite laminates under low-velocity impact. To simulate the low-
velocity impact from incidents like dropped tools during service and
maintenance, and intermediate-velocity impact of debris [47], the ki-
netic energy was increased to 40 J and 50 J for the set-up ii and iii
(Table 3), respectively. One specimen in each category was tested as the
previous investigation by the authors were found consistent results.
According to Jang et al. [48] theory, the corrugated core sandwich
specimens can be laid horizontally on a base plate and clamped only
two sides using a jaw clamp. A corrugated core sandwich was mounted,
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and two wood parts were attached between upper and lower face sheets
of the structure to adjust the movement of the upper skin sheet. An LMS
SCADAS system was used for data acquisition. A piezoelectric load
sensor model (PCB 200C20) was set in between the impactor load and
impactor head while PCB (5014B) accelerometer was employed to ob-
tain the impact acceleration. A high-speed camera (Sony RX100) was
used to capture the impact event and the deformation of all structural
members. The data were recorded and stored for post-processing.
Fig. 2(a) illustrates the drop weight impact tower and necessary
equipment.

3.2. Bending after impact (BAI) test

Four-point bending tests on non-impacted (NI) and impacted com-
posite corrugated core sandwiches were performed according to ASTM
D5467 standard [49]. The third point loading span configuration (i.e.,
4-point third span) with a total span of 150mm, as shown in Fig. 2(b)
has been used in accordance with ASTM-C393 standard [50]. The tests

were conducted using MTS testing machine with a capacity of 10 kN at
a displacement rate of 0.5 mm/min, as shown in Fig. 2(b). Quantum
XMX1615B - strain gauges bridge amplifier was used for strain mea-
surement. Strain gauges (type FLA-5-11) were attached on the top
surface of the upper face sheet beside the damaged trace in parallel to
the corrugated core direction (i.e., Machine direction) as shown in
figure Fig. 2(b).

4. Results and discussion

4.1. Effect of ply combination on impact response

Fig. 3(a) shows the impact response of the GG, GK, and GZ fiber-
reinforced epoxy composite corrugated core sandwich structure sub-
jected to 30 J of kinetic energy. It can be seen that all sandwich types
exhibited similar impact response under low level of kinetic energy. The
peak value and the corresponding impact time showed an identical
magnitude. The force curve trace showed a sharp linear increase with
increase the impact time until the peak load. Before reaching the peak
value, the force-time trace showed a tiny drop between 1000 and
1500 N due to thin core thickness, which is prone to buckling. With
further increase of impact time, the kinetic energy mitigated and impact
force response gradually went down due to deformation of the sand-
wich and elastic buckling of the core (Fig. 3b–d). At the time between
0.004 and 0.006 s, the impact force exhibited an oscillation due to the
degradation of the materials’ stiffness at the upper face sheet leading to
the local damage under the impactor nose. It can be seen that the high-
performance fabric has no potential effect on sandwich impact beha-
viour at a low level of impact energy. Therefore, it is worthwhile to see
the response at higher kinetic energy.

Fig. 4(a) illustrates force versus time response of the composite
corrugated core sandwich impacted by 40 J kinetic energy. It can be
seen that the sandwiches exhibited different responses at the kinetic
energy of 40 J. For GG sandwich, the first stage ended at a time of
0.008 s that reflects the sandwich resistance until the core fracture, and
then the force increase again to about 500 N. The phenomenon of the
later stage is due to flexural bending resistance of the upper face sheet.
For GK sandwich, the response after the peak force showed a plateau
longer time compared to the GG sandwich. This is due to the large
elastic core bulking followed by local core damage (Fig. 4c). However,
the GZ sandwich exhibited a better response due to the core enhance-
ment by high-performance fibre ply. Moreover, the GZ sandwich ex-
hibited an increase in the impact resistance with no core damage
(Fig. 4d).

Fig. 5(a) shows the impact response of the fabricated corrugated
sandwiches under 50 J of impact energy. The GG and GK sandwich

Fig. 1. Corrugated core sandwich (a) schematic diagram, and (b) ply order of the corrugated core for GG, GK, and GZ sandwich.

Table 1
Mechanical properties of the woven E-glass, Kevlar, and Zylon fibre.

Properties Unit Glass Kevlar Zylon Epoxy Reference

Density g/cm3 2.54 1.45 1.56 1.54 [40–43]
Tensile modulus GPa 72 109 270 3.5 [40–43]
Shear modulus GPa 30 2.9 2 1.25 [43,44]
Poisson's ratio 0.22 0.35 0.20 0.33 [43]
Tensile strength GPa 3.4 3.6 5.8 0.06 [40–43]
Elongation at break % 4.8 2.4 2.5 6.1 [40–42]

Table 2
Core thickness and density of composite corrugated core sandwich panels.

Sandwich type Average core thickness, tc
(mm)

Average sandwich density, kg/
m3

GG- sandwich 1.50 259
GK- sandwich 1.45 243
GZ- sandwich 1.55 250

Table 3
Drop-weight test set-up configurations.

Set-up Impactor mass (kg) Impactor velocity (m/s) Kinetic energy (J)

i 3 4.47 30
ii 4 4.47 40
iii 5 4.47 50
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Fig. 2. Experimental set-up: (a) impact tower and the data logger; (b) four-point bending test set up after low-velocity impact on the sample.

Fig. 3. GG, GK, and GZ corrugated core sandwich subjected to 30 J (a) impact force-time response, and (b–d) captured image at the end of the impact.
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exhibited comparable force-time response at 50 J. Fig. 5(b) to (c), the
GG and GK sandwich showed corrugation angle fracture and core
buckling damage, respectively. The peak force of sandwich GZ also
linearly increased, then the force dropped due to elastic core buckling
and upper face deformation (Fig. 5d). Moreover, the force response
showed the reparteed fluctuation of the force due to the local external
damage of the upper face sheet plies. Furthermore, the dust plumes on
the sandwich members indicated the contribution of the adjacent core
in resisting impact force. In general, one layer of Kevlar ply can improve
sandwich resistance up to 3% (from 2968 N to 3055 N) at 30 J, 5%
(from 2909 kN to 3056 kN) at 40 J and 7% (from 3015 kN to 3220 kN)
at 50 J. On the other hand, one layer of Zylon ply can improve sandwich
resistance up to 5% (from 2968 kN to 3101 kN) at 30 J, 12% (from
2909 kN to 3242 kN) at 40 J and 25% (from 3015 kN to 3759 kN) at
50 J. Therefore, it can be concluded that the high-performance Zylon
fibre has only minimal influence up to the threshold impact energy
(22), but it can improve the impact resistance of the corrugated core
sandwich at high impact energy incidents. The impact resistance of
Zylon fibre reinforced core has shown a superior impact resistance
compared to glass and Kevlar at high energy impact situations.

4.2. Effect of ply combination on failure modes

The failure mode is one of the important criteria for designing any
engineering structures. Therefore, it is important to inspect the com-
posite corrugated core sandwiches after the impact event. A non-de-
structive examination was performed with the naked eye to understand
the failure mode. Various types of damages and failure modes were
revealed, such as white trace and upper face indent due to stress

concentration at the impacted area. The de-bonding of the upper face
sheet and the upper flat core member also emerged as a major failure
mode. Moreover, the core shear failure or core sturts damage appeared
due to global buckling. In some cases, the combined damage modes
were observed. Table 4 summarises the damage and fracture modes of
the different corrugated core sandwich under the low-velocity impact.
This table indicated that all the sandwich types exhibited a white cir-
cular of damage trace on the upper face sheet due to matrix damage at
30 J kinetic energy. However, other members of the corrugated core
sandwich have shown no noticeable damage trace.

The sandwich types GG, GK, and GZ showed de-bonding of the

Fig. 4. GG, GK and GZ corrugated core sandwiches subjected to 40 J (a) impact force-time response, and (b–d) captured image at the end of the impact.

Fig. 5. GG, GK, and GZ corrugated core sandwich components subjected to 50 J (a) impact force-time response, and (b–d) captured image at the end of the impact.

Table 4
Damage and fracture modes of the composite corrugated core sandwich under
different impact kinetic energy.

Specimen ID White
trace

Debonding
failure

Core
rupture
upper
angle

Core
buckling
fracture

Upper
skin
indent

GG-30J x o o o o
GK-30J x o o o o
GZ-30J x o o o o
GG-40J x x ⁂ o o
GK-40J x x o x o
GZ-40J x x o o x
GG-50J x x ⁂ o o
GK-50J x x o x o
GZ-50J x x o o x

Note: (o) refers to no damage, (x) refers to damage, and (⁂) refers to a severe
fracture.
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upper face with a flat core member at an increasing impact energy of
40 J and 50 J. Moreover, the GG sandwich depicted severe core shear
failure (severe internal core fracture) at the upper angle for the impact
energy of 40 J and 50 J. This is due to exceed the limit of threshold
shear stress of the core, and inertial stabilisation of the core struts. On
the other hand, GK sandwich structure exhibited global core bulking
associated with the core strut damage at the middle section of the web
for the same level of impact energy. Although an external damage trace
was clearly observed on the upper face sheet of the hybrid GZ corru-
gated core sandwich, discernible damages were not found in internal
core members. This indicates that only one layer of Zylon ply enhanced
impact resistance by preventing core crushing. Moreover, the GZ
sandwich converted most of the impact energy to large deformation to
maintain structural integrity. Similarly, the GZ sandwich showed sig-
nificant superiority on the hybrid carbon aluminium corrugated core
sandwich [29] by preventing penetration effect under low-velocity
impact at 50 J kinetic energy. In summary, the rupture of the upper
corrugation angle was the acute failure mode of the GG sandwich,
which was eliminated by Kevlar and Zylon ply. Moreover, GZ prevented
most of the damage by absorbing impact energy compare to GG and GK
sandwich. The failure of GZ was external as evident by the damage on
the upper face sheet while the GG sandwiches exhibited severe internal
damage that is difficult to detect by visual inspection.

4.3. Effect of impact energy on damage area

Due to employing of the high-performance fibre in fabricating the
sandwich panel subjected to low-velocity impact, it is important to
correlate external damage area (i.e., indentation damage of the upper
skin) and the kinetic energy. Fig. 6 shows that the increase of the ki-
netic energy increases the impact trace for all sandwiches; however, the
slope of the GZ sandwich cores is steeper than the other two config-
urations. This indicates that the GZ sandwich cores distributed the
impact force in a wider area than GK and GG at the same level of kinetic
energy. This can be further examined in Fig. 7, which shows that the
GG, GK, and GZ roughly exhibited similar magnitude of the impact area
ranged from 12 to 17 mm2 at the low kinetic energy of 30 J. At kinetic
energy of 40 J and 50 J, the impacted area of the GG sandwich showed
minimal magnitude when comparing with GK and GZ. This is due to
early severe damage of the upper corrugation angle. The core buckling
and the delay in core struts damage slowly increased the indentation
area on the GK sandwich at 40 J and 50 J (Fig. 7). However, the high
shear resistance of the Zylon fibre ply led to prevent internal core da-
mage; thus, it transferred all impact energy (40 J and 50 J) in the wider
area that increased local contact damage on the upper skin sheet

(Fig. 7). Using the high-stiffness synthetic fibre leads to a decrease in
the common internal core crushing, enhancing the sandwich impact
behaviour, and distributing the resulting stresses on the upper face
sheet to external damage. The advantage here is that the upper face
sheet can be repaired easily after any impact situation.

4.4. Effect of ply combination on specific energy absorption

Since the sandwich core structures exposed to impact events during
their service life, the understanding of the specific energy absorption
(SEA) capacity is an important aspect for their design. SEA is often
employed to compare the performance and weight benefits in a light-
weight design. Normalising the total absorbed energy by the sandwich
weight leads to obtaining the specific absorbed energy ( =SEA AE w/ )
in J/g. Where AE represents absorbed energy (i.e., total area under the
force-displacement curve) and w is the sandwich weight. Fig. 8 shows
the comparison of the specific absorbed energy of the corrugated
sandwich under different kinetic energy. The GG sandwich exhibited
roughly similar specific energy absorption with the increase of impact
energy from 30 J to 50 J. However, the corrugated sandwich containing
high-performance fibre plies showed a significant increase of SEA with
the increase of impact energy. The increasing magnitude of SEA for the
GZ sandwich indicates that it is more effective in designing sandwich
structures at high impact energy. Furthermore, Table 5 compares the
SEA from the current study with other types of core sandwiches under
low-velocity impact from the literature. In Table 5, it is found that the
GK and GZ can offer better specific energy than the other traditional
core materials such as expanded polypropylene, aluminium, rubber and
plastic. Employing high-performance synthetic fibres in the corrugated
core sandwich can provide high specific energy while maintaining the
lower weight.

This improvement of SEA in hybrid core is due to the fact that the
Zylon ply minimised stress concentration at the location of upper core
angle and transferred impact energy in a wider area. The high shear and
tensile strength of Zylon fibre prevented internal core damage caused
by combined shear and bending stresses produced from localized ro-
tation of the upper angle. This phenomena has been examined using
finite element simulation. Three-dimensional (3-D) finite element
model was created by explicit dynamics ANSYS- workbench to in-
vestigate the stress distribution pattern of the GG and hybrid GZ com-
posite sandwich core under low-velocity impact. The models built with
the same geometry of the tested corrugated cores using ACP-pre code,
then they exported to the workbench-explicit dynamic. The mechanical
properties of the materials are summarised in Table 1. The properties
were assumed same in both longitudinal and transverse directions due
to 0/90 woven fibre orientations. The maximum failure criteria was
employed to identify the failure or understand the high-stress zone. The
maximum failure criteria value is ranged between 0 and 1 that implies
no-damage and fully damage, respectively. The mesh was created with
approximately 18000 SHELL181 elements with an aspect ratio of the
elements were maintained close to one. A rigid and frictionless contact
of impactor head was created using SOLID185 element as there was no
visible deformation observed during the experimental program. The
translation and rotation at the support of core were restricted to si-
mulate the experimental setup and large geometric deformations were
enabled. The impactor velocity and mass were 4.47m/s and 5 kg, re-
spectively to ensure 50 J of kinetic energy. The impactor was allowed to
move in the Z direction and restricted in X and Y directions.

Fig. 9(a) and 9(b) shows the stress distribution based on maximum
failure criteria of the GG and GZ composite sandwich core. Due to the
stress concentration, it can be seen that the upper angle of the core (w2)
exhibited severe damage along the core angle (see Table 4). However,
hybridisation of the glass fibre and high-performance Zylon fibre has
distributed the stress on a larger area of the core, as shown in Fig. 9(b)
due to high shear and tensile strength of the Zylon fibre. The finite
element simulation showed a similar pattern of damage observed in the

Fig. 6. Impacted area of the upper face sheet of GG, GK and GZ composite
corrugated core sandwich with respect to the kinetic energy.
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experimental program.

4.5. Effect of ply combination on residual load-carrying capacity

Four-point bending test was conducted on non-impacted (NI) and
impacted composite corrugated core sandwiches to measure the re-
sidual static load carrying capacity of the specimen. The specified test
setup transmitted loads into the core from the upper face sheet. The
bending tests were carried out according to ASTM-D5467 [49] stan-
dard. The tests were stopped after hearing the first crushing sound of
the sandwich. Fig. 10 shows the force-displacement response of the GG,
GK, and GZ sandwiches after impact. All the impacted sandwiches at

30 J exhibited a very similar load-displacement response compare to
the non-impacted specimens. However, the load carrying capacity of
GG sandwich reduced by 63% and 79% and stiffness dropped by 75%
and 89% at 40 J and 50 J, respectively due to the core fracture. The
bending resistance of the GK sandwich core also decreased with the
increase of impact energy due to the existence of core struts damage.
The capacity of GK decreased by 37% and 60%, and stiffness dropped
by 17% and 25% at 40 J and 50 J, respectively. On the other hand, the
GZ sandwich showed better resistance when comparing with GG and
GK. The bending loads capacity reduced by 15% and 23% and the
stiffness was dropped by 2% and 20% at 40 J and 50 J, respectively for
GZ sandwich. This is due to the replacement of one layer GG fibre by
the high-performance GZ fibre that increased impact resistance and
protected the core from the damaging effect of impact force.

Fig. 11 shows of the residual load-strain response on the upper face
sheet of the corrugated core sandwiches under four-point bending after
low-velocity impact. All specimens except GG at 40 J and 50 J showed
tensile strain (Fig. 11a to c) in the upper face sheet of the sandwiches.

Fig. 7. Impact trace of GG, GK, and GZ sandwich under different impact energy analysed by Gwyddion code.

Fig. 8. Comparison of specific energy for different corrugated sandwiches.

Table 5
Comparison of specific energy absorption among different materials.

Sandwich types Reference Peak force
(kN)

SEA (J/
g)

GG core sandwich Current study 3.1 0.76
GK core sandwich Current study 3.3 0.93
GZ core sandwich Current study 3.8 1.01
Expanded Polypropylene foam (EPP-F)

core sandwich
[51] 2.3 0.8

Aluminium honeycomb (Al-H) core
sandwich

[51] 2.4 0.8

Rubber ball (R-B) core sandwich [51] 5.8 0.2
Plastic ball (P- B) core sandwich [51] 2.8 0.6
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This tensile strain at the middle of the upper skin can be attributed to
the upward bending of the upper skin (Fig. 11d) due to the high re-
sistance of the core even after impact that is confirming the superior
performance of the fibre composite core. On the other hand, the com-
pressive strain in GG sandwich at 40 J and 50 J (Fig. 11a) is due to the
core rupture followed by de-bonding between upper skin and core when
subjected to low-velocity impact that created positive moment (com-
pressive strain) at the upper skin under four-point bending.

Fig. 12(a) shows the variation of the residual capacity of the GG,
GK, and GZ sandwiches with respect to impact energy. At 30 J, the
residual capacity of all specimens is very similar to the initial strength.
This is due to the low level of applied energy, which is just above the
threshold limit, as discussed before. A significant drop was noticed
between 30 J and 40 J because the specimen exhibited de-bonding and
buckling at 40 J. However, the reduction of the capacity was com-
paratively lower between 40–50 J than 30–40 J as no major changes in
failure mode were observed between 40–50 J, as indicated in Table 4.
Fig. 12(b) normalised the variation of the residual capacity with respect
to the applied energy. This normalised variation is useful to compare
the rate of changes in the capacity with applied energy. It can be seen
that the rate of reduction of the capacity is the lowest for GZ followed
by GK and GG. In other words, at 50 J kinetic energy, the residual
strength and stiffness of GZ is 37% and 5% more than GK and 56% and
69% more than GG combination, respectively. This implies the re-
placement of one layer of glass fibre by the high-performance Zylon is
effective in maintaining the initial capacity of the composite trape-
zoidal corrugated core sandwich structures.

4.6. Empirical modelling

Experimentation is the preferred choice to understand the residual
capacity after the impact event of the hybridised corrugated core
sandwich structures. However, a systematic reduction of a large
number of data points and multiple curve fitting to reduced data to
parameter model has been developed for prediction of the residual
capacity of the structure. Fig. 12(b) showed the variation of normalised

residual capacity (F/F0) with the increase of impact energy which can
be predicted by Eq. (1). In Eq. (1), α and β are the material constants
while E is the kinetic energy of the impactor. The material constant α is
the function of β which can be determined by Eq. (2). The magnitude of
β is dependent on the impact strength of the material and an increase of
impact capacity reduce the β value. In the present study, the magnitude
of β is 1 for GG that reduced to 0.54 for the GK and 0.15 for GZ
sandwich. It is worth mentioning that Eqs. (1) and (2) were developed
based on the kinetic energy ranged from 30 J to 50 J. Table 6 calculated
the residual capacity using an empirical equation and compared it with
the experimental results. It can be seen that the empirical equation can
estimate the residual capacity within 10% of the experimental results.
However, this slight variation of the result is due to the estimation of β,
using a limited number of experimental impact strength results.

=
−

F
F

αe7
o

βE
(1)

=α e0.15 β1.9 (2)

The proposed model can be improved further by considering the
effect of a multi-layer replacement instead of one ply examined in the
current study. Moreover, the influence of a wide range of impact en-
ergy, geometric parameters and material properties need to be included
for establishing a robust model. Further studies are recommended in the
aforementioned areas.

5. Conclusions

Low-velocity impact behaviour of corrugated sandwich panels fab-
ricated with glass fibre core and hybridised using Kevlar and high-
performance Zylon fibres (Glass-to-Kevlar and Glass-to-Zylon ratio is
75:25) were investigated. The impact behaviour, damage modes, and
energy dissipation of the sandwiches were studied and the residual load
carrying capacity after impact were investigated using four-point
bending test from which the following conclusions are drawn:

Fig. 9. Stress distribution based on failure criteria of the composite sandwich core, (a) GG sandwich core, and (b) ZG sandwich core.

Fig. 10. Force-displacement response of non-impacted and impacted panels under four-point bending (a) GG, (b) GK, and (c) GZ.
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• The concept of hybridising glass fibre core with high-performance
Zylon is more effective when sandwich panels are subjected to an
impact energy well above the threshold limit for damage.

• Replacing one layer out of four layers (i.e., 25% replacement) of the
glass fibre by Kevlar or Zylon fibres eliminated severe core failure.
Moreover, the core failure in Glass-Glass combination is internal
that is difficult to detect by visual inspection. This limitation can be
overcome by Glass-Zylon hybridisation as the failure is external due
to their superior energy absorption ability.

• Glass-Zylon hybridisation distributed the impact force in the wider
area on the upper face sheet compare to Glass-Kevlar or Glass-Glass
combination. This distribution minimised stress concentration and
enhanced impact capacity of the corrugated core sandwich struc-
tures as shown by finite element modelling.

• Employing high-performance ply in the sandwich core provided
high specific energy absorption without increasing structural
weight. Glass-Kevlar and Glass-Zylon combination offered better
specific energy absorption than the other traditional core materials

such as expanded polypropylene, aluminium, rubber and plastic.

• The loss of strength and stiffness of corrugated core sandwich
structures due to an impact event is lower in Glass-Zylon hy-
bridisation than Glass-Kevlar and Glass-Glass combination. At ap-
plied energy of 50 J, the residual strength and stiffness of Glass-

Fig. 11. Load-strain response of the corrugated core sandwich under four-point bending after impact a) GG, b) GK, c) GZ and (d) upward bending of the upper skin.

Fig. 12. Residual strength of the GG, GK, and GZ sandwich under four-point bending a) residual capacity vs. impact energy, and b) normalised residual capacity vs
impact energy.

Table 6
Comparison between experimental and empirical results.

Sandwich type Experimental, (F/Fo) Empirical Eq. (F/Fo) % Variation

GG-30J 0.839 0.807 3.9
GG-40J 0.368 0.392 6.4
GG-50J 0.205 0.191 7.2
GK-30J 0.876 0.872 0.5
GK-40J 0.630 0.591 6.2
GK-50J 0.403 0.400 0.9
GZ-30J 0.963 1.01 4.8
GZ-40J 0.845 0.908 7.3
GZ-50J 0.773 0.801 3.6
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Zylon is 37% and 5% more than Glass-Kevlar and 56% and 69%
more than Glass-Glass combination, respectively. The proposed
empirical equations estimated the residual capacity within 10%
accuracy.

Further development of finite element analysis would require in-
depth investigation with different stacking sequences of the high-per-
formance ply in order to understand the effect of ply orientations.
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