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This article describes an experimental study of the impact behaviour of a novel composite corrugated core
sandwich structure under low-velocity impact. Influences of geometric parameters of the novel sandwich core,
such as thickness, height, and short span length were studied. Four different configurations of composite
corrugated core sandwich structures were prepared and tested. The impact events were monitored using a high-
speed camera and measured by an impact force transducer and accelerometer attached to the impactor. The
results revealed that the increase of core thickness improved impact capacity while the increase of core height
decreased sandwich strength by increasing elastic deformation. The damage status of the novel composite core
sandwich was simulated and insight into the damage mechanism was gained with finite element analysis. This
study proposes an improved numerical model by incorporating the effect of the impactor head which was able to
predict the impact capacity to within 10% variation of the experimental results. The results also identified that
the multi-cell composite corrugated core increased the impact capacity due to the continuity of the fibres be-
tween adjacent cells. Moreover, the trapezoidal composite corrugated sandwich core showed higher specific

strength compared to traditional honeycomb, truss and foam cores.

1. Introduction

Sandwich panels have been used in lightweight structures including
transportation vehicles, aircraft wings, floor pans and body panels due
to their high specific stiffness-to-weight ratio [1-3]. So far, researchers
have investigated the mechanical behaviours of sandwich panels man-
ufactured from metal foam core [4], aluminium corrugated core [5-7]
and steel core [8-11]; however, a major problem with these metallic
core sandwiches is their heavy weight. The weight penalty can be
minimised using lightweight materials such as fibre reinforced com-
posite materials. The fibre composite cores are a new generation struc-
tural component, which can be tailored to address any challenging
engineering hurdles.

The concept of a hybrid sandwich structure also gained the attention
of researchers to save weight, by combining metal with composite ma-
terials in sandwich fabrication. For example, aluminium honeycomb
cores were combined with carbon fibre laminated skins with rubber [12,
13] and their mechanical properties were investigated under
low-velocity impact. As well, the failure mode of such a structure was
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investigated [14]. Furthermore, impact behaviours of a hybrid sandwich
comprising an aluminium corrugated core and carbon-fibre composite
skin were also investigated [15-17].

A number of researchers have recently investigated composite core
sandwich panels, including foam composite sandwich [18-20], com-
posite honeycomb sandwich [21-25], tubular composite structures
with/without honeycomb sandwich core [26], composite pyramidal
truss core sandwich [27], and composite triangular corrugated core
sandwich [28], and Taghizadeh et al. [29] experimentally investigated
the mechanical properties of PVC foam-filled corrugated sandwich
composite under quasi-static compression load and compared these with
foam sandwich. They observed the structural efficiency of the PVC
foam-filled corrugated sandwiches is higher than that of the foam
sandwich. Zhang et al. [30] investigated the dynamic crushing behav-
iour of a carbon-fibre composite sandwich with different reinforcing
materials, and their study found that the size of the damaged zone is
largely affected by the core materials. Torre et al. [31] compared the
impact response of traditional composite foam core sandwich with a
reinforced foam core, finding that the latter sandwich enhanced core
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crashworthiness with better performance in terms of impact strength
and impact energy absorption capability. Therefore, it can be said that
the fibre composite core has great potential to minimise the current
challenge by improving mechanical behaviours.

The anisotropic behaviour [32] with high contact area between the
core and face sheets [33] are important factors to give attention to the
trapezoidal composite corrugated core sandwich among all the com-
posite sandwich cores. Several parameters affect the structural perfor-
mance of such composite sandwich panels. Zhang et al. [33] found that
the increase of core thickness enhanced the specific bending strength of
the composite sandwich structure while increasing contact length be-
tween the core and upper face sheet led to a decrease in the specific
bending strength. Torre et al. [34] compared fluted composite core with
foam composite core under drop weight tests and the found the former
has better mechanical behaviours. Schneider et al. [35] investigated the
high-velocity impact behaviour of low- and high-density non-continuous
trapezoidal composite core sandwich. They observed that the core
density has a significant influence on the sandwich strength. In another
study Schneider et al. [36] employed high-velocity impact to investi-
gated impact behaviour of sandwich beam fabricated from trapezoidal
composite core. They found that the impact behaviours of such sand-
wich can be enhanced by reinforcing interface between the face sheet
and core web. Kazemahvazi et al. [37] investigated the high-velocity
impact response of non-continuous inclined core struts fabricated from
carbon-fibre epoxy. Although they investigated the effect of core
thickness-to-length, their study was limited to utilising only two inclined
core struts to represent continuous trapezoidal core members, which is
not the true representation of real scenarios in the field. Russell et al.
[38] carried out high-velocity impact tests on unfilled and foam-filled
glass/fibre triangular composite corrugated core structures and
observed uniform deformation of the specimens; foam filling had nearly
no influence on the impact behaviours of the corrugated cores. Song
et al. [39] experimentally and numerically investigated the skin-stringer
interface failure of composite panels under high-velocity impact. The
results showed that initial delamination always occurred at the
skin-stringer interface of the panel, and this delamination was located
away from the impact area. In another study, an experimental impact
test was conducted to investigate the compressive strength of damaged
graphite/epoxy hat stiffened panels after low-velocity impact [40]. The
authors suggested that both invisible and extensive visible damage
reduced the ultimate strength of the panels.

The literature showed that the research on the trapezoidal composite
corrugated core sandwich has been mostly limited to metal trapezoidal
core or to non-continuous composite trapezoidal core, under quasi-static
loading condition to investigate geometrical parameters, and failure
mode. To date, there has been no dependable evidence resulting from
the investigation of single-cell and multi-cell continuous trapezoidal
composite corrugated sandwich core under low-velocity impact, given
that the composite core sandwich is more vulnerable to low-velocity
impact during its service life [41]. To fill this knowledge gap, this
study investigated the impact behaviour, energy absorption capacity,
and failure mode of a trapezoidal composite corrugated core sandwich
with different core geometrical parameters.

Moreover, this study aims to provide a conceptual prediction of
impact capacity for trapezoidal composite corrugated core sandwich
and also performed numerical modelling to better understand the failure
mechanism. Subsequently, the work has extended to investigate the
performances of the multi-core sandwich structures under low-velocity
impact event. The outcome of this study will contribute to the scienti-
fic knowledge in the area of impact behaviour of composite core sand-
wiches and help engineers when designing this type of structure.
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2. Materials and design of experiments
2.1. Materials and fabrication

Fig. 1(a) illustrates the schematic diagram of the proposed corru-
gated core. The specimens were fabricated from woven E-glass fibre [0/
90] and epoxy resin (Kinetix R246TX) with the fibre volume fraction of
42%. Three different wooden moulds were utilised (see Fig. 1(b)-(d)) to
fabricate four different designs of composite sandwich (D1-D4). The wet
hand-layup technique was used to fabricate the upper and lower face
sheets and corrugated core. Constant pressure was employed on the
corrugated core mould to ensure uniform core angle and thickness. The
plies stacking sequence of the face sheets and corrugated core was [0/
90] s for D1 and D4 and [0/90]sg for D3 and D4. Four plies of woven E-
glass fibre were used in fabrication of each member of D1 and D4
configuration, while D2 and D3 were fabricated from six plies. The warp
and weft fibres were laid in the X and Z directions, respectively, while
the height of the composite corrugated core sandwich was aligned in the
Y direction. The corrugated core, upper face, and lower face sheet were
cured up to 48 h before demoulding. To construct a composite core
sandwich panels, the parts were bonded together by using adhesive
techniglue (100 g R5 with 26 g H5). The fabricated panels were cut into
three equal specimens with average width of 35.45 mm in the Z-direc-
tion. Four different categories of corrugated core sandwich structures
(D1 to D4 in Fig. 1(e)) with three replicates in each geometry were
fabricated. The weight of D1 configuration was less than the D2 and D3
by 30%, this is attributed to less thickness of the sandwich member
(upper and lower skins and core) due to fabrication of D1 from four
layers of glass fibre, while six layers were used in fabrication of D2 and
D3. The design parameters of the composite trapezoidal corrugated core
sandwich specimens are summarised in Table 1.

3. Experimental program

Low-velocity impact tests on trapezoidal composite corrugated core
sandwich structures were conducted by using a drop-weight impact
system (Fig. 2) in accordance with ASTM-D7136 [42]. The designated
kinetic energy was above the visible damage threshold of the upper face
sheet and core flat member based on Eq. (1) of the standard [42].

E=t.CE (@)

where, t is the summation of the thicknesses of the upper face sheet and
the core whereas CE is the specific ratio of impact energy to specimen
thickness (6.7 J/mm). Four different configurations (D1-D4) of trape-
zoidal woven E-glass fibre epoxy composite corrugated core sandwich
were tested. For D1, D2 and D3 specimens, the kinetic energy (KE) of the
impactor was set to 40 J. Here the critical impact energy for the com-
posite structures was increased by 30% above the threshold impact
energy of the parent material of D2 and D3 specimens [20,42]. The ki-
netic energy was in the range of low-velocity impact events [41]. Three
different heads (flat, hemispherical and conical) with 12 mm diameter
for each were used for impacting D1-D3 specimens. The D4 specimen
was impacted at 25 J of threshold impact energy of original materials
then this was increased by 30% and 60% of the threshold impact energy
to 32.5 J and 40 J by using a 12 mm hemispherical impactor head (HH).
Table 2 shows the experimental setup of impact tests. The corrugated
core was laid on a rigid steel plate and clamped at two sides using jaw
clamps while adjustable wood parts were attached between the upper
and lower face sheets of the structure, as shown in Fig. 2. A piezoelectric
(PCB-200C20) load cell was used to measure the instant impact force
and it was placed in between the impactor mass and the impactor head
to obtain the actual responses of the core. An accelerometer
(PCB-5014B) was attached to the impactor mass to measure the accel-
eration. The double integration to acceleration-time provided the
displacement of the impactor nose. Siemens-LMS SCADAS frame was
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Fig. 1. Composite corrugated core sandwich specimens (a) schematic diagram and geometrical parameters, (b) corrugated core moulds, (c) single-cell sandwich, and

(d) multi-cell sandwich.

Table 1

The parametric geometry of the composite corrugated core sandwiches.
Core Design Qty te h Ly tu=1 H S.w*

(mm) (mm) (mm) (mm) (mm) (gm)

D1 3 1.75 28.5 32.2 1.9 32 28.1
D2 3 2.1 29.1 33.3 2.4 34 40.6
D3 3 2.1 32.1 27.1 2.4 37 40.3
D4 3 1.75 28.5 32.1 1.9 32 93

The symbol (*) refers to the average value, and S.W is the sandwich weight.

utilised to obtain the force-time and acceleration. As in Ref. [33], the
absorbed energy by the sandwich panel was estimated by Eq. (2).

8

AE= / p(t)ds (2)

0

where, P and § are the force and the impactor displacement, respec-
tively. The rebound energy of all cases was not considered in this study.
A high-speed camera, of frame rate 1000 frames per second, (Sony-
RX100Y) was used to observe the impact event and entire deformation
response of the specimen.
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Fig. 2. Experimental setup of low-velocity impact test of the trapezoidal composite corrugated core structure.

Table 2
Experimental setup of low-velocity impact tests.
Core Qty Impactor K.E Above
Design K (@) threshold K.E
Head Mass Velocity %)
(kg) (m/s)
D1 3 FH, HH, 4 4.47 40 60%
CH
D2 3 FH, HH, 4 4.47 40 30%
CH
D3 3 FH, HH, 4 4.47 40 30%
CH
D4 1 HH 2.5 4.47 25 0%
D4 1 HH 3.25 4.47 32.5 30%
D4 1 HH 4 4.47 40 60%

** FH, HH, and CH are flat, hemispherical and conical impactor heads,
respectively.

4. Results and discussion
4.1. Effect of core thickness

The effect of the core thickness (t.) has been investigated from the
results of D1 and D2 specimens. Fig. 3(a)-(c) show the impact force vs
time response of the D1 and D2 designs of the composite corrugated
sandwiches. All the cases showed an abrupt drop of force after the initial
peak load. This is attributed to the local damage caused by the impact
and subsequent elastic buckling of the core struts. Then the impact force
increased again to second peak load followed by another force drop due
to core struts crashing. This phenomenon was predominant in the
impact with FH and HH. It was observed that the impact load increased
again (Fig. 3(a) and (b)) due to the flexural resistance of the upper face
sheet in most of the cases. This phenomenon indicates the core crush,
which mitigates the impact energy flow by delayed face sheet bending.
This can be attributed to the same mechanical properties and the
thickness of the upper face sheet and core struts.

Fig. 3(a)-(c) also revealed that the sandwich systems of D1 and D2
exhibited different magnitudes of the peak impact force with an
approximately similar trend of loading response. Increasing the core
thickness from 1.75 to 2.1 mm led to an increased peak force value of
between 35 and 45% with all impactor head types. However, the impact
time response of D1 was longer than D2 due to the rapid core crush of

D1. It can be seen that the impact force has a noticeable fluctuation
when the impactor was in contact with the core. This phenomenon can
be attributed to the matrix cracking, fibre breakage, and delamination of
the core structure [43-45]. The same configuration of composite core
sandwich (for example D1) showed highest impact resistance with FH,
followed by HH and CH. This is attributed to the decreasing contact
stiffness parameter which depends on impactor radius [46].

The captured photos also showed a severe fracture of the upper angle
of the corrugated core due to combined tensile and shear forces, fol-
lowed by large deformation of the upper face sheet (Fig. 3(d)-(h)).
However, the thicker core struts of D2 did not show core buckling and
crushing due to the semi-penetration of the conical impactor head while
the flexural deformation of the upper face sheet was not observed as
shown in Fig. 3(i). This implies the buckling of the core affected by the
core thickness and depending on the magnitude of the thickness it may
or may not occur before impact damage. The closer look at Fig. 3(g) and
(i) can reveal that the dust cloud on the top skin and the core members
due to the impact event have shown a perfect impact force distribution.
Therefore, it can be concluded that the increase of core thickness can
increase sandwich impact resistance and reduce impact time, core
buckling, and core crushing at the upper angle, as shown in Fig. 3(d) and

@@.

4.2. Effect of core height and short span length

The influences of the core height (h) and short span length (L;) on the
corrugated core sandwich response (in D2 and D3) under low-velocity
impact were investigated under an impact force at constant kinetic en-
ergy of 40 J. Fig. 4(a)—(c) indicate that the core height has a significant
effect on the impact behaviour of the composite core. A close inspection
of the curve response revealed that the impact peak force decreased with
increasing core height. Fig. 4(a)-(c) also show that the impact time
response of D3 was longer than that of D2 due to the considerable
movement of the impactor nose accompanied by large deformation of
the upper face sheet. The slipping of the upper face sheet of the sandwich
under jaw clamp might cause also a slight difference between the impact
times. The captured photos in Fig. 4 indicate that the upper angle of the
core is the weakest point in the composite trapezoidal corrugated
sandwich and this point is where severe damage occurred. This is due to
the combination of the exceeded normal shear force in the upper flat
part of the core (L1) and a high bending moment of core struts in upper
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Fig. 3. Impact response at maximum displacement of the impactor head (a-c) impact vs time under the flat, hemispherical and conical heads, (d-f) structural
deformation of D1 specimens, and (g-i) structural deformation of D2 specimens.
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Fig. 4. Impact response at maximum displacement of the impactor head (a—c) impact vs time under the flat, hemispherical and conical heads, (d-f) structural
deformation of D2 specimens, and (g-i) structural deformation of D3 specimens.

nodes (wy) that leads to flattening the core angle; thus, the tensile stress
exceeded the tensile strength of the parent material. Increasing the core
height significantly increased the impact time and elastic deformation of
the sandwich (Fig. 4) by absorbing more kinetic energy exerted at the

impact. It can be seen that decreasing the span length (L;) from 33.3 mm
(D2) to 27.1 mm (D3) affected the sandwich impact behaviour by post
bending of the upper face sheet (Fig. 4(d)-(i)). The post bending
generally causes de-bonding failure at the apex of the traditional
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triangular unit corrugated cores [28]. Therefore, a careful selection of
span length is an important aspect for the design of corrugated core
sandwich.

The energy absorption of the composite corrugated core sandwiches
D1, D2, and D3 were calculated by Eq. (2). Fig. 5(a) shows that the in-
crease of core thickness of D1 by 33% as in D2 leads to increasing the
energy absorption capacity by roughly 50%, due to the increasing of
compression resistance of the core struts. While increasing the core
height of D2 by 12% as in D3 increased absorbed energy by 40%, this is
attributed to increased core struts buckling.

The most relevant mechanical behaviour of the sandwich structures
to consider is the specific energy absorption which is the energy
absorbed per unit mass of the materials. This is in order to enhance the
energy absorption capability and to design more efficient mechanisms of
failure [33]. The specific energy absorption values (SEA), which were
calculated from the absorbed energy normalised by the total sandwich
weight [30], are shown in Fig. 5(b). It can be seen that the increase of
core height significantly affected the energy absorption capability of the
corrugated core composite sandwich. However, the sandwich weight
had no noticeable effect on the SEA of the composite core sandwich,
which ranged between 0.85 and 0.95. This is attributed to the increase of
the upper and lower face sheets’ weight with increasing core weight.

4.3. Impact damage evaluation using finite element modelling

A three-dimensional (3-D) finite element model was created for D2
specimens by explicit dynamics ANSYS-R19.1 Workbench ACP-pre/post
to investigate the effect of impactor head on damaged trace of the
trapezoidal composite corrugated core sandwich under low-velocity
impact. The damaged traces of D2 configuration due to different
impactor heads were compared with finite element modelling, to obtain
a clear and visible view of their damage trace.

The mechanical properties of glass fibre reinforced epoxy composite
material were taken from Ref. [47] and summarised in Table 3. Woven
glass fibre [0/901]3s was employed in laminate stacking sequence. The
mechanical properties of epoxy were employed to simulate the contact
between the layers, this can be chosen from the ACP-pre facility. Four
different modes of failure (compressive fibre failure, tensile fibre failure,
compressive matrix failure and tensile matrix failure) were evaluated
using Hashin failure criteria [48]. The expected failures of the specimens
are within the scope of Hashin failure criteria. Moreover, previous re-
searchers used Hashin failure criteria to evaluate failure mechanism in
woven composite materials [15,49], which is why the authors used
Hashin failure criteria. Instant stiffness reduction was used [50] to
consider damage evolution, and once the principle stress reached the
ultimate value the composite materials, stiffness degraded by 0.8 [51].
The eight-node Solid-Shell element (SOLSH190) and eight-node Solid
element (SOLID185) were chosen for meshing the sandwich structure
and impactor head, respectively. The total number of elements of the
structure and the impactor head were 136600 and 8500, respectively
while the element size was approximately 1 mm with an aspect ratio
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Table 3
Mechanical properties of composite laminate fabricated from E-glass/fibre
reinforced epoxy - average value [30].

Symbol Property Value Unit
Eqs, Young’s modulus in the longitudinal direction 48.14 GPa
Eaa Young’s modulus in the transverse direction 48.14 GPa
Es3 Young’s modulus in the thickness direction 12.2 GPa
V12, In-plane Poisson’s ration 0.05

Va3,V13 Through thickness Poisson’s ration 0.2

G2 In-plane shear modulus 5.8 GPa
Gag, Gi3 Through thickness shear modulus 2.1 GPa
Xr Tensile strength in longitudinal direction 1022 MPa
x¢ Compressive strength in longitudinal direction 490 MPa
4 Tensile strength in transverse direction 1022 MPa
'S Compressive strength in transverse direction 490 MPa
st Shear strength in longitudinal direction 22.8 MPa
sT Shear strength in transverse direction 22.8 MPa

close to one. A frictionless contact of a rigid impactor head with the
composite sandwich was created from structural steel material. The
experimental specimens were not entirely fixed at both edges even with
the provision of clamp supports. However, the very accurate determi-
nation of degree of freedom for such support is a challenge. Therefore,
the rotation and translation at the support and composite sandwich
edges were constrained to simulate the experimental setup as close as
possible with large geometrical deformation was permitted. The
impactor mass and velocity were 4 kg and 4.47 m/s, respectively, to
ensure 40 J of impact energy.

The impactor movement was enabled in the Z-direction and
restricted in both X- and Y-directions. The failure status value ranged
between 0, 1 and 2, which means no damage, partially damage and fully
damaged, respectively. On the other hand, the matrix compressive
failure criterion value ranged between 0 and 1, with 0 meaning no
failure, and 1 indicating a fully damaged matrix [52]. The tensile and
compressive properties were assumed to be the same in both longitu-
dinal and transverse directions due to 0/90 woven fibre orientations.

Fig. 6 shows the numerical damage status of the trapezoidal com-
posite corrugated core sandwich under low-velocity impact. The full
damage status of the flat head has a circular shape with protrusion to-
wards core struts. This is attributed to core struts reaction, which caused
a transfer of part of the impact energy to local damage on the impacted
surface. Furthermore, it can be seen that the flat head produced larger
damage while the hemispherical impactor created smaller damage on
the impacted surface and the conical head produced the least damage,
this is due to the semi-penetration of the impacted composite surface.
Moreover, the semi-penetration damage reduced the partial damage
status on the upper face sheet. It can be concluded that the variety of
impactor head shapes, even with a constant impact energy level, can
produce different impact traces on the trapezoidal composite corrugated
core sandwich.

Fig. 7(a)-(c) show impact traces of the upper face sheet under low-
velocity impact with three impactor heads. A whiteness ring of
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Fig. 5. (a) Absorbed energy of D1, D2, and D3 sandwich core configurations (b) Specific energy absorption of D1, D2, and D3 sandwich core configurations.
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impact: (a—c) experimental photos with flat, hemispherical, and conical impactor heads, respectively; (d—f) numerical images with flat, hemispherical, and conical

impactor heads, respectively.

damage, which refers to matrix damage [53], is identical to the impactor
head profile. The damage traces of the hemispherical and conical heads
were less than the area of impactor profile by approximately 10% and

30%, respectively. Fig. 7(d)-(f) show numerical model correlation with
experimental damage of the sandwich upper face sheet. Due to the
whiteness of the impact area, which refers to microscopic matrix
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damage [54], the matrix compressive failure criterion of the impacted
area was investigated and compared with the experimental results. As
shown in Fig. 7(d)-(f), the flat head produced large full matrix
compressive failure, while both hemispherical and conical heads created
full matrix compressive failure, but less than the impactor profile. It can
be seen that the 3-D finite element models showed good agreement with
the experimental results in terms of damage trace on the upper face of
the trapezoidal composite corrugated core sandwich using different
impactor heads under low-velocity impact.

4.4. Predicting impact capacity

The initial peak forces in the linear part of the experimental results
were predicted by modifying the equation given by Malcom et al. [55].
When the specimens were impacted by a drop weight, the core struts
were subjected to axial compression force before failure. The axial
compression forces (F) are obtained from the compressive stress equa-
tion (Euler formula) of the core struts, as provided in Egs. (3) and (4).
However, the effect of different impactor shape was not considered in
the existing model [55]. This study modified the existing equation by
introducing the impactor head shape factor in Eq. (3) to make it suitable
for different types of impactor heads.

In Egs. (3) and (4), o. and E. are the core strut stress and Young
modulus of the parent materials of the core struts in the fibre direction,
respectively, k is the ratio between the effective length and actual core
struts length, varying between 0.5 and 1 depending on the end condition
of core struts. In this study, k is considered 0.7 due to the assumption of
the lower end of the core struts as a fixed point (with no movement of
that end due to the rigid plate support) and the upper end of the core
struts as a pin end (due to rotation of that point). The Sy is the shape
factor which depends on the geometry of the impactor head. On the
other hand, t, h, and wy are the thickness, height, and angle of the core
member, respectively, n is the number of the core strut, and A is the
cross-section of the core strut.

m°E. (t.sinw, 2
c = 3
K 12k2.sf< h > @
F=n.A..0, “4)

Table 4 compares the theoretical and experimental impact forces (for
D2) with and without shape factor. It can be seen that if the shape factor
is not considered, the theoretical equation estimated impact forces
within 2% accuracy for flat head, 15% for hemispherical head and 51%
for conical head. This implies the theoretical equation can reliably
predict the impact forces only for flat impactor head. This is because full
contact between the impactor head and impacted area was achieved due
to the flatness of the head. On the other hand, full contact cannot be
achieved for the hemispherical and conical impactor heads. Therefore,
the impactor head shape factor was introduced in Eq. (3). Analysing the
effective projected contact surface area in Fig. 7, it was found that the

Table 4
Comparison between experimental initial peak force and theoretical results.

Sample Exp. Theoretical (N) Variation (%)

b ™ Without With Without With
shape factor shape shape factor shape
factor factor
D1-FH 2260 2195 2195 2 2
D1-HH 2040 2175 1981 -7 2
D1-CH 1674 2154 1556 —28 7
D2-FH 3302 3387 3387 -2 -2
D2-HH 2937 3367 3057 -15 —4
D2-CH 2247 3246 2345 —51 -9
D3-FH 2841 2747 2747 3 3
D3-HH 2266 2632 2376 -16 —4
D3-CH 2052 2612 1902 —-27 7
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shape factor for hemispherical and conical heads is 0.9 and 0.7,
respectively, compared to 1 for flat head. The incorporation of impactor
head shape factor predicted impact capacity within 10% accuracy for all
types of impactor heads investigated in this study.

4.5. Comparison of multi-cell and single-cell corrugated core
performances

A multi-core sandwich structure (D4) was investigated with different
levels of impact forces at energy levels of 25 J, 32.5 J and 40 J to un-
derstand the performances of single-core and multi-core structures.
Fig. 8(a)-(c) show the impact force time and structural energy absorp-
tion of the multi-core composite corrugated sandwich (D4). The force-
time response of the multi-core sandwich structure is shown at single
and double plateau regions. The behaviour of the first plateau region is
attributed to elastic core buckling, and partial de-bonding occurred
between the upper face and flat core members (L;) as shown in Fig. 8(e).
The second plateau region shows a flexural bending of the top face plate
(Fig. 8(f)). Almost of the impact energy was absorbed, as shown in Fig. 8
(a) and (b). While with kinetic energy of 40J no rebound occurred,
however the energy of the sandwich structure reached the capacity of
30 J, and then the core was damaged, which prevented the sandwich
from absorbing more than 30 J (Fig. 8(c)). When compared to the single-
cell sandwich, the multi-cell sandwich provided good structural integ-
rity and distributing impact forces among adjacent cells. Moreover, the
multi-core specimen showed a non-linear but ductile structural behav-
iour, which has not been seen in the traditional core sandwich structures
[53,56].

4.6. A comparison of proposed corrugated composite core with other core
structures

The higher the SEA value, the higher the absorbed energy to weight
ratio. Table 5 shows the SEA performance of various cores of sandwich
structures. The previous study may employed different methods, support
conditions or core sizes, however, to overcome this issue the specific
energy absorption (SEA) among different sandwich cores were
compared. SEA is a normalised form of property regardless of the
impactor mass, sample sizes, type and materials of the core.

It can be seen that the proposed composite corrugated core has SEA
of 0.88 J/g at 2400 N, which is higher than the other composite coresi.e.
the foam core (0.2 J/g at 2500 N) and plastic hollow ball core (0.6 J/g at
2700 N). The proposed trapezoidal composite corrugated core showed a
higher SEA value compared to other cores, which means that the pro-
posed corrugated core is better than other core structures. This is due to
the elastic buckling of the composite corrugated core struts that allows
higher deformation of the sandwich structures and helps absorb more
impact energy.

5. Conclusions

Low-velocity impact tests were conducted on four different designs
of the trapezoidal composite corrugated core sandwich structures
fabricated with E-glass fibres. The influence of geometrical parameters
of core struts and multi-cell responses have been investigated. A finite
element simulation has been conducted and a modified theoretical
model capturing the impact behaviour under different impactor heads
has been proposed. The findings of this study can be summarised as
below:

e The increase of core thickness increased sandwich impact resistance
by reducing core struts buckling. The increase of core height and
short span length minimised impact resistance by increasing the
elastic deformation of the sandwich.

e The main failure of the continuous trapezoidal composite corrugated
core sandwich occurred at the junction of the short span and core
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Fig. 8. Low-velocity impact test of D4 sandwich with three different kinetic energy, 25 J, 32.5 J, and 40 J, (a—c) force-time response and (d-f) montage of pho-

tographs at maximum displacement.

Table 5
Comparison of single-cell of the composite corrugated core of the current work
with published core sandwiches.

Sandwich skins Core type LF(N) SEA (J/
g)

Glass-fibre Composite trapezoidal core (present 2400  0.88*
composite study)

Carbon-fibre Foam core [57] 2500 0.2%*
composite

Carbon-fibre Plastic ball core [30] 2700 0.6
composite

Carbon-fibre Rubber foam ball core [30] 5800 0.2
composite

Carbon-fibre Composite honeycomb core [57] 4000 0.15%*
composite

Aluminium Aluminium honeycomb core [58] 2100 0.1%*

Aluminium Aluminium foam core [58] 2600 0.05**

Steel Steel sinusoidal core aacc [81 4200 0.04%*

(*) Average value and (**) Calculated.

strut (i.e., at the location of wy angle) followed by the flattening of
the lower angle (w;) of the core under low-velocity impact.

e An impactor head shape factor is introduced for reliable prediction.
The proposed impactor head shape factors are 1, 0.9 and 0.7 for flat,
hemispherical and conical impactor heads, respectively, obtained
from experimental observation and confirmed by finite element

simulation. The modified empirical model predicted impact forces
within 10% deviation of the experimental results, for all types of
impactor heads.

Compared with the single-cell sandwich, the multi-cell sandwich
showed higher impact resistance by distributing impact forces
among the adjacent cells due to their better structural integrity and
composite action.

The proposed composite core exhibited superior specific energy ab-
sorption compared to traditional sandwich cores such as honeycomb,
truss, foam, triangular and sinusoidal. The superior performance of
the proposed fibre composite core is due to the area of contact be-
tween the core and face sheet as well as better fibre continuity at the
junction.
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