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Sandwich panels composed of auxetic cellular cores and metal facets are presented for blast resistance
applications. The performance of this hybrid composite structure under impulsive loading is numerically
studied, taking into account the rate-dependent effects. The Johnson–Cook law is used to model the
behaviours of composite materials at high strain rates. Parametric analyses are performed to evaluate
the performances of different designs of composite panels and compared with equivalent monolithic
panels of identical areal masses in terms of deformations and dissipated plastic energy of the metal facets
and auxetic crushable cores. Various design parameters are considered, including the auxetic unit cell
effective Poisson’s ratio, material properties, thickness of facet, and diameter of the unit cell trussmember.
To reduce the computational time, a quarter of the panel is modelled with shell elements for the facets and
beam elements for the core. In blast events, auxetic composite panels are found to effectively absorb
double the amount of impulsive energy via plastic deformation, and reduce up to 70% of the back facet’s
maximum velocity when compared with monolithic ones. The maximum back facet displacement is also
noticeably reduced by up to 30% due to the densification and plastic deformation of the auxetic cores.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The design of new smart and lightweight materials and struc-
tures for energy-absorbing purposes is complex, requiring the
structure to be able to withstand and mitigate blast loadings whilst
still being light in weight [1–5]. Auxetic structures, which exhibit
negative Poisson’s ratio (NPR) effect, could offer a potential alter-
native solution to address these concurrent objectives. Auxetic
materials are normally characterised by counterintuitive beha-
viour as they contract laterally (densification) under compression
and expand when stretched [6]. With such mechanical behaviours,
they are shown to provide some enhancements in physical proper-
ties, such as higher fracture toughness, indentation resistance,
shear modulus and vibration absorption, as well as lower fatigue
crack propagation [7–10]. Lakes and Elms [11] performed indenta-
tion tests on auxetic and conventional copper foams. They demon-
strated that auxetic foams have greater yield strength and lower
stiffness than conventional ones, and their energy absorption for
impact is greater. Scarpa et al. [12,13] compared auxetic and con-
ventional foams to assess their static and dynamic characteristics,
and the strength values were around one order of magnitude
higher for auxetic foams under constant strain rate (between 8
and 12 s�1) compression. Other studies on auxetic fibre reinforced
composites [14] showed an enhancement of mechanical properties
with static indentation and low velocity impacts, as well as an
increase in resistance to fibre pull-out. Moreover, the damage
results are much more localised, enabling smaller reparations.
Studies on graded conventional–auxetic sandwich structures [15]
have demonstrated the potential use of auxetic and graded con-
ventional–auxetic structures under flatwise compression and
edgewise loading. It was shown that if the auxetic structure faces
perpendicularly to the loading, the maximum displacement is
2.8 mm, while that of conventional structure is 7 mm. The damage
localisation of the auxetic structures was one key force-resistance
factors together with the cell size and orientation.

Since the early trial by Lakes in 1987 to manufacture an auxetic
foam [6], significant efforts have been devoted to the development
of NPR materials from polymers, metals, ceramics, or other inert
materials as well as structures. Various types of auxetic cellular
structures are also designed and analysed experimentally and
analytically, such as the 2D truss systems with periodic chiral unit
cells [16], NPR re-entrant structures [17,18], or rotating rigid/
semi-rigid auxetic unit cells [19]. Three-dimensional auxetic
structures have also been developed as an auxetic frame [20],
multi-pod lattice [21], and quasi-bow-tie elements [22]. There
are still, however, many challenges for the fabrication of 3D
structures due to technological limitations [23].
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Fig. 1. Schematic design of 3D auxetic unit cell.
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Considerable efforts have also been devoted to the design and
manufacture of stiff and lightweight composite structures due to
the fast-growing defence and civilian industry interests [24–30].
There are various applications that require high-performance
materials to withstand high strain rate loadings; for example, ship
hulls subjected to underwater explosions [4,31] or automobile
parts designed for crash absorption. The most effective approach
is to use sandwich structures, which combines two solid facets
and a foam core for blast mitigation. It has been demonstrated that
a crushable core, which can dissipate a substantial amount of
energy, could weaken the transmitted shockwave to the back-
side facets and therefore protect them from critical failure. There
are a number of studies on metallic sandwich architectures that
show that they outperform monolithic structures of equal areal
mass [5,32–34,1].

Although auxetic materials have been extensively investigated
for their mechanical properties, mostly under static or quasi-
static loading conditions, understanding on the behaviours of
NPR structures subjected to extreme loadings is very limited. Ma
et al. [35] developed a sandwich panel with a functional-graded
auxetic core for blast resistance. Schenk et al. [36] investigated
the performance of a stacked, folded auxetic core in a sandwich
beam structure under static compression and impulsive loadings.
For blast mitigation, it is important to incorporate the auxetic core
into sandwich panels, where the external facets could be used to
prevent severe localised damage on the energy absorbing layers.
Although additive manufacturing technology could be used to fab-
ricate an auxetic unit cell for small- to medium-scales with differ-
ent choices of shapes, there are still considerable challenges
associated with cost and fabrication. As a result, the development
of predictive numerical models for auxetic structures is necessary
to provide the initial design concepts and insights into the dynamic
responses of the auxetic composite panel (ACP) under extreme
loadings. However, detailed modelling for NPR unit cells in large-
scale ACP panels could be extremely computationally intensive,
which is not addressed in the literature.

In this paper, we will develop an effective numerical model to
simulate auxetic composite sandwich panels subjected to blast
loadings. A selected 3D auxetic unit cell, which is a natural exten-
sion from a well-known 2D re-entrant NPR structure [7] and a 3D
re-entrant elongated dodecahedron [37] to obtain the auxetic
behaviour also in the transverse planes. This 3D model will be sim-
ulated using beam elements and assembled into three-layers ACP
cores sandwiched between two metallic facets. Detailed numerical
and material model developments will be presented in Section 2,
followed by the results and discussion. The last section will present
various parametric studies on the influence of slenderness of aux-
etic structures, effective Poisson’s ratio, thickness of the metal
facet, and the choice of material on blast resistance performance.

2. Numerical model for auxetic composite structure

2.1. Auxetic unit cell model

The auxetic unit cell (AU), the sandwich composite structure
investigated in this work, is presented in Fig. 1. It has a re-
entrant shape and has been chosen to exhibit a negative Poisson’s
ratio (NPR) effect. The structure is relatively simple for design and
fabrication. Its 3D geometry is a natural extension from a popular
2D re-entrant AU, providing the biaxial NPR responses from all
loading directions compared to the uniaxial behaviour of the 2D
AU. Furthermore, the truss structure provides a higher strength-
to-weight ratio when compared with a honeycomb structure and
could be easily tailored for different applications [38,39]. In
another aspect, it can also preserve the auxetic behaviour for large
strains, which is important for structures under extreme loading
threats. Finally, its simple structure could be tailored and realised
quickly to adapt to different loadings by adjusting key geometrical
factors and using additive manufacturing fabrication.

The AU configuration is defined by two angles, h (from 10� to
80�) and c (from 5� to 40�); and the length, L, of the diagonal strut
member. The baseline structure is presented in Fig. 1 with h = 50�,
c = 20� and L = 6.7 mm. The set ranges for angle parameters are to
prevent contact between the struts and to enable effective auxetic
behaviour. The height of the vertical connection strut is defined as
a ¼ 1 mm; while the horizontal linking struts are calculated as
b ¼ L cosðcÞ sinðhÞð1� tanðcÞÞ þ c, with c ¼ 1 mm. All the diagonal,
connecting and linking struts are assumed to have a circular cross-
section with a radius of r; and the remaining eight struts forming
the top and bottom bases of the unit cell have square cross-
sections of width d. For the baseline case given in Fig. 1,
r ¼ 0:2 mm and d ¼ 0:4 mm. The dimensions have been chosen
to be manufacturable by an advanced selective laser sintering
(SLS) additive manufacturing technique with resolution reaching
40 lm. The base of the unit cell has a square shape, with the width
calculated as L2 ¼ 2L cosðcÞ sinðhÞ. The total height of the structure
is H ¼ 2aþ 2L cosðhÞ and the total width is W ¼ 2c þ L2. Therefore,
the relative density, q�, which is the ratio of the material volume of
the AU structure versus the total volume, is calculated as:

q� ¼ 1
2
ð4Lþ L sinðcÞ sinðhÞ þ c þ 2aÞ � pr2 þ 4L cosðcÞ sinðhÞ � d2

½L cosðcÞ sinðhÞ þ c�2 � ðaþ L cosðhÞÞ
:

ð1Þ
2.2. Effective Poisson’s ratio of auxetic unit cell

The effective Poisson’s ratio (EPR) mzx of the AU is defined as the
ratio between the transverse engineering strain associated with
the horizontal displacement, and the axial engineering strain cal-
culated from the relative vertical displacement. The procedure of
calculating EPR is illustrated in Fig. 2. The model is constructed
in ABAQUS and uniform static loading is applied on the top base
of the AU, while the bottom one is simply supported in the vertical
direction. Displacements, strains and EPR are then calculated
numerically.

The effects of the h and c angles are also presented in Fig. 2 for
fixed values of all the struts similar to the baseline case. The two
axes are constrained from 10� to 80� for h, and from 5� to 40� for
c. As can be seen from Fig. 2, the effective Poisson’s ratio mzx could
vary from 0 to �21. In particular, it was noticed that the smaller



Fig. 2. Calculation procedure for effective Poisson’s ratio mzx (EPR) of the auxetic unit cell (left) and dependence of EPR on geometrical parameters of the unit cell (right).
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the value of h, the higher the absolute value of the EPR. For the
remainder of the studies, two parameters are kept constant,
including c = 20�, which is a reasonable value to avoid manufactur-
ing issues, and L = 6.7 mm as in the baseline case. AU structures
associated with three values of h as 30�, 50� and 60� are analysed
for EPRs, which give the corresponding value of mzx = �6.15,
�1.94 and �1.03. The unit cell associated with h = 50� coincides
with the configuration of the baseline model. Comparing the
shapes of the three AUs suggests that the smaller value of h gives
a taller and more slender unit cell.

As the proposed unit cell structure is anisotropic, it is also
important to evaluate the Poisson’s ratio mxz . Similar single unit cell
model developed for the previous analysis has been employed. A
static load is applied laterally to compress the linking beams of
the unit cell, from which displacements, strains and Poisson’s ratio
mxz could be calculated numerically as shown in Fig. 3.

AU structures with the values of h as 30�, 50� and 60� are anal-
ysed, and the corresponding values of mxz = �0.08, �0.31 and �0.58
are obtained. The Poisson’s ratio in the perpendicular direction is
still negative, but smaller than the corresponding values of mxz.
As the auxetic structure is designed to withstand extreme com-
pressive loadings, the choice of AU geometrical configuration is
important to avoid early local buckling effects of slender structures
and to maximise the energy absorption capacity.

2.3. Auxetic unit cell finite element model and convergence study

Two different finite element (FE) models for the auxetic unit cell
are implemented and compared here including a full 3D model, in
which all AU struts are discretised by 19,830 tetrahedral modified
Fig. 3. Calculation procedure for effective Poisson’s ratio mxz of the auxetic unit cell
second-order solid elements (C3D10M). The second AU is simply
modelled by three-node second-order Timoshenko beam elements
(B32), which takes into account transverse shear stiffness of the
beam. The total number of elements is between 48 and 160 for dif-
ferent mesh densities. The number of elements used in each
approach is vastly different, which could significantly affect the
computational time. These models are assumed to have no local
imperfections, which could be introduced and investigated in later
sections for their influences on auxetic behaviours. Such localised
imperfections could be expected due to possible surface roughness
and porosity of the 3D additive manufactured unit cells.

Fig. 4 presents different approaches in modelling the AU includ-
ing a full 3D tetrahedral solid mesh (Fig. 4a) and a beam-based dis-
cretisation (Fig. 4b and c). The solid element model has a very
refined mesh (approximately 0.1 mm) and the elements are chosen
to prevent volumetric locking and the hourglass effect [40]. With
such FE mesh discretisation, the solid AU model contains up to
19,830 elements. In the second approach, the AU structure is
reproduced with B32 beam elements for all struts (Fig. 4b and c).
The diagonal and vertical struts are modelled to have a circular
cross-section with constant radius. The definition of contacts
between beams, which has been recently introduced in ABAQUS
6.13, is employed and defined to capture the densification beha-
viour of the AU under compression more accurately. The vertical
struts (in green colour and marked by a square) are modelled with
single beam elements, while the horizontal ones (marked with tri-
angles) are divided by two beam elements (Fig. 4d). All diagonal
struts are discretised by two to eight beam elements and compar-
isons are made to determine the optimum mesh size. Fig. 4c and b
present the two cases where 8 and 4 beam elements are used to
(left) and dependence of mxz on geometrical parameters of the unit cell (right).



Fig. 4. Two approaches for modelling the auxetic unit cell structures including a full
3D tetrahedral mesh (a) and beam-based models (b and c). All the diagonal struts
(representatively marked by red circles) in the beam models are discretised by 2 to
8 elements (d), while the rest is modelled by 1 or 2 elements (representatively
marked by triangle and square labels). All diagonal beams in (c) are discretised with
8 elements and 4 elements in the (b) case. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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describe the diagonal struts, respectively. Beam mesh sizes are
kept unchanged for the horizontal and vertical truss members in
this study.

Both models are subjected to compression at a high strain rate
of 500 s�1 until reaching a total strain value in the vertical direc-
tion of 0.66. Vertical displacements are imposed on the upper
facets of the unit cell with the simply supported bases. A ‘‘hard”
contact option is chosen for the normal contact behaviour of the
AU, while the friction coefficient for the tangential contact is set
at 0.5 with a penalty formulation. The deformation and stress con-
tour of each model is presented in Fig. 4, demonstrating similar
auxetic behaviours. The eight-beam model seems to capture the
curvatures of the bent struts better, when compared with the solid
model. Reaction forces and absorbed energy are used to evaluate
and compare the solid and beam models.

Comparisons between different AUmodels and the convergence
study on the mesh size of the beam models are presented in Fig. 5
in terms of plastic dissipated energy and reaction forces measured
Fig. 5. (a) Time evolutions of plastic dissipated energy, (b) and reaction forces associated
different mesh sizes subjected to dynamic compressions. The diagonal struts in the beam
the convergence study.
at the base of the AUs. In cases where the number of beam ele-
ments is larger than two in diagonal struts, beam-based models
capture the behaviours of the full 3D one very well. In other words,
Fig. 5 shows that four beam elements for the diagonal struts are
sufficient to effectively simulate the AU structure under dynamic
compression. For other cases with more beam elements in the
diagonal struts, there are slight differences near the end of the
compact phase of the AU, which could relate to the fact that
ABAQUS automatically reduces the radius of the beam to avoid
contact instability problems. The surges of reaction forces at
0.7 ms are caused by the contact of the struts inside the unit cell
during the densification process.

It is also noticed in Fig. 4 that the computational time for solving
a full 3D solid model is 2 h 44 min, while those for the four-beam
and eight-beam cases are 12 s and 51 s, respectively. This simula-
tion time is a significant difference between the two modelling
approaches, which have been demonstrated to give similar results
(Fig. 5). The calculation time for the 3D solid model would become
even more prohibitively expensive for larger-scale assembled
structures. As a result, the use of beam elements is reasonable to
obtain key dynamic responses of auxetic composite structures.
2.4. Effect of imperfections on the local buckling of auxetic structures

As mentioned earlier, there are various factors during the
additive manufacturing process that could affect the mechanical
performance of AU struts. Parts fabricated by selective laser
sintering (SLS), for example, could be affected by the choices of
focus area and energy of laser beams, metal powder sizes, and
fabrication speed [41]. These defects are gradually minimised with
rapid advancements in additive manufacturing technologies. These
defects certainly change the desired topography of the manufac-
tured part, enabling the onset of the buckling under compressive
loads. In order to provide comprehensive understanding on the
influences of imperfections on the deformations and failure modes
of the auxetic structures, summation effect of the imperfections
are considered and introduced into the model. These geometrical
imperfections are reproduced with a linear superposition of buck-
ling eigenmodes and a proper weight factor for each eigenmode, as
follows:

Dx ¼
XM
i¼1

wiui; ð2Þ

where ui is the ith mode shape and wi is the associated weight fac-
tor. A single unit cell and 5 � 5 � 3 unit cell block for three different
AU configurations corresponding to h values of 30�, 50� and 60� are
with various auxetic unit cell models including the 3D solid and the beammodels of
models are discretised with different numbers of beam elements (from 2 to 8) for
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investigated for buckling effect. The first 50 eigenmodes are
extracted from the buckling analyses, and the first 25 of these are
added imperfections to their trusses. The associated weight factor
is 0.02 mm for the first four modes, which is 5% of the strut diame-
ter; 0.016 mm (4%) for the second group of modes and so on, until
the last 10 modes are assigned with only 0.004 mm (1%) weight
factor.

In this study, the AUs undergo large deformations (e = 0.66)
when subjected to high strain rate compressions (500 s�1). Defor-
mations for mode 1 to 3 are presented for the baseline model
(h = 50�) and the stress–strain curves are obtained for different
configurations associated with different choices of h. In Fig. 6, the
dynamic responses for AUs with integrated buckling imperfections
are also presented with the cases without imperfection for
comparison. For the cases, where h is 50� and 60�, the introduced
imperfections do not seem to affect the material responses of unit
cells as the associated stress–strain curves are coincident. There
are, however, some differences for the h = 30� case, where the unit
cells are taller and more slender. This suggests that the ‘‘h = 30�”
unit cell is more likely to buckle due to the stretching-
dominated behaviours compared to the other cases, which are
Fig. 6. Influences of imperfections on the deformation modes and the dynamic responses
(0.66) compression at high strain rates of 500 s�1.

Fig. 7. Influences of imperfections on the deformation modes and the dynamic response
strain (0.66) compression at high strain rates of 500 s�1.
bending-dominated when subjected to compression. For energy
absorption applications, the bending-dominated unit cells are
more favourable as they could transmit a smaller amount of
strength for a longer time, and to prevent a softening post-yield
response due to buckling of the struts [42]. The presence of defects
does not change the behaviour of the structures, but shows an
increase of the stretching-dominated behaviour of the h = 30� unit
cell (Fig. 6).

Fig. 7 presents the effects of imperfections on the buckling
modes and material responses of a 5 � 5 � 3 AU block. Mode 1 to
3 deformations are presented for the AU block without imperfec-
tions, while the stress–strain curves are plotted to compare
between the original and imperfect AU blocks of different Poisson’s
ratios. Similar to the analysis on the single AU, the AU blocks asso-
ciated with h of 50� and 60� exhibit identical structural responses
between the original and imperfect models; while differences
between the two configurations for the h = 30� case are reduced
considerably. These investigations suggest that the effects of
imperfections in the AU structures will be minimised with the
increase in the number of unit cells, and therefore imperfections
will not be considered in the following parts of this work.
of single auxetic unit cells with different effective Poisson’s ratios under large strain

s of the 5 � 5 � 3 unit cell block with different effective Poisson’s ratios under large



Fig. 9. Time histories of reflected pressures and impulses applied on the auxetic
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2.5. Symmetrical model for auxetic composite sandwich panel

A symmetrical quadrant of the auxetic composite panel (ACP) is
modelled to have three layers of auxetic core comprised of
25 � 25 � 3 (1875) auxetic unit cells with a total volume of
300 � 300 � 30 mm3 sandwiched between two metallic facets
(presented in Fig. 8). Symmetrical boundary conditions are
imposed on the sides delimited by lines OC and OA, while being
fixed on the other sides delimited by lines AB and BC. The baseline
model, which corresponds to the configuration of h = 50�, has a
30 mm tall core (each AU is 10 mm tall) and two 2 mm thick facets.
The beam radius of the AU strut is 0.2 mm and the entire structure
is made from annealed stainless steel (SS304). The rate-dependent
material characterisation and properties of metals used for the AU
core and sandwich facets are provided in the next section. To effec-
tively design the three-dimensional ACP, three 10 mm tall and
12 mm wide auxetic unit cells are sandwiched between two unit
panels, which are modelled by shell elements before being multi-
plied and assembled into 625 connected units. By this way, all
the adjustments in the ‘‘seed” AU will be consistently implemented
in the entire structure.

In particular, the auxetic core is modelled with 172,500 three-
node, second-order Timoshenko beam elements (B32), with 4
beam elements used to discretise the diagonal struts. The metal
facets are represented with 22,500 reduced shell elements (S4R)
with a mesh size of 2.5 mm. Blast loadings are applied on both
the ACP and equivalent monolithic panels with the same areal den-
sity and material for comparison. For the baseline case, this mono-
lithic panel is 4.6 mm thick. The solid panel is modelled with 2500
6 mm shell elements (S4R) with reduced integration and hourglass
control. Performances of these structures are evaluated in terms of
plastic dissipated energy and maximum displacement as well as
central velocity evolutions of the back panels.

The numerical investigations to evaluate blast resistant perfor-
mance of the ACPs are conducted for different configurations that
correspond to different values of h (30–60�), strut radius r (0.2–
0.8 mm) and panel thickness t (2–6 mm). Other testing configura-
tions include blast impulses (1–7 MPa ms) and choices of materials
(annealed stainless steel 304 [43], AISI 4340 steel [44], and 5083-
H116 aluminium alloy). Results from these investigations are com-
pared with equivalent monolithic panels with the same dimen-
sions, areal density and materials. The ACP core is also analysed
to evaluate its behaviour at different values of Poisson’s ratio,
which could result in a bending-dominated structure [45] for lower
absolute values of m, or a stretching-dominated structure [42] at
higher absolute values of m.
Fig. 8. Schematic design of auxetic composite sandwich panel. Only a quadrant of the
boundary is denoted by OC and OA, while the panel sides aligned with edges BC and BA
2.6. Blast loading description

The ACPs are subjected to blast loads defined by the CONWEP
program, which assumes an exponential decay of pressure with
time, as follows:

PðtÞ ¼ Pso 1� t � Ta

T0

� �
exp

�A� ðt � TaÞ
T0

� �
; ð3Þ

where P(t) is the pressure at time t (MPa); Pso is the peak incident
pressure (MPa); T0 is the positive phase duration (ms); A is the
decay coefficient; and Ta is the arrival time of the shock wave
(ms). The CONWEP airblast model is used to predict of the free-
field and reflected airblast parameters due to the detonation of a
150 g spherical charge of TNT explosive at a stand-off distance of
100 mm from the frontal panel of the ACP. The incident and
reflected pressure profiles for hemispherical blast waves are
predicted by CONWEP and are illustrated in Fig. 9.

Various key outputs from the simulated blast wave could be
highlighted here, including the peak pressure of reflected stress
wave of 171.7 MPa and the total reflected impulse of 3.6 MPa ms.
The arrival time of the stress wave on the structure is 0.018 ms
and the duration of the positive phase is 0.1 ms. The corresponding
decay coefficient is calculated to be 0.029.

3. Material characterisation and models

In this study, different materials have been used for the external
facets and the auxetic core of the auxetic sandwich panel. The
panel is modelled due to symmetry of the structure and loading. The symmetrical
are fixed.

composite structure.



Table 2
Material properties and Johnson–Cook parameters of annealed SS304 [43], AISI 4340
steel [44], and AA5083-H116.

Annealed SS304 AISI 4340 steel AA5083-H116

q (kg/m3) 7900 7850 2750
E (GPa) 200 210 70
m 0.3 0.3 0.3
TM (K) 1673 1800 893
Tr (K) 293 293 293
A (MPa) 310 792 215
B (MPa) 1000 510 280
n 0.65 0.260 0.404
C 0.07 0.014 0.0085
_e0 (s�1) 1.00 5 � 10�4 1 � 10�3

m 1.00 1.03 0.859

G. Imbalzano et al. / Composite Structures 135 (2016) 339–352 345
material properties of the ACP’s components under high-speed
impact or blast loadings are expected to be rate-dependent and,
therefore, low-to-high strain rate material characterisations are
required to obtain accurate constitutive models. There are only
few studies conducted in literature to obtain the quasi-static mate-
rial properties [34,1] for 3D auxetic structures subjected to impul-
sive loadings. For the baseline structure, the rate-dependent
properties of annealed SS304 steel are adopted from previous
works [35]. This particular steel has a reduced yield strength and
higher ductility when compared with others due to the annealing
manufacturing process. The other option for steel is AISI 4340,
which was developed in previous work [36], and could be utilised
for both the auxetic core and monolithic plates. This steel is com-
monly used for ballistic purposes [37], which offers higher yield
strength and lower ductility.

Aluminium alloy 5083-H116 has been also employed for the
auxetic core for its high energy absorption-to-weight ratio. This
aluminium alloy has been used considerably in soft armour and
protective structures industries due to its low density, high ductil-
ity and anti-corrosive properties in comparison with steel alloys.
With the aim of utilising this aluminium alloy as one of the mate-
rial components of the composite bollard, dynamic tests are per-
formed to obtain the rate-dependent properties of aluminium
5083-H116. Two different test setups are used, including the Split
Hopkinson Pressure Bar (SHPB) method for high strain rate tests
and the Instron tensile testing machine for medium-to-low strain
rate tests. Stress–strain behaviour was obtained for the material
under strain rates in the range of 10�3/s–104/s. Besides the major-
ity of aluminium content, the alloy AA 5083-H116 (AA5083) has
other chemical compositions, as indicated in Table 1.

The alloy AA5083 belongs to the aluminium 5000 series fabri-
cated with magnesium as the major component. The tensile tests
are performed using the Instron VHS 8800 system, with a maxi-
mum stretching velocity of 25 m/s. The SHPB is used for the
medium-to-high strain rate tests. The specimen is sandwiched
between two pressure bars and loaded by a single travelling pulse,
either in compression or tension. The pulse signals are monitored
with the aid of strain gauge transducers, where simultaneous
recordings can be obtained for stress versus time and strain rate
versus time. By varying the impact velocity in the SHPB test, strain
rates up to 104/s can be obtained.

In order to develop the material model to capture the rate-
dependent behaviour of this aluminium alloy, the Johnson–Cook
strength model [46], which is a phenomenological model based
on various experiments, has been employed. In its simplest form,
only five parameters have to be determined by means of material
tests. The original Johnson–Cook model is defined as:

req ¼ Aþ Beneq
h i

1þ C ln _e�½ �½1� T�m�; ð4Þ

where req; eeq; _e� denote the von Mises equivalent flow stress,
equivalent plastic strain, and dimensionless plastic strain rate,
respectively. The term _e� is defined by the ratio ð _e= _e0Þ, in which _e0
is the reference strain rate, which is set to 10�3/s for this model.
The dimensionless temperature T* is defined by the ratio (T–Tr)/
(Tm–Tr), where T is the material temperature, Tr is the room temper-
ature and Tm is the melting temperature. In Eq. (4), parameter A is
the plastic yield stress, B and n are two parameters controlling
the development of strain hardening, and the second bracketed
Table 1
Chemical composition of the tested aluminium alloys. The alloy constituent materials are

Materials Si Fe Cu Mn

AA5083-H116 0.4 0.4 0.1 0.4–1.0
term concerns the strain rate hardening. Parameters A, B, C and n
are derived from the experimental results, while the temperature
parameters Tm and m are obtained from [47] for a similar material.
The experiment is conducted at room temperature (Tr = 20 �C).
Overall material properties of the three chosen materials are pre-
sented in Table 2.

4. Numerical results

4.1. Blast resistance performance of the baseline auxetic composite
panel

The baseline model for an auxetic composite panel (ACP) is
firstly analysed in this work. The ACP is composed of the metallic
auxetic core and two facets, with its key design parameters includ-
ing shape factors h = 50�; c = 20�; L = 6.7 mm; beam radius
r = 0.2 mm; and composite facet t = 2 mm. The relative density of
the auxetic core is computed by Eq. (1) as 1.95%. The applied blast
loading of 150 g TNT is equivalent to an impulse of 3.643 MPa ms.
The deformation of the ACP under blast impulse is presented in
Fig. 10, showing the cross-section view at 0.18 ms after impact.
The frontal panel is deformed plastically, crushing the auxetic core
before, without affecting the back panel. The von Mises stress level
is set at 700 MPa, which exceeds the yield strength of the annealed
steel SS304 used for both the core and facets in the baseline model.
Due to the spherical blast wave created by the CONWEP model,
stresses are more concentrated at the centre of the panel, and pro-
gressively spread to the entire panel along with the imparted
shockwave. The close-up view of the ACP panel at 0.36 ms reveals
the further deformation of the frontal facet and auxetic core, lead-
ing to deflection of the back plate. The crushing regions of the
panel at 0.36 ms are observed to be trailing further away from
the centre due to the transient effect.

After the initial stress concentration at the centre of the panel,
the effect of the auxetic core has helped distribute the concen-
trated load to a larger region, as seen in the later stage. The roles
of the composite facets are evident in facilitating the transfer of
blast impulse and in protecting the core from localised damages.
Fig. 11 presents the comparison of blast resistance performance
of the ACP and an equivalent monolithic panel of similar materials
and areal mass. In particular, Fig. 11a displays the time evolutions
of displacements (left axis) and total plastic dissipated energy
indicated as percentage of total weight.

Mg Cr Zn Ti Others

4.0–4.9 0.05–0.25 0.25 0.15 0.15



Fig. 10. Blast loading on the ‘‘standard” auxetic sandwich panel. The bulging of the panel is evident at 0.36 ms after the blast load. This behaviour determines the deflection of
the blast wave and its mitigation.

Fig. 11. Comparisons of maximum back facet displacements and plastic dissipated energies (a) for the auxetic sandwich panel and the equivalent monolithic panel of similar
material and areal mass under blast loading; individual plastic dissipation components associated with the facets and the auxetic core are also presented in (b).
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(right axis) of the two investigated panels. The equivalent mono-
lithic panel has a thickness of 4.6 mm.

As clearly seen in Fig. 11a, the ACP with an auxetic core has sig-
nificantly reduced the maximum back-facet displacement at
1.2 ms from 24 mm for the monolithic panel to 17 mm for the
ACP. There is also about 0.2 ms delay in the back-facet deformation
of the ACP compared with that of the monolithic one due to the
crushing effect of the auxetic core. The total plastic energy dissipa-
tion presented in Fig. 11a also demonstrates the influence of the
auxetic core on the energy absorption capacity of the ACP. In par-
ticular, the ACP dissipated plastic energy twice as much as the
monolithic one. Further analysis on the plastic energy dissipations
of the ACP’s individual components, including the front and back
facets as well as the auxetic core, is presented in Fig. 11b. The
majority of energy is absorbed by the frontal plate and the auxetic
core, while there is only a small amount of energy dissipated
through bending of the back facet.

4.2. Blast performance comparisons for different shapes of the auxetic
unit cell

As described earlier, by changing the geometrical parameter h,
different auxetic unit cells could be obtained, which vary in the
value of effective Poison’s ratio. By assembling these unit cells into
Table 3
Design parameters for the three unit cell models.

h m r (mm) Relative density q⁄ (%)

30� �6.15 0.18 1.97
50� �1.94 0.2 1.96
60� �1.03 0.19 1.97
the ACP, different composite panels are achieved with different
heights and relative densities. In this work, three representative
ACPs associated with three values of h (30�, 50� and 60�) are sub-
jected to similar blast loading and evaluated. In order to obtain
the same areal density for different unit cells, the radii of the struts
are varied. A summary of various design parameters for the three
representative unit cell models are presented in Table 3.

All the panels are subjected to similar blast loading, and the von
Mises stress distributions of the deformed panels (including the
monolithic one) are illustrated through the cross-section views in
Fig. 12. Due to the difference in the design parameter h, the height
of these panels are increased from h = 60o to h = 30o. This difference
is associated with the delay in deformation of the back panels due
to longer compression times for auxetic cores.

The top views of the ACPs and the corresponding monolithic
panel are presented in Fig. 13 as snapshots of the von Mises stress
contours. As clearly seen from this figure, the stress patterns are
quite different for each panel depending on the interactions
between the frontal facets and auxetic cores with the back layer.
The ACPs evidently show better stress distributions across panels
compared with more concentrated force in the monolithic one.
The square reflected wave rings on these panels could be associated
with the boundary effect of the panels, while the circular ones are
related to the stress waves generated from the centres of the panels.
Areal density (kg/m2) Equivalent panel thickness (mm)

36.34 4.60
‘‘ ‘‘
‘‘ ‘‘



Fig. 12. Cross-section snapshots at 0.36 ms of the deformed auxetic composite and monolithic panels constructed from different auxetic unit cell designs. All panels have
similar areal mass density and vary in height due to the shape factor.

Fig. 13. von Mises stress distributions on the frontal facet of the four panels at
0.36 ms.

Fig. 15. Comparisons of back facet centre velocities for the auxetic sandwich panels
and the equivalent monolithic panel under blast loading.
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Comparisons between central deflections and plastic dissipated
energy of the four panels are presented in Fig. 14. Evidently, the
ACP structures help to reduce the maximum displacement of the
back facet up to 45% when compared with the monolithic one.
For h = 60�, the corresponding ACP has a similar deflection at
1.2 ms compared with the monolithic panel. The difference in dis-
placement prior to 1.2 ms is due to the time to compress the cores.
The ACP composed of h = 60� unit cells, which have the smallest
thickness, do not seem to have much advantage compared to the
monolithic panel. Moreover, for h = 50� and 30�, there is
Fig. 14. (a) Comparisons of maximum back facet displacements, and (b) plastic dissipated
blast loadings.
considerable improvement in displacements. The ACP associated
with h = 30� is the thickest, offering the best back facet
displacement reduction. However, this particular ACP could have
some limitations due to the higher chance for buckling and
restricted thickness of the panel. Fig. 14b shows comparisons of
plastic dissipated energy, which indicate negligible differences in
energy absorbed through plastic deformation among the ACPs. It
is also clearly shown that all the ACPs dissipate significantly more
energy compared with the monolithic one.

Fig. 15 presents comparisons of time evolutions of central out-
of-plane velocities for three ACPs and a monolithic panel. The max-
imum back facet velocities achieved by the three ACPs (h = 30�, 50�
and 60�) are 20, 84 and 120 m/s, respectively, compared with
89 m/s of the monolithic panel. As clearly shown in Fig. 15, the
ACP associated with h = 30� induces the back facet deformation
energies, for three auxetic sandwich panels and an equivalent monolithic one under



Fig. 16. Comparisons of (a) maximum back facet displacements, and (b) plastic dissipated energies, for the auxetic sandwich panel and an equivalent monolithic panel under
blast loading for different strut radii from 0.2 to 0.8 mm.
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rate, while the ACP associated with h = 60� gives a sharp jump in
velocity exceeding that of the monolithic one. At the end of the
core compression-induced densification process, the h = 60� aux-
etic composite panel behaves like a solid one, which increases
the local stiffness and density.

It should be noted that imperfections are not added to the above
ACP models. Earlier studies on the influences of imperfections indi-
cated that this factor is insignificant for auxetic unit cells associ-
ated with h = 60� and h = 50�. There is, however, possibility that
the performances of the ACP related to h = 30� could be affected
by the imperfections. However, earlier investigation (Fig. 7) on
the behaviours of assembled imperfect unit cells has shown that
for a sufficiently large number of unit cells in the assembly, the
effect of imperfection is considerably minimised.

5. Parametric studies and discussions

5.1. Influences of strut thickness

The blast resistance performances of the ACPs are dependent on
the slenderness of strut elements in the auxetic unit cells. Fig. 16
presents an investigation of the influences of strut radius on the
deformation and dissipated energy evolutions of the ACPs under
blast loadings. As the areal densities of ACPs vary with strut thick-
ness, the equivalent monolithic panels have thicknesses ranging
from 4.6 to 13.6 mm. Further details on the key parameters of aux-
etic unit cells and the ACPs, including relative density and areal
mass density, are summarised in Table 4. Other design parameters
of the unit cells are similar to those of the baseline case except the
radius value.

It can be seen from Fig. 16 that the ACPs with smaller radii tend
to perform better in both central deflection and plastic energy dis-
sipation compared to thicker strut cases. There is a transition point
at r � 0.55 mm (Fig. 16a), where the monolithic panel deflects less
than the equivalent ACP, which could be attributed to the
enhanced stiffness of the auxetic cores. On the other hand, for
Table 4
Properties of the numerical models for different radii.

r (mm) Relative
density q⁄ (%)

Areal density
(kg/m2)

Eq. panel
thickness (mm)

0.2 1.96 36.34 4.6
0.3 4.41 42.27 5.4
0.4 7.84 50.56 6.4
0.5 12.25 61.23 7.8
0.6 17.64 74.26 9.4
0.7 24.00 89.67 11.4
0.8 31.35 107.44 13.6
any radius value, the ACPs always absorbed more imparted energy
than the equivalent monolithic panel. Fig. 16b also presents the
breakdown contributions to plastic deformation energy of individ-
ual ACP components. As mentioned earlier, the manufacturing of
auxetic unit cells of certain strut radii is dependent on the additive
manufacturing technologies which are constrained in both
resolution and minimum wall thickness of about 0.2 mm.

5.2. Influences of composite panel frontal facet

The composite facets, as mentioned earlier, are critically impor-
tant, especially the frontal plate, to protect the core from localised
damages due to impulsive loadings and to maximise the energy
absorption by distributing blast loads to the entire ACP structure.
By increasing the thickness of the panel, the stiffness is clearly
enhanced along with the higher areal mass of the ACP, which needs
to be optimised (see Table 5).

As can be seen from Fig. 17a, the gap between the maximum
deflections of the ACPs and the corresponding monolithic panel
is decreased as the thickness of the frontal facet increases. Using
thicker facets leads to a stiffer ACP structure with higher areal den-
sity and reduces the role of the auxetic core. Similar conclusions
could be seen from Fig. 17b, showing the plastic dissipated energy
for the ACP, monolithic panel and individual components. The
energy absorbed by the core through plastic deformation decreases
along with the increase of the facet’s thickness, and the perfor-
mances of the ACPs asymptotically approach the monolithic ones.

5.3. Effects of blast impulse

By varying the amount of TNT explosives, different blast
impulses are achieved and are summarised in Table 6. The rate-
dependency effects of the ACP materials are expected to generate
nonlinear dynamic responses of composite panels against different
blast loads.

Fig. 18a presents the dependence of the ACP’s back facet central
displacement and the corresponding monolithic one on the magni-
tude of blast impulse. For the monolithic one, the maximum
Table 5
Properties of the numerical models for different frontal panel thicknesses.

t (mm) Relative
density, q⁄ (%)

Areal density
(kg/m2)

Eq. panel
thickness (mm)

2 1.96 36.34 4.6
3 ‘‘ 44.24 5.6
4 ‘‘ 52.14 6.6
5 ‘‘ 60.04 7.6
6 ‘‘ 67.94 8.6



Fig. 17. Comparisons of (a) maximum back facet displacements, and (b) plastic dissipated energies, for the auxetic sandwich panels and an equivalent monolithic panel under
blast loading for different facet thicknesses from 2 to 6 mm.

Table 6
Characteristics of different blast loadings.

TNT
(g)

Stand-off distance
(mm)

Reflected overpressure
(MPa)

Impulse
(MPa ms)

50 100 98.7 1.37
100 ‘‘ 141.5 2.53
150 ‘‘ 171.7 3.64
200 ‘‘ 195.8 4.74
300 ‘‘ 233.4 6.90
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displacement varies linearly with the impulse, while that of the
ACP exhibits a nonlinear relationship. According to this analysis,
when the impulse is below 4.8 MPa ms, the ACP performs better
than the monolithic one in terms of maximum deflection. Higher
values of impulse seem to compress the core quickly, leading to
a rapid local densification at the centre of the panel and therefore
inducing a higher deflection rate and displacement.

Fig. 18b compares the dependencies of maximum dissipated
energy through the plasticity of various components of the ACP
and the monolithic panel. As clearly seen in this figure, the total
energy dissipated in the ACP is always double that of the solid
one for different impulses. The frontal panels dissipate as much
energy as the auxetic core, while the back facets absorb the least.
As the impulse energy exceeds the threshold of 4.8 MPa ms, the
cores could not behave effectively, as discussed earlier, leading to
the sudden increase in the plastic dissipated energy of the back
metal plates.

5.4. Influences of material choices

Different choices of materials for the auxetic cores and metal
facets could have a remarkable impact on the performance of the
Fig. 18. Comparisons of (a) maximum back facet displacements, and (b) plastic dissipate
different blast impulses from 1 to 7 MPa ms.
structure under impulsive loads. So far, the annealed SS304 [43]
has been employed in all the above analysis for both the auxetic
cores and the facet panels. In this section, the aluminium alloy
AA5083-H116 and AISI 4340 steel [44], which were described ear-
lier in Section 3, are considered as alternative options to enhance
the stiffness and energy absorption. The following analyses are
designed and conducted on composite structures of similar areal
density and a summary of the design metrics are presented in
Table 7. Equivalent panels made with annealed SS304 and AISI
4340 steel to have similar areal mass are compared with the corre-
sponding ACPs. The beam radii and frontal panel thickness of the
ACPs are also changed accordingly to have a similar areal density.
The rate-dependent properties of the above materials were sum-
marised previously in Table 2.

AISI 4340 and AA5083-H116 alloy are armour-graded materials,
which have higher stiffness and energy absorption capability,
respectively, compared with the annealed SS304. A monolithic
panel with equivalent areal density made of AISI 4340 is numeri-
cally evaluated to compare with the associated ACPs. The baseline
case is indicated by the ‘‘*” in Table 7.

Similar to previous comparison studies, the maximum displace-
ments at the centre of the back facets are reported in Fig. 19a for
different choices of material systems. Under blast loadings, the
monolithic panel made of AISI 4340 reduces the back facet maxi-
mum deflection significantly lower than that of the baseline ACP
(with the auxetic core and facets made of SS304), while dissipating
much less energy through plastic deformation (Fig. 19b). The com-
posite sandwich panel with the SS304 auxetic core and AISI 4340
facets reduces the back facet displacement by more than 50% when
compared to the baseline case. The use of facet panels with alu-
minium alloy AA5083-H116 with high yield strength also helped
d energies, for the auxetic sandwich panel and an equivalent monolithic one under



Table 7
Design metrics for different materials.

Core mat. Facet mat. r (mm) t (mm) q⁄ (%) Areal density (kg/m2) Eq. panel (mm)

Ann. SS304 AISI 4340 0.20 2.00 1.96 36.34 4.60
Ann. SS304 AA5083-H116 0.20 5.75 ‘‘ ‘‘ ‘‘
*Ann. SS304 *Ann. SS304 0.20 2.00 ‘‘ ‘‘ ‘‘
AISI 4340 AISI 4340 0.20 2.00 ‘‘ ‘‘ ‘‘
AA5083-H116y AISI 4340y 0.34 2.00 5.63 ‘‘ ‘‘
AA5083-H116 AISI 4340 0.20 2.00 1.96 33.25 4.21

Fig. 19. Comparisons of (a) maximum back facet displacements, and (b) plastic dissipated energies, for the auxetic sandwich panel and the equivalent monolithic one under
blast loading for different panel materials.
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to significantly reduce the maximum displacement and maximise
plastic dissipation. Maximum back facet velocities are also
reported in Table 8 for all ACP configurations and corresponding
monolithic panels. Compared to the results obtained from the
baseline model (*) and equivalent panels made of SS304 and AISI
4340, the other auxetic sandwich panels reduce the maximum rear
plate’s velocity considerably, up to 80%. The use of aluminium alloy
cores seems to reduce the back facet’s maximum velocity the most.
Table 8
Comparisons of maximum back facet central velocities (m/s) of ACPs and those of
equivalent monolithic panels.

Core Facets ACPs SS304
eq. panel

AISI 4340
eq. panel

Ann. SS304 AISI 4340 21.47 89.48 86.89
Ann. SS304 AA5083-H116 32.88 ‘‘ ‘‘
*Ann. SS304 *Ann. SS304 84.75 ‘‘ ‘‘
AISI 4340 AISI 4340 25.27 ‘‘ ‘‘
AA5083-H116y AISI 4340y 23.26 ‘‘ ‘‘
AA5083-H116 AISI 4340 16.26 99.05 96.05

Fig. 20. Comparisons of (a) maximum back facet displacements, and (b) plastic dissipat
blast loadings for different auxetic core materials.
The effects of the core material are also investigated by compar-
ing the four cases (in rows 1 and 4–6, Table 8) of different core
materials while using the same AISI 4340 steel facets. In the first
three models, the auxetic cores have a similar beam radius made
of different materials (AISI 4340, SS304 & AA5083-H116), while
the fourth case (indicated by y) has a larger beam radius to achieve
a similar areal density. As shown in Fig. 20, the choice of core mate-
rial affects the deflections and plastic dissipated energy of the
ACPs. The back facet’s maximum displacement seems to have the
smallest value for the AISI 4340 steel core (Fig. 20a), and the largest
dissipated energy (Fig. 20b). It is also interesting to note that the
AA5083-H116 core with smaller strut radius, which reduces its
areal density, performs better. This observation indicates the
importance of geometric factor on the effectiveness of the auxetic
core in absorbing impulsive loadings. Furthermore, the maximum
back facet velocity of the AA5083-H116 core with smaller beams
is 16.26 m/s (Table 8), which is smaller than the case with bigger
struts. This reduction of velocity could be attributed to a faster
plastic deformation of the core under the compressive load.
ed energies, for the auxetic sandwich panels and equivalent monolithic ones under
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6. Conclusions

Numerical investigations of the dynamic responses and energy
absorbing capabilities of auxetic composite panels and equivalent
monolithic steel plates were conducted. The composite sandwich
panels were designed by assembling multiple layers of identical
auxetic unit cells and two front and back facets. The Poisson’s ratio
and auxetic behaviours of the auxetic composite panels (ACPs)
were controlled by changing the geometrical parameters and
dimensions of the unit cells and thicknesses of the facets. The aux-
etic unit cells were modelled with beam elements to reduce com-
putational cost, while convergence studies and buckling analyses
were performed to ensure reliability of the simplified model. The
baseline and parametric analyses were conducted using annealed
steel SS304 for both composite facets and the auxetic core to inves-
tigate the influences of design parameters and blast loadings. Con-
siderable performance improvements in terms of back facet
displacement, velocity and energy absorption were obtained for
the ACPs when compared with equivalent monolithic panels. In
particular, 30% reduction in back facet displacement and 50%
increase in plastic energy dissipation was achieved by the ACPs
under blast loadings. Time evolutions of various dissipated energy
components associated with the facets and core were presented to
highlight the important roles of the frontal facet and auxetic core.
Although parametric analyses on the effect of effective Poisson’s
ratio (PR) indicated an enhancement in structural performance
against impulsive loadings for lower effective PR, there are limita-
tions associated with the buckling and desired thickness of the
ACPs. Analysis of the beam thickness demonstrated that an
increase of strut radius could enhance the core’s stiffness, thus
reducing the auxetic effects and energy absorption capabilities.
Although slender beams could provide better energy absorption
performance, current additive prototyping technology has limita-
tions in manufacturing beams of less than 0.2 mm in radius. Other
parametric studies on facet thickness and blast loadings showed
the sensitiveness of frontal panels and cores to loading conditions,
which could be optimised for particular impulses. Different choices
of materials were chosen for the facets and the core of the ACP
models, and were compared against similar blast loading. The
choices of materials for the auxetic core seemed to be less influen-
tial compared with those for the facets. The role of the frontal facet
is to provide protection for the auxetic core from direct contact
with the blast wave and to effectively distribute the impulsive load
and, therefore, no fractures or damage models are considered in
this work. The proposed auxetic composite sandwich panels are
promising structures for protective applications against blast
loadings. Further numerical design and future experiments are
prepared to validate the concept.
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