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a b s t r a c t

In response to the growing interest in replenishable, lightweight, stiff and strong materials, a novel sand-
wich panel with a hollow core has been manufactured using commercially produced 3-ply veneer. In this
paper, the out-of-plane shear behaviour of the novel hollow core is analysed and the expressions for the
failure loads are developed. A strength-based optimisation problem is formulated for predicting the opti-
mum values of the panel dimensions that would produce minimum panel weight when subjected to
bending. It has been found that the minimum weight, as predicted by the full four-parameter optimisa-
tion, is slightly lower than that obtained by using the closed form expressions derived on the basis of sim-
plified three-parameter optimisation. Relationships between the active failure modes are explored.
Design maps are shown for a wide range of loading that can be used to calculate the minimum panel
weight and the corresponding values of the geometric parameters. The approach developed is general
and is equally applicable for sandwich panels with similar hollow cores made of other materials.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Sandwich structures, originally developed and used in aero-
space industries, have found applications in marine, automotive
and sports goods industries. Typical sandwich structures are made
of a low density core material bonded with thin, strong skins at top
and bottom. While the skins are solid materials, cellular materials
including balsa wood, manmade metallic, paper, ceramic and ther-
moplastic honeycombs, polymeric and metallic foams are popular
as core materials. Apart from the excellent stiffness and strength to
weight ratios, cellular cores are attractive due to their good ther-
mal and/or acoustic insulation, and energy absorbing capabilities.

In conjunction with the experimental investigation of the devel-
opment of new materials and topologies for cellular materials, the-
oretical/computational research has been concentrated on how to
calculate their effective mechanical properties in terms of the
topology, cell geometry and elastic properties of the cell wall mate-
rial. The problem becomes more complicated for honeycomb cores
as the skin affects the core deformation at the skin–core interface.

Kelsey et al. [1] used strain energy method for predicting the
upper and the lower bounds on the effective transverse shear mod-
uli of honeycombs. Gibson and Ashby [2] applied the mechanics of
materials and the energy method for determining the transverse
shear stiffness of hexagonal core. Penzien and Didriksson [3] used
a displacement field for incorporating warping of the cell walls pro-
duced by the skin. The homogenisation approach for periodic media

was used by Shi and Tong [4] to evaluate the expressions for out-
of-plane shear moduli of honeycombs. Using a similar approach,
Xu et al. [5] presented formulae of equivalent stiffnesses for com-
mon cellular cores. Hohe and Becker [6,7] used a homogenisation
approach based on the equivalence of strain energy and developed
expressions for the effective elastic constants of several core topol-
ogies. Chen and Davalos [8] incorporated the effect of skin, and pre-
sented an explicit analytical model for calculating the stiffness and
stress distributions in the honeycomb cell walls. Among the numer-
ical approaches, Grediac [9] determined the transverse shear mod-
uli of honeycombs, by analysing a representative unit cell using the
finite element method. Though a number of articles on the estima-
tion of the out-of-plane stiffness parameters of cellular cores are
available, few address the out-of-plane strength properties. Zhang
and Ashby [10] developed expressions for the failure loads of hon-
eycombs under transverse compression and shear loading and
compared with the experimental results for Nomex honeycombs.

Performance optimisation of metallic sandwich panels and
plates with various cores has been widely explored. For example,
optimisation of metallic sandwich plates with truss cores by Wicks
and Hutchinson [11,12], design of metallic sandwich panels with
textile cores [13], pyramidal truss cores [14] by Zok et al. and cor-
rugated cores by Valdevit et al. [15]. Rathbun et al. [16] developed
a general methodology for the weight optimisation of metallic
sandwich panels subjected to bending loads. Wei et al. [17]
showed that the optimised performances of the prismatic cores
are comparable to that of a honeycomb core. Furthermore, Cote
et al. [18] analysed the compressive and shear behaviour of
corrugated and diamond lattice materials. Extensive study of

0266-3538/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compscitech.2010.12.011

⇑ Corresponding author. Tel.: +61 7 4631 1325; fax: +61 7 4631 2526.
E-mail address: Sourish.Banerjee@usq.edu.au (S. Banerjee).

Composites Science and Technology 71 (2011) 425–432

Contents lists available at ScienceDirect

Composites Science and Technology

journal homepage: www.elsevier .com/ locate/compsci tech

http://dx.doi.org/10.1016/j.compscitech.2010.12.011
mailto:Sourish.Banerjee@usq.edu.au
http://dx.doi.org/10.1016/j.compscitech.2010.12.011
http://www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech


mechanical behaviour of sandwich structures can be found in the
classic book by Allen [19], monographs of Zenkert [20] and Vinson
[21], review article on various computational models for sandwich
panels and shells by Noor et al. [22] and the references thereof.

With the worldwide interest in replenishable and biodegrad-
able materials, a corrugated profile has been successfully manufac-
tured by roll forming and matched-die forming of commercially
available 3-ply veneer sheets [23]. Wood veneers are obtained
from Radiata Pine trees of New Zealand and are generally consid-
ered to be replenishable, with the advantage of being lightweight
as well. For the present work, these profiles were adhesively
bonded in the out-of-plane mode to produce a novel multiple cor-
rugated core (referred to as ‘hollow core’) which was glued to ve-
neer sheets at the top and bottom, Fig. 1a. The average density of
the core is 118 kg/m3, a 77% reduction from the veneer density of
520 kg/m3. The flexibility of the manufacturing process of the core
allows a wide range of cell geometry to be produced, giving the
possibility of tailoring the cell structure and the panel geometry
to achieve optimal performance for specific materials and end
usages. This study focuses on developing a methodology for pre-
dicting the optimum values of the geometrical parameters of the
panel that would lead to minimum panel weight. The panel sub-
jected to bending load is considered as the loading case. Because
the core is subjected to out-of-plane shear forces due to the bend-
ing of the sandwich panel, the out-of-plane shear behaviour of the
new core material is analysed first. For this purpose, the micro-
structure is modelled at the mesoscale, i.e. at the cell level. Failure
criteria of the whole panel are then developed for optimisation.
Strength-based design is chosen as it is more important from the
design point of view and is suitable for higher loads. Based on
the optimisation results, design maps are generated that can be
used to calculate the optimal geometrical parameters and weight
of the sandwich panel for a wide range of loading.

2. Out-of-plane shear behaviour of the hollow core

The plan view of the hollow profile is shown in Figs. 1b and 2.
Geometry of the core can be characterised in terms of the radius

Rc, depth of the half cell hc, half angle hc and thickness of the cell
wall tc; subscript ‘c’ denotes core. As Rc(1 � cos hc) = hc/2, the effec-
tive mechanical properties of the core become functions of two
independent geometric parameters, tc/Rc and hc. For a quarter of
a cell, the unit cell (the triangle in Fig. 2) has an area of 2hcRcsin hc.
Therefore, for thin cell walls, 4R2

c ð1� cos hcÞ sin hcq� ¼ 2Rchctcqc ,
where, qc and q� are the densities of the cell wall material and
the hollow core, respectively. Simplification of the above relation-
ship, leads to an approximate expression of the relative density /
of the hollow core as (for /� 1)

/ ¼ q�

qc
¼ 1

2
tc

Rc

hc

ð1� cos hcÞ sin hc
: ð1Þ

The main assumption for the analysis of sandwich structures un-
der bending loads is that the faces carry all the flexural stresses and
the core carries all the out-of-plane shear stresses. When subjected
to out-of-plane shear forces, the deformation and hence, the stress
distribution in a cell wall is affected not only by its interconnecting
neighbours, but also by the strain compatibility condition at the
interface of the face and core. This results in a very complicated
stress distribution in the cell walls. In this work, neglecting skin ef-
fect, the core stresses are determined based on the force equilib-
rium condition, in the middle of the core (away from the faces).
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Fig. 1. (a) A typical sandwich panel made with hollow core and face sheets made of 3-ply veneer. (b) The geometric parameters characterising the hollow core in the plane of
paper.
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Fig. 2. A unit cell, along with the shear stresses acting in the cell walls, is shown.
The triangle is the effective area of the unit cell.
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