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a b s t r a c t

Compressive response and energy absorption of a composite honeycomb is studied. The base material is a
circular cell hexagonally packed thin-wall polycarbonate honeycomb. Polydimethylsiloxane (PDMS) elas-
tomer is used as the filler material. Filled honeycomb specimens are quasi-statically loaded under con-
trolled displacement along an inplane direction. Synergistic energy absorption in the filled specimen is
observed, as its load response is much greater than the sum of the individual load responses of unfilled
honeycomb and the filler material, respectively. Analysis of the crush response is conducted using two
methods: (a) Digital image correlation (DIC) to monitor strains and displacement fields in the sample
during initial stages of loading and in the vicinity of first failure. (b) Finite element (FE) modeling of
the filled honeycomb using the ABAQUS/Explicit finite element code, accounting for the hyperelastic
compression response of the PDMS filler. The smeared crack approach (SCA) is implemented in the hon-
eycomb to simulate the longitudinal tearing of the cell wall and to subsequently capture the localization
failure in the model. Good agreement between experiment and analysis is reported.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Honeycombs as structural materials are broadly classified as
two dimensional cellular solids [1]. Man made honeycombs come
in a variety of shapes that include square, hexagonal or circular cell
microsections. They are manufactured using a variety of light-
weight materials such as metals, paper and polymers. Honeycombs
are used in aerospace structures as core material in sandwich pan-
els due to high stiffness-to-weight ratio and high transverse shear
strength [2–4]. Hexagonal honeycombs are most common because
of ease in manufacturing compared to circular cell honeycombs.
Gibson et al. [5] and Masters and Evans [6] provide an analysis of
inplane mechanical properties of hexagonal cell honeycombs.
Klintworth and Stronge[7] have developed elasto-plastic constitu-
tive relations to describe the large inplane deformation of hexago-
nal honeycombs. Chen [8] has studied the flexural rigidity and
torsional rigidity of hexagonal cell honeycomb by formulating it
as an anisotropic plate. Foo et al. [9] have investigated the tensile
and compression response of lightweight Nomex paper honey-
comb. The motivation for the present work stems from consider-
ation of energy absorption under inplane crush conditions.

Uniaxial crushing is studied here. An efficient energy absorbing
honeycomb structure is one that can absorb the highest amount
of energy, both per unit weight and per unit volume.

Lin et al. [10] show that circular cell honeycombs are more effi-
cient than hexagonal honeycombs with similar relative-density
due to higher stiffness and crushing strength along the inplane
directions. A representative sketch of a 11 � 11 size circular cell
polycarbonate honeycomb that we use in the present work is
shown in Fig. 1. Here, individual circular cells that are structurally
similar to thin shells, are bonded in a hexagonal packing to form
the honeycomb panel. The inplane direction for compression load-
ing is along the y-direction. The structural stiffness in the inplane
direction is much lower compared to that along the out-of-plane
direction. For a honeycomb with perfectly circular cells, the macro-
scopic mechanical properties, such as elastic modulus and Pois-
son’s ratio (defined for volumes of material that contain tens of
cells), are identical along both inplane directions. These properties
are sensitive to deviations of the individual cell geometry from the
intended perfect circular geometry [11,12]. Thus, for a honeycomb
with elliptical cells, the macroscopic in-plane properties are
orthotropic.

Honeycombs absorb energy during progressive localized col-
lapse when subjected to compression loading. The onset of collapse
is controlled by both material and geometric nonlinearity. The pro-
gressive localized collapse occurs over a fairly constant state of
load, referred to as a plateau load. This plateau occurs over a
lengthy region, that begins with the onset of collapse until the
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progressive collapse has propagated through the entire structure.
The mode of collapse under inplane compression is progressive
row-wise collapse, whereas the mode of collapse under out-of-
plane compression is diamond-concertina buckling – that is closely
associated with the traditional axial shell crushing problem. To
understand the crashworthiness of circular cell honeycombs, pre-
vious studies [13,14] have focussed on the static crush of circular
cell polycarbonate honeycombs via experiments and finite element
computations. With increasing understanding of the mechanics,
primarily in the static regime, there is interest to provide a contin-
uum level description for such structures, even though the locali-
zation instabilities may render such a task prohibitive. Equivalent
continuum representations of cellular periodic structures must
also include higher order effects such as microrotations [15]. For
instance, Chung and Waas [16] have modeled the circular cell hon-
eycomb as an equivalent elastic micropolar solid in the linear re-
sponse regime.

The focus of this paper is the study of energy absorption under
uniaxial inplane compression of a ‘‘composite’’ circular cell honey-
comb. The base honeycomb structure is filled with an elastomer
and these specimens are referred to as filled specimens to distin-
guish these from the base unfilled honeycomb which we refer to
as unfilled specimens. The static out-of-plane crush loading of a
composite honeycomb with polyurethane as filler material has
been reported previously in D’Mello and Waas [17]. The circular
cell polycarbonate honeycomb panels used in the present work
were obtained from Plascore Inc., Zealand, MI, USA.

2. Inplane crushing of unfilled honeycomb

We first discuss the static crush response of unfilled 11 � 11
honeycomb specimens. The mode of failure and crush load from
this experiment are used for comparison purposes with the filled
crush response to follow. Unfilled honeycombs of size 11 � 11
are subjected to inplane compression at a loading rate of
0.033 mm/s in an INSTRON screw driven loading device. The spec-
imen is compressed between a steel plate attached to the machine
base and an aluminum platen screwed to the load cell that is at-
tached to the moving crosshead of the INSTRON machine. The faces
of the bottom plate and loading platen in contact with the honey-
comb are lubricated to minimize the influence of friction on the
compression response. The load vs. displacement plot along with
the deformed shape is shown in Fig. 2. During the initial stages
of compression, the cell geometry deviates from circular shape to
one which is symmetric about vertical and horizontal axes passing
through the center. This doubly-symmetric deformation mode

occurs uniformly in each of the cells in the specimen. The accom-
panying load response is linear and corresponds to the structure’s
prebuckling deformation regime.

Localization in the form of row-collapse initiates across two
rows at a crush distance of 2.8 mm (equivalent to a macroscopic
strain value of 0.07). In the collapsing layers, the doubly-symmet-
ric deformation mode in the cells changes to an unsymmetric
shear-type collapse mode. The first localization zone varies from
one sample to another, and is controlled by the severity of unin-
tended geometrical imperfections present in the structure. The
load drops slightly until complete collapse of the layer has oc-
curred. The load slightly rises and starts to drop once again when
the localization spreads to the adjacent row. Similarly, new rows
progressively collapse and this process occurs over a fairly con-
stant load called the plateau load. The plateau region occurs in
the postbuckling regime of the compression response. The row-wise
collapse of the unfilled honeycomb is shown in Fig. 3. The plateau
load is found to be approximately 41 N. The plateau load is the
reaction load measured by the load cell in the experiment, and thus
represents an integral average of the load over the cross-sectional
area of the specimen. The lengthy plateau region enables large
amount of energy absorption, thus making these materials attrac-
tive for energy absorption applications where weight is critical. De-
tailed accounts of the mechanics of in-plane crushing of circular
cell polycarbonate honeycomb are provided by Papka and Kyriak-
ides [13] and Chung and Waas [14] for quasi-static crushing and
by Chung and Waas [18,19] for impact crushing and also under
biaxial loads.

3. Inplane crush response of filled honeycomb

3.1. Introduction

Using the unfilled honeycomb as a benchmark, we investigate if
filled honeycombs (with soft elastomer as the filler) would in-
crease the load carrying capacity and improve the energy absorp-
tion capability. This section describes the inplane compression of
polycarbonate honeycomb that is filled with PDMS elastomer. First,
honeycomb specimens of size 11 � 11 are filled with the PDMS mix
and the air bubbles removed in a vacuum chamber. Next, the sam-
ple is heated at 100 �C for 45 min and left to cure for two days at
room temperature. Inspection of the cured specimens reveals that
no adhesion exists between the PDMS filler and the surrounding
polycarbonate cell walls. The weight of the filled 11 � 11 size spec-
imen is 43.5 g and is approximately 13-fold higher than the weight
of the unfilled 11 � 11 size specimen. The filled specimens are

Fig. 1. Sketch of a 11 � 11 size circular cell honeycomb (left). Details of the microsection with relevant dimensions, R: cell radius, t: wall thickness, L: cell length, td: double-
wall thickness, Ld: bond length (right).
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