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a b s t r a c t

Aluminum honeycomb cores, widely used in lightweight composite sandwich structures, are inherently
weak and highly susceptible to buckling, permanent deformation and damage. This damage can detri-
mentally affect the structural integrity of sandwich structures and should be detected and repaired.
Detecting damage to honeycomb cores is difficult as cores are sandwiched between composite sheets
and not accessible. Typically, for such scenario a non-destructive testing method such as ultrasound is
appealing. However, with the periodic and porous structure of honeycomb cores, at ultrasound frequen-
cies they are dispersive and exhibit high transmission loss; thus they are incompatible with standard
ultrasound techniques. Conversely, at sub-ultrasound frequencies honeycomb cores are less dispersive.
Therefore low frequency elastic waves can potentially be used to non-destructively inspect honeycomb
cores. To enable low frequency non-destructive testing of honeycombs, it is instrumental first to charac-
terize their sub-ultrasound wave propagation and dispersion characteristics. Accordingly, this work,
using finite element analysis, provides insights into the propagation characteristics of low frequency
acoustic elastic waves in aluminum honeycomb cores in terms of phase velocity; dispersion and direc-
tionality characteristics; and frequency band gaps. Also, the effect of relative density and defects in the
form of deformation on sub-ultrasound wave characteristics are explored.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Lightweight sandwich composite structures, typically formed
by adhering two stiff and thin fiber reinforced composite sheets
to a thick and low density core, are widely used in composite based
applications where stiffness-to-weight ratio is to be maximized
and bending is the dominant loading mode, such as in naval, aero-
space, and wind-energy applications. In a typical sandwich con-
struction, the composite face sheets provide the primary load
carrying capacity, while the low density core allow for achieving
increased second moment of inertia, increased flexural rigidity
and reduced overall weight. In a properly designed and loaded
sandwich structure the composite sheets develop in-plane stresses
while the core observes minor stresses, mostly in the form of trans-
verse shear.

Today, one of the most widely used cores in the construction of
lightweight sandwich structures is aluminum hexagonal honey-
comb core. It is of low cost, can exhibit very low densities, and

provides out-of-plane and transverse moduli values that are con-
sidered among the highest observed for common metallic and
polymeric foam cores [1]. However, as is common for all cores,
with the low density and porous architecture of aluminum honey-
combs, they are inherently weak and have low yield and failure
strengths [2–5]; in the order of few MPa [1]. Accordingly, alu-
minum honeycombs have high propensity to buckle, permanently
deform or fail due to excessive loading or inadvertent activities
such as random impacts (e.g., bird impacting a wind turbine blade,
wind gusts and wave slamming). Although cores are not the pri-
mary load carrying members in a sandwich structure, significant
damage to cores can detrimentally affect the structural integrity
of the sandwich structure [6]. Damaged cores can negatively affect
the load sharing mechanisms in sandwich structures, increase the
propensity of composite sheets to buckle, wrinkle and collapse,
reducing the load carrying capacity of the composite sheets.
Accordingly, damage to cores of sandwich structures should be
detected early on and repaired.

Detecting damage to cores in sandwich structures is difficult as
cores are sandwiched between composite sheets and are not read-
ily accessible or visible. For such scenarios, non-destructive meth-
ods such as ultrasound, which is commonly associated with
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composite inspection, would be appealing. However, with the peri-
odic and highly porous structure of honeycomb cores, they are very
dispersive and exhibit high transmission loss, particularly at high
frequencies 106–109 Hz [7] (i.e., frequencies in the ultrasound
range). Hence honeycomb cores are not readily compatible with
standard ultrasound inspection techniques. Conversely, at low fre-
quencies (<104 Hz) common aluminum honeycombs (with cell size
of few millimeters) are less dispersive [7–9]. Therefore low fre-
quency infrasound or acoustic elastic waves can potentially be
used to non-destructively inspect honeycomb cores [7], just like
ultrasound is used to inspect dense materials and composite sheets
for damage. The pioneering work presented in Ref. [7] demon-
strated that low frequency (5–50 kHz) waves can be used to
non-destructively detect defects in a honeycomb core as well as
delaminations along the honeycomb-composite sheets interfaces
with positional accuracy of ±2 mm.

To evolve low frequency non-destructive inspection of alu-
minum honeycomb cores, optimize it, increase its accuracy and
enable its integration in automated health monitoring systems, it
is instrumental first to characterize low frequency acoustic and
low ultrasound (<105 Hz) wave propagation characteristics in alu-
minum honeycombs. For instance it is important to fully character-
ize the frequency dependent dispersion, phase velocities and
transmissibility in honeycombs as well as their dependence on
common geometrical variables pertaining to honeycomb cores.
Insights into the low frequency elastic wave propagation in honey-
combs would allow for the proper selection of wave frequencies,
propagation direction and propagation distance (i.e., wave genera-
tor–receiver distance) as well as the proper interpretation of
experimental data (i.e., relating changes in wave propagation prop-
erties to defects). So far, the low frequency elastic wave propaga-
tion in honeycombs have been investigated within the context of
establishing relationships between frequency wave gaps and cellu-
lar topology [8,10,11] and developing structures with adaptive fre-
quency band gaps [12]; mostly for low frequency selective filtering
applications.

Accordingly, this work aims to characterize the
frequency-dependent wave dispersion, phase velocities and wave
transmissibility in aluminum honeycombs as well as provide
insights into their dependence on honeycomb lattice structure
(e.g., dimension), relative density and perturbation in the honey-
comb geometry due to defects. To achieve its objective this work
draws on recent developments in metamaterials and phononic
crystals [9] and adopts a well-established theoretical tool (namely
Bloch wave theory [13]) that is typically used in characterizing the
complex wave behavior observed in periodic metamaterials.

This work is arranged as follows: the implementation of Bloch
wave theory is first discussed in the methodology section.
Results are presented after methodology and subsequently dis-
cussed in a separate section. Finally, findings and remarks are pre-
sented in the conclusions section.

2. Methodology

2.1. Material and geometry

The honeycomb considered in this work is a single sided
non-welded honeycomb (i.e., its ligaments have uniform thick-
ness). The honeycomb is made of isotropic aluminum (E = 70 GPa,
m = 0.33, and q = 2700 kg/m3). The honeycomb is assumed to have
5 mm long cell walls which is common in industry. As this work is
focused on the in-plane wave propagation and as honeycomb’s
out-of-plane height would not affect its uniform in-plane behavior,
the height was set to the practical value of one unit length.

2.2. Bloch’s theory and its implementation

Bloch’s theory was initially introduced to solve electron and
phonon wave motion in solid media with periodic atomistic struc-
tures [13]. However, it can be easily adapted to describe wave
motion in any periodic or lattice-based structure such as the hon-
eycomb considered in this study. In fact Bloch’s theorem has
already been used in conjunction with finite element to provide
a few insights into the wave propagation in hexagonal periodic
media and auxetic structures [8–11,13,14]. In this work, Bloch’s
wave theorem is implemented in conjunction with the finite ele-
ment package ABAQUS following Refs [8–11,13,14]. However, this
work extends earlier efforts to include relevant parameters such as
strain fields and relative density.

As a prerequisite to the implementation of Bloch’s theorem, the
spatial periodicity of the honeycomb has to be mathematically
described and a fundamental repeating cell (unit cell) needs to
be identified. By repeating this unit cell the full structure should
be reproduced. The periodic honeycomb considered in this study
and its unit cell are shown in Fig. 1. This figure also shows the basis
vectors along which replicating the unit cell leads to reproducing
the full structure. The spatial periodicity of the honeycomb implies
that any point on the honeycomb can be describe using the
equation

qpðn1;n2Þ ¼ rp þ n1e1 þ n2e2 ð1Þ

such that rp is the position of point P in the unit cell (see Fig. 1), qp is
the position of point P in a cell located n1 and n2 cells away from the
unit cell. The values of n1 and n2 are integers.

For a periodic medium such as the one presented in Fig. 1, the
displacement of point P in the reference cell due to a wave propa-
gating at a frequency x through the reference cell can be described
as

uðrpÞ ¼ uoeixt�k�rp ð2Þ

such that uo is the magnitude of the propagating wave while k is the
complex wave vector. Based on Bloch’s theory and assuming that
the wave vector is spatially constant (i.e., the dispersion and atten-
uation characteristics of the structure are spatially uniform), the
displacement of a point P in cell n1, n2 whose location is qpðn1;n2Þ
can be expressed as

uðqpÞ ¼ urp ek�ðqp�rpÞ ¼ urp ek�ðn1e1þn2e2Þ ð3Þ

To further simplify this equation, the wave vector is first expressed
in the reciprocal space spanned by the vectors b1, b2 as
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Fig. 1. Periodic hexagonal lattice, showing the corresponding unit cell and base
vectors.
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