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Mechanical properties and failure modes of carbon fiber composite egg and pyramidal honeycombs cores
under in plane compression were studied in the present paper. An interlocking method was developed for
both kinds of three-dimensional honeycombs. Euler or core shear macro-buckling, face wrinkling, face
inter-cell buckling, core member crushing and face sheet crushing were considered and theoretical rela-
tionships for predicting the failure load associated with each mode were presented. Failure mechanism
maps were constructed to predict the failure of these composite sandwich panels subjected to in-plane
compression. The response of the sandwich panels under axial compression was measured up to failure.
The measured peak loads obtained in the experiments showed a good agreement with the analytical pre-
dictions. The finite element method was used to investigate the Euler buckling of sandwich beams made
with two different honeycomb cores and the comparisons between two kinds of honeycomb cores were
conducted.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Cellular structures have been available for decades due to high
stiffness and strength [1–3]. A broad range of materials were em-
ployed over the years in cellular cores construction, such as alumi-
num alloys [4–6], steel wires [7], polymers [8], self-propagating
polymers [9], hollow-tube micro lattices [10], and Kraft paper
[11]. Fiber reinforced composites [12,13] have provided even a
greater flexibility to novel sandwich structures for their adaptation
to several operating conditions and design restrictions. The inner
spaces of the traditional foam and honeycomb cores restrict the
circulation of a flow inside the sandwich panel, thus its application
in functional structures is limited [14]. Therefore, open-cell cores
with interconnected void spaces were suggested to manufacture
sandwich panels for functional applications rather than as load-
bearing structures [15]. The dynamic behavior of square honey-
comb cores was studied by Ebrahimi and Vaziri [16] and Vaziri
and Hutchinson [17]. Xin and Lu [18,19] investigated the sound
radiation and transmission of square honeycomb cores. Fan et al.
[20,21] first studied the out-of-plane compression, in-plane com-
pression and bending response of Kagome grid cores, and then
developed hierarchical lattice composites for mechanical energy
absorptions based on interlocking method [22,23]. Russell et al.
[24,25] and Park et al. [26] investigated the out-of-plane compres-
sion and bending responses of square honeycomb cores. Ajdari
et al. [27,28] reported the dynamic crushing and energy absorption
of 2D cellular structures. Petrone et al. [29] investigated the
mechanical behavior of honeycomb core panels made from natural
fiber. To date, the existing literature on honeycomb cores is mainly
concerned with the out-of-plane compression, dynamic, shear and
bending performance, and the in-plane compressive response has
only received limited attention. However, in satellite [30] and
crashworthiness applications [31], for example, plane compression
is a very common solicitation. Since 2D honeycomb cores are made
with close cells, they can mainly be used as loading bearing struc-
tures. Therefore, their multifunctional benefit is very limited. To
overcome this deficiency, three-dimensional (3D) carbon fiber
reinforced honeycomb cores, which combine the advantages of
both 2D honeycombs and hollow cores with interconnected void
spaces, can be a better choice. In this work, these kinds of struc-
tures were developed. An inherent part of this study is a need to
understand the mechanical behavior of this novel structure. Since
the core crushing behavior and out-of-plane compressive response
of the 3D honeycomb panel were studied in our previous work
[32], the response of carbon fiber composite sandwich beam with
three dimensional honeycomb cores subjected to in-plane com-
pression is the focus of the present work. Analytical expressions
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Table 1
Properties of unidirectional lamella (T700/epoxy composites).

Properties Value

0� Tensile strength (MPa) 1400
0� Tensile modulus (GPa) 123
90� Tensile strength (MPa) 18
90� Tensile modulus (GPa) 8.3
0� Compression strength (MPa) 850
0� Compression modulus (GPa) 100
90� Compression strength (MPa) 96
90� Compression modulus (GPa) 8.4
In-plane shear strength (MPa) 16.0
In-plane shear modulus (GPa) 4.8
Interlayer shear strength (MPa) 60
Poisson’s ratio 0.3
Volume fraction of fibers 57% ± 3
Density (kg/m3) 1550

Fig. 2. Photographs of pramidal honeycomb sandwich structures (a) and specimen
(�q ¼ 12:0%) for in-plane compression tests (b).
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for the failure load of composite sandwich columns under in-plane
compression were derived by expanding the previous analytical
work on metal and carbon fiber sandwich columns with pyramidal
truss cores [33–35] and sandwich columns made of carbon fiber
reinforced epoxy face sheets with honeycomb cores [36]. Failure
mechanism maps were constructed with four competing failure
modes. Face sheets with three different layer stacking were inves-
tigated and the relationship between the failure mechanism maps
and material mechanical properties was discussed. The finite ele-
ment method was also used to investigate the Euler buckling of
sandwich beam which cannot be observed during tests. Although
the investigation of this work only focused on the mechanical
properties and failure mechanisms of sandwich columns with 3D
honeycomb cores, the obtained results and analysis methods could
be extrapolated for the development of other lightweight and mul-
tifunctional sandwich structures.

2. Experimental

2.1. Materials and fabrication

A method for fabricating carbon fiber composite egg and pyra-
midal honeycomb cores for in-plane compression is presented in
this section. The plate interlocking method used to form the hon-
eycomb sandwich columns is shown in Fig. 1. First, 0�/90� carbon
fiber composite laminates were made with 0.15 mm thick T700/
epoxy prepreg (T700/epoxy composite, Beijing Institute of Aero-
nautical Materials, China). The properties of the unidirectional pre-
preg used are provided in Table 1. Each plate was interlocked with
other plate only from the long caulking groove to form egg lattice
cores, and each plate interlocked with other plates including both
long and short caulking grooves to form pyramidal lattice cores.
The details of the interlocking methods could be found in [32].
The fabricated egg and pyramidal honeycomb sandwich structures
are sketched in Figs. 2 and 3, respectively. Finally, two face sheets
were bonded on the top and bottom of the honeycomb core to ob-
tain a sandwich column and both ends are filled with epoxy resin.

An approximation of the relative density of the egg honey-
combs’ core can be made with the following equation:

�q ¼ d½ðbþ a� 2tÞðH � hÞ þ 2ah� d�
a2H

ð1Þ
Interlocking

Interlocking

Epoxy resin reinforcement

Epoxy resin reinforcement

(a)

(b)

Fig. 1. Fabrication of sandwich columns with 3D honeycomb cores for in-plane
compressive tests by using cut carbon fiber reinforced composite sheets and
interlock method: (a) egg honeycomb cores and (b) pyramidal honeycomb cores.

Fig. 3. Photographs of egg honeycomb sandwich structures with �q ¼ 3:0% (a) and
specimen (�q ¼ 6:0%) for in-plane compression tests (b).
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where the geometrical parameters, b, H, h, t and d, are shown in the
schematic figure of the unit cell of the egg and pyramidal honey-
comb structures, as shown in the bottom of Fig. 4(a) and (b), respec-
tively. The relative density of pyramidal honeycomb cores is two
times of that of the egg honeycomb cores. All the core relative den-
sities were calculated based on the same thickness of cut plate
d = 2 mm. The pyramidal honeycomb structure shown in Fig. 2
has b = 12 mm, H = 20 mm, h = 8 mm, d = 2 mm. These sandwich
structures were fabricated by attaching the pyramidal honeycomb
structures to flat carbon fiber reinforced face sheets with adhesive
(08-57, Heilongjiang Institute of Petrochemical, China).
2.2. In-plane compressive tests

Fig. 4 shows the experimental setup of egg and pyramidal hon-
eycomb sandwich columns under in-plane compression. The re-
sponses of both egg and pyramidal honeycomb core sandwich
columns were measured using INSTRON (Norwood, MA, USA) ser-
ies 5500 following ASTM C365/C 364M-05 standard recommenda-
tions. The ends of the panels were first filled with an epoxy resin of
length S = 15 mm in order to limit local failure, as schematically
shown in Figs. 2(b) and 3(b). The axial compression tests were car-
ried out in the quasi-static regime with a nominal displacement
rate of 0.5 mm/min. At least two tests were carried out for each
column’s geometry to ensure the repeatability of the results. Three
different specimens were designed for egg and pyramidal honey-
comb cores, respectively. Almost all the failure modes mentioned
above were found in our tests and several different models could
be investigated for the same specimen. The failure for each speci-
men designed by the failure mechanism maps will be described
in the following section. For each failure mechanism map, three
Fig. 4. Schematic diagram of the in-plane compression test assembly and the unit
cell of 3D honeycomb cores: (a) pyramidal honeycomb cores and (b) egg
honeycomb cores.
different specimens will be designed for both egg and pyramidal
honeycomb cores.

3. Analytical predictions for competing failure modes

3.1. Analytical prediction

So far there is no available literature about the mechanical re-
sponse and failure modes of carbon fiber composite pyramidal or
egg honeycomb cores under axial compression. In the following sec-
tions, a full range of analytical models were developed in order to
predict the failure modes of both 3-D honeycombs cores sandwich
columns made by carbon fiber reinforced composite. Four different
failure modes were considered: (i) Euler or core shear macro-buck-
ling, (ii) face wrinkling, (iii) face intra-cell buckling, and iv) face
crushing including face delamination and plastic micro-buckling.

3.1.1. Euler and core shear macro-buckling
Euler buckling and core shear buckling are two possible modes

of elastic macro-buckling in a sandwich panel under axial com-
pression (i.e. buckling modes with wavelength in the order of panel
dimensions). The Euler buckling load, PB, can be estimated from the
classical buckling theory [37] as:

PB ¼
k2p2ðEIÞeq

L2 ð2Þ

where (EI)eq is the equivalent flexural rigidity of the composite col-
umn, L is the span length of specimen and k = 2 for a column with
built-in ends. It is assumed that the Poisson ratios of the core in
the in-plane direction are insignificant, in terms of the equivalent
flexural rigidity of the composite column [38], as given by:

ðEIÞeq ¼
whf H

2Ef

2
ð3Þ

where Ef is the Young’s moduli of the face sheet, hf is the thickness
of the face sheet, H is the height of the core materials and w is the
width of the sandwich column.

In studying the core shear buckling, it is reasonable to neglect
the shear stiffness of the face sheets and assume that the shear
rigidity of the sandwich column is approximately equal to that of
the three dimensional honeycombs core. The core shear-buckling
load can be obtained based on the method in other work [35].

PS � GcwH ð4Þ

where Gc is the effective shear modulus of the three dimensional
honeycombs core and can be obtained from the shear tests. If two
buckling loads associated with the sandwich panel macro-buckling,
PS and PB, are considerably different, Eqs. (4) and (6) can be used to
estimate the critical buckling load, Pcr (i.e. If PS� PB, then Pcr � PB; if
PB� PS, then Pcr � PS). However, if the Euler and core shear buckling
loads are the same order of magnitude, the interaction between
buckling modes should be considered. In this case, the critical buck-
ling load can be estimated from, 1/Pcr = 1/PB + 1/PS.

3.1.2. Face wrinkling
A sandwich with a honeycomb core may fail by buckling of the

face where it is unsupported by the walls of the honeycomb; this
being more likely to occur in the weak side of panel. The face sheet
of a sandwich panel is generally much stiffer than its low density
core, so the strain mismatch between the face sheet and core (here,
induced by axial compression) could lead to face sheet instability
in the form of wrinkles with a short wavelength. In this work, it
was assumed that the face sheets behave elastically and the wave-
length of the face wrinkles is equal to the length between the
attachment points of three dimensional honeycombs core to the



Table 2
Mechanical properties of carbon fiber composite face-sheets and slender laminate
sheets of honeycomb cores.

No. Stack sequence Ef (GPa) rfy (MPa) Ec (GPa) rs (MPa)

(a) (0�/0�/0�/0�)s 100 850 54.504 473
(b) (0�/90�/90�/0�)s 54.504 473 54.504 473
(c) (90�/90�/90�/90�)s 8.4 96 54.504 473
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face sheet, denoted by l in Fig. 4, where l ¼
ffiffi

2
p

2 a� b cos 45� for pyra-
midal honeycomb cores and l = a � b for egg honeycomb cores. The
force associated with the elastic wrinkling of the face sheet, PW, can
be estimated from

PW ¼
ap2ðEIÞf

l2 ð5Þ

where (EI)f is the flexural rigidity of the face sheet in relation to the
panel mid-plane, which can be obtained using the classical laminate
composite beam theory.

3.1.3. Intra-cell buckling
Intra-cell buckling is a local buckling phenomenon which can

take place in three dimensional honeycombs core sandwich struc-
tures. Intra-cell buckling, also referred as ‘‘dimpling’’ or ‘‘inter-cell
buckling’’, is the buckling of the face sheet within an individual
honeycomb cell. Although the three dimensional honeycomb
structure will preserve part of its load-carrying capacity after in-
tra-cell buckling has occurred, the buckled face sheet may have
undesirable influences, for example, it can adversely affect the
aerodynamic properties of the structure; thus, it is important to
know the load at which this intra-cell buckling occurs. According
to the Norris formula [36], the critical load of sandwich columns
with egg honeycomb cores made by orthotropic faces is

PI ¼
2p2

3
wh3

f

a2 Ef ð6Þ

For pyramidal honeycomb cores, simple elastic plate buckling
theory can be used to derive an expression for the in-plane stress
PI in the skins at which intra-cell buckling occurs, the peak load
being

PI ¼
4
ffiffiffi

2
p

p2

3
wh3

f

a2 Ef ð7Þ
3.1.4. Face sheet crushing
Since the three dimensional honeycomb core is much more

compliant compared with face sheets, the face sheet crushing load
can be estimated from,

PFY ¼ 2rfyhf w ð8Þ

where rfy is the micro-buckling strength of the composite face
sheet depending on the degree of fiber misalignment and the matrix
shear strength. In the present study, rfy was obtained from com-
pressive test of laminate.

3.1.5. Core member crushing
Honeycomb cores bear the compressive load with face sheet at

the same time. The bearing capacity of face sheet is much higher
than the honeycomb cores, thus the honeycomb cores will be
crushed first at the low level load compared with the crushing fail-
ure of the face sheet, but the failure of honeycomb cores is not the
dominated failure modes for the overall structures. The analytical
peak load for the failure of egg and pyramidal honeycomb cores
can be estimated with:

PCY ¼
m
2

rsdh ð9Þ

where rs is the failure strength of honeycomb wall. For egg honey-
comb cores, n is the number of slender laminate sheets in width
direction n = 2.

PCY ¼
m
2

dhrs sinx ð10Þ

For pyramidal honeycomb cores, m is the number of slender
laminate sheets in width direction m = 6.
3.2. Failure mechanism maps

In this section, we provide predictive failure maps for carbon fi-
ber reinforced composite egg and pyramidal honeycombs core
sandwich panels based on the above analytical parameters. The
stacking sequence of the face sheets and the topology of honey-
comb cores can have significant effect on the overall behavior
and failure of composite sandwich panels. Results of sandwich col-
umns failure in compression expressed in terms of maps facilitate
visualization during the design stage. When constructing these
maps, it was assumed that the operative failure mode was associ-
ated with the lowest critical load. These maps were developed as a
function of the non-dimensional geometrical parameters hf/H and
L/H, and the boundaries of failure modes were obtained by equat-
ing the critical loads for different failure modes. In a previous work
[39], we pointed out that the choice of parent material properties
significantly influences the locations of the boundaries between
failure modes for carbon fiber composite sandwich columns. For
the laminate face-sheets with same thickness of single ply, the
equivalent mechanical properties changed with different stack se-
quences; for the topologies of core, the equivalent shear modulus
changed with different configurations. In order to explore this re-
sponse, failure mechanism maps were constructed based on differ-
ent laminate stack sequences and core configurations. The
mechanical properties of carbon fiber composite face sheet with
three different laminate stack sequences and the slender laminates
sheets of honeycomb cores are listed in Table 2. The relevant fail-
ure mechanism maps are plotted in Fig. 5 for both egg and pyrami-
dal honeycomb cores with three different designs.

In Fig. 5, it is possible to see that locations of boundaries be-
tween failure modes obviously change with different laminate
stack sequences and core configurations. This indicates that the
highest weight efficient sandwich structure can be obtained by
changing the laminate stack sequence and truss core configuration.
The designable characteristic of composite laminate and three
dimensional honeycomb cores is another key advantageous feature
of these panels.

4. Experimental results and discussion

Three sets of both topologies sandwich panels with different
face sheet thickness, tf, length, L and honeycomb thickness, d, were
fabricated to explore the failure modes identified in Section 3. Ta-
ble 3 shows the dimensions of each set of sandwich panels, as well
as the analytical predictions for each failure mode and the mea-
sured peak load and the observed failure mode. In Table 3, the
shear stiffness of egg and pyramidal honeycomb cores are
Gc = 110 MPa and 190 MPa, respectively, which can be obtained
from shear tests.

4.1. Specimen 1 (Egg and pyramidal honeycomb cores): Face
wrinkling + Inter-cell buckling + Face crushing + core member
crushing + core debonding

The measured compressive response of specimen 1 with [0�/
90�/90�/0�] laminate sequence, including egg and pyramidal
honeycomb cores (for egg honeycomb cores, L = 180.26 mm,
hf = 0.53 mm, w = 89.63 mm, �q ¼ 6:0%; for pyramidal honeycomb



Fig. 5. Failure mechanism maps for carbon fiber composite sandwich panels with egg and pyramidal honeycomb cores under in-plane compression: FW = face sheet
wrinkling; FIW = face sheet inter-cell wrinkling; FC = face sheet crushing; CSM = core shear macro-buckling. Three different sequencing of face sheets were considered and
the middle face mechanism maps were used to design the specimens.
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cores, L = 158.78 mm, hf = 0.52 mm, w = 94.58 mm, �q ¼ 12:0%), is
depicted in Fig. 6, along with a montage of photographs showing
the specimen deformation and fracture at different stages of load-
ing (I: face wrinkling, II: inter-cell buckling, III: debonding after
buckling).

Fig. 6b shows the deformed configurations of the sandwich pa-
nel with egg honeycomb cores at different stages of loading. The
load–displacement record is linear prior to wrinkling of the face
sheets. This was followed by inter-cell buckling from the face
sheet. Core crushing was also found in the experiments. Finally,
core debonding occurred as the bonding layers were not strong en-
ough to transmit the constraints of the egg honeycomb cores. The
debonding occurred gradually between the egg honeycomb core
and face sheets, leading to multiple drops in the load carrying
capacity of the panel (stages III to IV). Fig. 6c shows the deformed
configurations of the sandwich panel with pyramidal honeycomb
cores at different stages of loading. Face wrinkling, inter-cell buck-
ling, face crushing, core crushing and debonding were found in the
experiments. All the failure processes of pyramidal honeycomb
cores were similar to the processes found for egg honeycomb cores.



Table 3
Summary of the geometries employed in the end compression tests along with the predicted and measured failure loads and collapse modes.

Topology Specimen number L hf (mm) w (mm) tc (mm) Ppred. (kN) Analyt. fail.mode Pobs. (kN) Obs. fail mode

150.1 CSM
0.9 FW

1 180.3 0.53 89.63 2.0 2.3 FIW 10.4 FW/FIW/CC/CD
22.5 FC
7.6 CC

175.5 CSM
55.0 FW

Egg honeycomb cores 2 224.2 2.07 89.67 2.0 137.7 FIW 83.0 CC/CD/CSM
175.6 FC
7.6 CC

189.8 CSM
97.8 FW

3 132.5 2.51 89.38 2.0 244.7 FIW 135.7 CC/CD/CSM
212.2 FC
7.6 CC

251.7 CSM
1.8 FW

1 158.8 0.52 94.58 2.0 6.5 FIW 15.0 FW/FIW/CC/FC/CD
23.3 FC
16.1 CC

294.2 CSM
107.2 FW

Pyramidal honeycomb cores 2 221.2 2.02 93.97 2.0 379.3 FIW 121.2 CD/CSM
179.6 FC
16.1 CC

3 339.5 CSM
208.9 FW

126.1 2.52 94.32 2.0 739.1 FIW 207.5 CD/FC
224.9 FC
16.1 CC

Where, Ppred = Prediction value of load P based on analytical equations, Pobs = Observed value of load P based on experimental results.
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However, in pyramidal honeycomb cores, face crushing and core
debonding were the dominant modes. It was found that the peak
load of pyramidal honeycomb cores is larger than that of egg hon-
eycomb cores due to the smaller wave length of pyramidal honey-
comb cores between two unit cells. Therefore, buckling, which
would induce debonding between honeycomb cores and face
sheet, does not occur easily.
4.2. Specimen 2 (Egg and pyramidal honeycomb cores): Core shear
macro-buckling + core member crushing + core debonding

Fig. 7a shows the response of specimen 2 with [0�/90�/90�/0�]4

lamination sequence (for egg honeycomb cores, L = 224.18 mm,
hf = 2.07 mm, w = 89.67 mm, �q ¼ 6:0%; for pyramidal honeycomb
cores, L = 221.2 mm, hf = 2.02 mm, w = 93.97 mm, �q ¼ 12:0%).
After the initial linear response, specimen 2 with egg honeycomb
cores buckles and bends outward and the resisting force of the col-
umn decreases sharply. According to Eq. (4), the buckling load of
the sandwich panel is PS � 175.493 kN (note that for this sandwich
panel PB� PS). The measured peak value is �82.98 kN, about 53%
lower than the theoretical prediction. The load–displacement
curve drops sharply after core shear macro-buckling. The response
of the panel at this stage of loading is governed by a combination of
core shear buckling and debonding of the egg honeycomb cores
from the face sheets as can be seen in Fig. 7b. The debonding occurs
as the bonding between the core and face sheet is not strong en-
ough to transfer the constraints of the cores. In addition to debond-
ing, crushing of the egg honeycomb cores was also observed prior
to the overall failure of the panel, as shown in Fig. 7b. Fig. 7c shows
the deformation history of sandwich panels with pyramidal honey-
comb cores. The load–displacement curves of pyramidal honey-
comb cores are similar to egg honeycomb cores records except
for the peak load which is larger than the previous value. The rea-
son for that increase is the larger shear stiffness of pyramidal hon-
eycomb cores in comparison with egg honeycomb cores.
Debonding is also the dominating failure mode and both face
sheets buckle and bend outward in opposite directions.
4.3. Specimen 3 (Egg and pyramidal honeycomb cores): Core shear
macro-buckling + Face crushing + core member crushing + core
debonding

According to the analytical study presented in Section 3.1, core
shear buckling is the dominant elastic macro-buckling mode for
sandwich panels with thick face sheets and long length of columns.
Moreover, no practical laboratory scale column could be designed
to study the Euler buckling mode. Two kinds of specimens with
short length were designed to obtain face crushing. Fig. 8a shows
the measured compressive response of specimen 3 with face sheets
[0�/90�/90�/0�]5 (for egg honeycomb cores, L = 132.54 mm,
hf = 2.51 mm, w = 89.38 mm,�q ¼ 6:0%; for pyramidal honeycomb
cores, L = 126.05 mm, hf = 2.52 mm, w = 94.32 mm, �q ¼ 12:0%).
The peak load is larger for pyramidal honeycomb structures in
comparison with egg honeycomb structures due to the different
dominating failure mechanism. Fig. 8b shows the deformed config-
uration of the sandwich panel with egg honeycomb cores at differ-
ent stages of deformation. The core shear macro-buckling observed
can be attributed to the weak shear stiffness of egg honeycomb
cores. Fig. 8c shows the deformed configuration of the sandwich
panel with pyramidal honeycomb cores at different stages of defor-
mation. In this experiment, a progressive face crushing was ob-
served. As the compressive load reaches the critical load
associated with the face crushing, both face sheets get crushed.
Using the numerical method a value of rfy = 473 MPa was esti-



Fig. 6. Face wrinkling failure of sandwich panels with egg and pyramidal
honeycomb cores (specimen 1). (a) Load–displacement curves, (b) photographs of
the deformed panel at different stages of loading (E-I: Face wrinkling, E-II: face
wrinkling and face inter-cell buckling, E-III: core debonding, E-IV: core debonding
and core crushing). (c) An image of the deformed panel at different stages of loading
(P-I: Face wrinkling; P-II: core debonding; P-III: core debonding, inter-cell buckling
and face crushing; P-IV: core crushing after core debonding), showing the complete
debonding of the face sheets from the core and outward buckling.

Fig. 7. Failure of sandwich panels with egg and pyramidal honeycomb cores
(specimen 2). (a) Load–displacement curves, (b) photographs of the deformed panel
at different stages of loading (E-I: before failure, E-II: after core shear macro-
buckling). (c) An image of the deformed panel at different stages of loading (P-I:
before failure, P-II: after core debonding), showing the complete debonding of the
face sheets from the core and outward buckling.
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mated for this panel configuration. The analytical estimate of the
critical load based on Eq. (4) is about 212.2 kN. The measured peak
value in Fig. 8a is 135.7 kN and is about 36% lower than the analyt-
ical prediction. This discrepancy is attributed to the imperfections
in the manufactured specimens, as well as the assumptions made
in developing the simple analytical model presented in Section 3
and in the estimation of micro-buckling strength of the composite
face sheet. Local delamination of the face sheet near the clamped
ends of the panel reduces the overall strength of the sandwich pa-
nel. The sandwich panel loses its integrity, as the core completely
debonds from one of the face sheets, and each part of the panel
bends outward.
5. Euler buckling failure and comparisons

No practical laboratory scale sandwich column could be de-
signed to lie in the Euler buckling failure regime and thus this fail-
ure regime was not tested in above experimental study. A finite
element method was used to investigate this failure mode. The
sandwich columns with 3D honeycomb cores were made with
T700/3234 composite materials and were meshed using ABAQUS
software with fully integrated tetrahedron element with ideal elas-
tic model. The homogeneous material properties are listed in Ta-
ble 2. Surface to surface contact was used to model the contact
between cores and face sheets. The buckling failure modes of both
3D honeycomb sandwich columns are sketched in Fig. 9. The com-
parisons of both 3D honeycomb cores with different geometries
were also conducted based on the simulation model. The effect be-
tween span length and failure load are concluded in Fig. 10. It is as-
sumed that hf = 2 mm and d = 2 mm for both egg and pyramidal
honeycomb cores The failure load decreases with the increasing
span length, and the range between egg and pyramidal honeycomb
cores becomes narrower with this increment. This is because the
contribution of honeycomb core becomes smaller as the span in-



Fig. 8. Failure of sandwich panels with egg and pyramidal honeycomb cores
(specimen 3). (a) Load–displacement curves, (b) photographs of the deformed panel
at different stages of loading (E-I: before failure, E-II: after core shear macro-
buckling). (c) An image of the deformed panel at different stages of loading (P-I:
before failure, P-II: after face crushing and core debonding), showing the complete
debonding of the face sheets from the core and outward buckling.

Fig. 9. Euler buckling failure for egg (a) and pyramidal (b) honeycomb sandwich
columns done by simulation.

Fig. 10. The relationship between the normalized compressive peak loads of
honeycomb sandwich columns and span length.

Fig. 11. The relationship between the normalized compressive peak loads of
honeycomb sandwich columns and thickness of face sheet, hf.

Fig. 12. The relationship between the normalized compressive peak loads of
honeycomb sandwich columns and the thickness of core wall, d.
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creases. Fig. 11 shows the relationship between failure load and
the thickness of the facesheet. In this figure, the thickness of core
wall is the same for both honeycomb cores, d = 2 mm.
L = 1001 mm and 997.6 for egg and pyramidal honeycomb cores,
respectively.

It was found that the range between two curves becomes wider
with the increment of facesheet thickness due to the contribution
of face sheet in the overall behavior. The relationship between the
normalized compressive peak loads of honeycomb sandwich col-
umns and the thickness of core wall is shown in Fig. 12. In this fig-
ure, the thickness of face sheet is the same for both honeycomb
cores, hf = 2 mm. L = 1001 mm and 997.6 for egg and pyramidal
honeycomb cores, respectively. The value of failure load gets larger
with the increasing of the thickness of core wall. However, the
range between two curves becomes narrower since the contribu-
tion of failure load is dominated by length and the ratio of contri-
bution for core wall is very limited. It can be concluded that the
mechanical properties of pyramidal honeycomb sandwich columns
are much better than that of the egg honeycomb sandwich column.
The results from simulation have a good agreement with the ana-
lytical predictions.
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6. Conclusions

A series of analytical, experimental and numerical investiga-
tions were conducted to study the response and failure of 3D hon-
eycomb core sandwich panels with through-inner spaces made of
carbon fiber composite under in-plane compression. In the analyt-
ical part of the study, several failure modes as Euler or core shear
macro-buckling, face wrinkling, face sheet crushing, core member
crushing and face inter-cell buckling were considered and theoret-
ical relationships for predicting the failure load associated with
each mode were presented. The failure mechanism maps were
constructed in order to predict the failure modes with different
structural parameters. In the experimental part of the study, Three
different sets of specimens with egg and pyramidal honeycomb
cores were manufactured to study the failure modes, Face wrin-
kling, inter-cell buckling, core shear macro-buckling, face crushing,
core member crushing and core debonding have been observed.
Simulation works were conducted in order to predict the failure
of Euler buckling, The relationship between the normalized com-
pressive peak loads of honeycomb sandwich columns and span
length, thicknesses of face sheet and core wall have been also ad-
dressed. The mechanical properties of pyramidal honeycomb sand-
wich columns are much better than that of the egg honeycomb
sandwich column.
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