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In this research, a hexagonal honeycomb core under a compressional load is studied numerically from the initial elastic regime
to the fully crushed state using the Abaqus finite-element modelling. Two modelling approaches, i.e., a static analysis and an
explicit non-linear analysis are applied to a 3D model of an aluminium honeycomb core. This honeycomb structure is
compressed quasi statically using rigid plates and displacement control. Moreover, the crushing of the honeycomb-core structure
and the failure due to buckling are verified numerically, and a study is also performed to show how different densities, cell sizes
and specimen sizes can affect the average crush force and plateau force. A comparison between experimental and numerical
results is drawn, showing that the numerical models can effectively predict the mean crushing force and mechanical behaviour
with a good accuracy.
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Avtorji so raziskovali obnaSanje jedra heksagonalnega satovja pod tlacno obremenitvijo. Numeri¢na $tudija, izvedena s pomocjo
metode kon¢nih elementov na programskem orodju Abaqus, je potekala od zacCetnega elasti¢nega rezima do popolne porusitve
strukture. Uporabili so dva pristopa k modeliranju, to je: staticno analizo in eksplicitno nelinearno analizo 3D modela jedra
satovja iz izbrane Al zlitine (AIMg3). Izbrana struktura v obliki satovja je bila kvazi-stati¢no tlacno obremenjena z uporabo
togih ploS¢ v rezimu kontrole pomika. Nadalje so avtorji numeri¢no verificirali porusitev strukture zaradi njene deformacije.
Numeri¢na Studija je tudi pokazala, kako razlike v gostoti, velikosti celic in velikosti same strukture vplivajo na povprecno in
maksimalno obremenitev, ki sta potrebni za njeno porusitev. Izvedli so primerjavo med eksperimentalno dobljenimi rezultati in
rezultati numeri¢nih simulacij. Izkazalo se je, da se dobljeni rezultati med seboj dobro ujemajo ter da lahko numeri¢ni model
dokaj natan¢no napove povprecno obremenitev, potrebno za porusitev dane strukture.

Kljuéne besede: sendvi¢ struktura, jedro satovja iz Al zlitine, tlacna obremenitev, deformacije, porusitev, numeri¢na analiza na
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osnovi metode konénih elementov

1 INTRODUCTION

Sandwich structures with honeycomb cores are
widely used in different applications such as aerospace,
marine and railway engineering because of their high
stiffness-to-weight ratios. Also, sandwich structures are
well known because they have the ability to dissipate
considerable energy generated by a large plastic defor-
mation under compression loading.'?

Therefore, many researchers focused their research
on the mechanical behaviour of a honeycomb core,
particularly in the last decade. For this reason, various
experimental and numerical analyses were developed to
predict the mechanical behaviour of a honeycomb core.
Mechanical behaviour such as elastic response and frac-
ture strength at a small strain under quasi-static loadings
were well investigated for the honeycomb core for struc-
tural applications.? In addition to only elastic and frac-
ture models of the out-of-plane and in-plane crushing,**¢
transverse shearing models were also well established.”

*Corresponding author e-mail:
bkeskes@univ-setif.dz
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For the case of a larger strain, theoretical, experimental
and numerical studies were also reported. Theoretical
models can predict the crushing pressures such as the
out-of-plane crushing pressure, in-plane crushing
pressure and multi-axial collapse envelope of a honey-
comb using its geometrical parameters and material
properties.?! Other related investigations such as
fracture detection using elastic waves, honeycombs with
a negative Poisson’s ratio, and foam-filled honeycombs
were also reported in the literature.''-13

In many analytical studies, predictions of the core
properties were limited to the assumptions based on
regular geometry and constant mechanical properties.
The approaches were mainly based on the bending defor-
mation of inclined walls of a hexagonal unit cell that
were modelled as fixed and guided end beams, while the
axial deformation of the vertical walls was neglected
because of its minor effect on the slender walls of a
honeycomb cell.>!* In contrast to the abundance of
analytical approaches, there were very few experimental
studies observing the deformation behaviour and predict-
ing the material performance. Schwingshackl conducted
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a broad investigation of fifteen analytical approaches and
proposed an alternative dynamic experimental method
based on resonance response frequencies."

Most of the work already done focused on the me-
chanical behaviour of a complete sandwich (face sheets
or skins and a honeycomb core).

In our research, the study of the mechanical beha-
viour of the core of honeycomb sandwich panels sub-
jected to uniaxial compression is conducted. Two me-
thods of numerical modelling, the static analysis usually
used in this kind of simulation and the explicit non-linear
analysis originally developed to solve dynamic prob-
lems, were applied. In addition, a series of experimental
investigations was conducted. A typical load-displace-
ment curve, failure modes and effects of the cell size and
specimen size on the crushing were studied. Moreover,
the energy-absorption capabilities were also quantified.
The results obtained were used to validate our nume-
rical-simulation approach to different stages of the
crushing of the honeycomb core.

2 EXPERIMENTAL PART
2.1 Materials

The honeycomb-sandwich cores used in this study
were provided by Euro-Composites S.A. (Luxembourg);
they are intended for the aircraft industry.'® The honey-
comb cores were made from aluminium alloy foil 3003
H18 (AIMg3) with a density of 27.3 kg/m?. The mecha-
nical properties of the material are given in Table 3. The
tensile stress/strain curve of AA3003 H18 is shown in
Figure 1.'7 The curve was obtained using tensile speci-
mens with the dimensions specified in the ASTM stan-
dard.!®

The honeycomb cores consisted of open cells with
densities of 55, 82 and 130 kg/m3. The geometrical
dimensions of a specimen are shown in Table 1. The
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Figure 1: Engineering stress/strain curve of AA3003 H18!”
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mechanical properties of the sandwich honeycomb cores
are depicted in Table 2.

A series of crushing experiments were performed on
aluminium honeycombs with different configurations.
The specimens had cell sizes of 3.2, 6.4 and 9.6 mm with
a wall thickness of 0.08 mm. Different cutting sizes of
the samples were used as shown in Table 1 and Figure 2.
Aluminium honeycomb specimens were cut using a
portable grinder without causing any damage to the
honeycomb cells.

Table 1: Dimensions of the specimens in mm

Designation |ECM 3.2-130| ECM 6.4-82 | ECM 9.6-55
(WX LxH) 1304 30x 10|30 %30 x 10|30 x 30 x 10
30 x 30 x 20 {30 x 30 x 20 |30 x 30 x 20
40 x40 x 10|40 x 40 x 10|40 x 40 x 10
40 x 40 x 20|40 x 40 x 20 | 40 x 40 x 20
50 x 50 x 10 {50 x 50 x 10 [ 50 x 50 x 10
50 x 50 x 20 {50 x 50 x 20 [ 50 x 50 x 20
Table 2: Mechanical properties of honeycomb cores'®
Materials Aluminium
Core ECM
Size of the cell (mm) 9.6 6.4 3.2
Densities (Kg/m?) 55 82 130
Shear strength
(L direction) (MPa) 148 24 5.47
Shear modulus
(L direction) (MPa) 253 430 523
Shear strength
(W direction) (MPa) 088 14 3.36
Shear modulus
(W direction) (MPa) 170 220 311
Compressive strength
(MPa) 2.75 4.5 11.55
Table 3: Mechanical properties of aluminium alloy H3003 H18
Parameter Symbol Unit Value
Young’s modulus E GPa 69.0
Initial yield stress g, MPa 115.8
Ultimate stress o, MPa 154.5
Poisson’s ratio v - 0.33

Figure 2: Aluminium honeycomb-core specimens: a) ECM 3.2-130,
b) ECM 6.4-82, ¢c) ECM 9.6-55
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2.2 Experimental set-up

Quasi-static tests at a constant velocity of 2 mm/min
were conducted between two flat compression test plates
on the honeycomb core using an ADAMEL machine
equipped with a 100-kN load cell (Figure 3). The dura-
tion of the tests was 250 s for a sample with a height of
10 mm and 500 s for a sample with a height of 20 mm.
An electronic unit was used for the test control and data
acquisition. A computer was used to acquire the load and
displacement signals. The experimental set-up for the
axial-compression test is shown in Figure 3. The test
results are reported in detail in the following section.

Figure 3: Experimental set-up

5000

3 RESULTS AND DISCUSSION

A typical load-displacement curve is shown in Fig-
ure 4A, indicating different stages of the crushing of a
honeycomb core subjected to compression. Different
failure modes corresponding to the steps of the curve are
illustrated in Figure 4B.

The analysis of the experimental results of the typical
static-compression tests allow us to make the following
statements:

e The cells buckled elastically and collapsed at a higher

stress due to an inelastic action (steps 1-2 in Figures
4A and 4B).
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Figure 4: Typical crush process of a honeycomb core during a quasi-static axial-loading test and chronology of damage: a) typical loading-

displacement curve, b) damage process
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Figure 5: Force/time curves for different honeycomb cores: a) compression test for samples (D 3.2 30 x 30 x 10 mm and D 3.2 30 x 30 x 20
mm), b) compression test for samples (D 6.4 30 x 30 x 10 mm and D 6.4 30 x 30 x 20 mm), ¢) compression test for samples (D 9.6 30 x 30 x 10
mm and D 9.6 30 x 30 x 20 mm)
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o After the first cell was crushed (steps 2-3 in Figures oy
4A and 4B), a progressive formation of folds was ob- s e ey
served (steps 3—10 in Figures 4A and 4B): this 14000 Nt
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e In the final phase of the compression test (steps 3 5660 | ]
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whole height of the panel is consumed by the folds. 4000 .
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where d is the axial crushing distance (from d = 0 to the
start of the densification phase), F is the axial crushing
force and the value for the 7.29 mm displacement is
21.47 1.

The force-displacement graph from Figure 6 refers
to the specimens with dimensions of (30 x 30 x 20) mm
and a cell size of 3.2 mm, which were similar to the
specimens with dimensions of (30 x 30 x 10) mm and a 0 . . ‘ .
cell size of 3.2 mm. There were three regions: the elastic (c) oo s Displascemer\lto(mm)12 sl
.reglon’ the plateau and the densification region included Figure 6: Force-displacement curves for honeycomb cores during the
in the curve. The critical force was 6061 N and the ave- quasi-static axial-loading test: a) specimen D 3.2 mm, b) specimen D
rage plateau force was the same as before, i.e., 3020 N. 6.4 mm, c) specimen D 9.6 mm
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The densification point started at the structure deforma-
tion of 14.8 mm and the energy absorption was 46.81 J.

For the other sizes of the specimens, i.e., (40 x 40 x
(10-20)) mm and (50 x 50 x (10-20)) mm, it was found
that the shape of the curve was similar to the curve of the
sample with the dimensions of (30 x 30) mm. The results
for the (40 x 40) mm samples are as follows: The critical
force for H = 10 mm is 9194 N and 10223 N for H = 20
mm, the average plateau force for both H = 10 mm and
H =20 mm is the same, i.e., is 5800 N. The densification
point starts at the structure deformation of 14.9 mm for
H =20 mm, with an absorbed energy of 84.52 J and at
7.59 mm for H = 10 mm with an absorbed energy of
40.19 J. For the (50 x 50) mm sample, the results are as
follows: The critical force for H = 10 mm is 14008 N
and 15258 N for H = 20 mm, the average plateau force
for H = 10 mm is 9350 N and for H = 20 mm it is 9410
N. The densification point for H = 20 mm starts at the
structure deformation of 14.9 mm, with an absorbed
energy of 131.6 J and at 7.59 mm for H = 10 mm, with
an absorbed energy of 62.87 J.
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Figure 7: Absorbed-energy diagram for honeycomb cores during the
quasi-static axial-compression test

Table 4: Average plateau force and absorbed energy of the honey-
comb cores

ECM 3.2-130 | ECM 64-82 | ECM 9.6-55
Sample Average| Absor- |Average| Absor- |Average| Absor-
sizg plateau | bed |plateau| bed |plateau| bed
(mm) force | energy | force |energy | force | energy

() () ™) () () )
30x300 3020 | 2147 | 1430 | 948 | 671 | 4388
306300 3020 | 46.81 | 1460 | 2085 | 775 | 10.79
40 301 5800 | 40.19 | 2550 | 19.61 | 1130 | 877
40630 5800 | 8452 | 2700 | 4132 | 1300 | 19.86
S0x 501 9350 | 62.87 | 4120 | 3352 | 2080 | 1595
030 0410 | 1316 | 4105 | 6546 | 2200 | 32.61
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For the other cell sizes, the interpretation of the
results was same as for the cell size of 3.2 mm and they
are listed in Table 4.

Figure 7 illustrates the energy-absorption capacity of
honeycomb cores and it shows that there is a close
relationship between the energy-absorption capacity of a
honeycomb core and the honeycomb cell size. The re-
sults presented in Table 4 and Figure 7 show a propor-
tional increase in the energy absorbed with an increase in
the specimen size and a decrease in the energy absorbed
with the increasing cell size.

Table 7 presents the results of the crush force ob-
tained during the compression tests of the honeycomb
cores (Figure 6). Three tests were performed for each
sample and the average value was retained. These results
were then used to validate the numerical model based on
the static-analysis approach.

Table 5: Average crush force for the honeycomb cores

Sample ECM ECM ECM
size (mm) Test 3.2-130 6.4-82 9.6-55
Crush force (N)
Test#1 5172 3554 1930
Test#2 5348 3505 2104
30 x 30 x | Test#3 5511 3629 1961
10 Mean 5344 3563 1998
Seviation | 173 62 93
Test#1 5801 3792 1981
Test#2 6296 3825 1842
30 x 30 x | Test#3 6085 3900 1787
20 Mean 6061 3839 1870
g’ta‘?d?‘rd 248 55 100
eviation
Test#1 9015 5294 3336
Test#2 8930 5995 3255
40 x 40 x | Test#3 9638 5795 3424
10 Mean 9194 5695 3338
gt 1w
Test#1 10373 7134 3572
Test#2 10159 5810 3267
40 x 40 x | Test#3 10136 6621 3054
20 Mean 10223 6522 3298
ggﬁ‘gﬂ 131 668 260
Test#1 13880 9833 4466
Test#2 14031 9861 4790
50 x 50 x | Test#3 14114 8957 4572
10 Mean 14008 9550 4609
Standard |y s14 165
eviation
Test#1 15328 9941 5018
Test#2 15208 8807 5046
50 x 50 x | Test#3 15239 9173 4859
20 Mean 15258 9307 4974
Standard
deviation 62 579 101
203
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Figure 8: Boundary conditions

4 FINITE-ELEMENT MODELLING

As mentioned before, two modelling approaches, i.e.,
a static analysis and an explicit non-linear analysis were
employed to study the behaviour of aluminium honey-
combs in finite modelling. ABAQUS was used for the
explicit non-linear finite-element code to simulate the
quasi-static axial loading of aluminium honeycombs.
The explicit-solution method was a true dynamic pro-
cedure originally developed to model high-speed impact
events, in which inertia plays a dominant role. Therefore,
in the quasi-static analysis, the goal was to model the
process in the shortest time, in which inertial forces
remain insignificant. To achieve a quasi-static process
using an explicit dynamic procedure, the mass-scaling
option was used in ABAQUS.! The mass-scaling factor
was selected so that the test time was 300 s; in addition,
this factor was chosen and tested to prove that the inertia
had no influence on the test.

4.1 Finite-element procedure

To simulate a contact between the plates and the sam-
ple, a general contact algorithm was introduced using a
penalty contact method in ABAQUS." Self-contact for
the cellular walls of a honeycomb core was also included
in the FE model, so the core walls were not allowed to
fold onto themselves. The value of the coefficient of
friction for the contact between the plates and the sample
was chosen to be 0.15 because the flat-compression test
plates are made of hardened steel and the faces of the
plates were cleaned with oil to minimise the friction.
This indicated friction between aluminium and steel with
lubrication and the friction values in the literature were
between 0.1 and 0.4. The plates were modelled as rigid
bodies using an analytical rigid technique. The initial
velocity was assigned to the plate reference points and
the plates were also constrained to move only in the out-
of-plane direction as shown in Figure 8. The honeycomb
core did not have any constraint.

Figure 9: Mesh types for the honeycomb core: a) coarse mesh, b) con-
vergence mesh
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Compression plates

Imposed displacement '

Fixed displacement X

The mesh element selected for this model was SR4,
(Figure 9) with four nodes, double-curved thick-shell
elements with a reduced integration, active-stiffness
hourglass control and five integration points through the
cell-wall thickness. It was a robust, general-purpose
element suitable for this kind of simulation.'” It had the
advantage of a short computing time while maintaining a
good accuracy of the results. The optimal number of the
mesh was obtained after a mesh-convergence study
including 5256 elements as shown in Figure 10.

4.2 Finite-element results and discussion

In the static analysis, the simulation was carried out
until the first collapse after the elastic phase because the
calculation presented many problems relating to diver-
gence.

The deformed model obtained is shown in Fig-
ure 11B and the first crush of the cells can be observed.
Figure 11A shows the FE model in the initial state
before the crushing. The results obtained for the crush
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Figure 10: Mesh convergence of the honeycomb core
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Figure 11: Results of the finite-element model: a) FE model, b) stress
distribution
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Table 6: Average crush force of the honeycomb cores

Specimens size ECM 3.2-130 ECM 6.4-82 ECM 9.6-55
(mm) Test(N) | FE(N) | Err (%) | Test(N) | FE(N) | Err (%) | Test(N) | FE(N) | Err (%)

30 x 30 x 10 5178.7 5344 3.1 3465.5 3563 2.9 1888.2 1998 5.5
30 x 30 x 20 5958.3 6061 1.7 3759 3839 2.1 1801.1 1870 3.7
40 x 40 x10 9304.4 9194 1.2 5601 5695 1.7 3147 3338 5.7
40 x 40 x 20 | 10010.2 10223 2.1 6485 6522 0.6 3110.5 3298 5.7
50 x 50 x 10 | 14792.4 14008 5.6 9479 9550 0.7 4532 4609 1.7
50 x 50 x 20 14989 15258 1.8 9105 9307 2.2 4835.2 4974 2.8

force are presented in Table 6 for all the specimens

tested (ECM 9.6-55, ECM 6.4-82 and ECM 3.2-130).

The results were in good agreement with the experi-

mental results and showed the maximum difference of (a)

only 5.7 % between the crushing forces calculated nume-

rically and experimentally where normally this error is

up to 2 %.

The standard explicit modelling gave good results for

the first stage of the test and the force calculated with the

simulation was very close to that obtained with the ex- (b)

perimental tests.

Numerical results of the explicit non-linear analyses

of specimen D 6.4 mm (30 x 30 x 10) mm obtained with

the finite-element model and experimental results are

given in Figure 12. They show the typical stages of a

quasi-static compression test of an aluminium honey- (c)

comb-core material. Three different regimes were ob-
served: at a low strain, there are a linearly elastic region
(A in Figure 12) and buckling, followed by progressive
folding (B in Figure 12) and the final densification (C in
Figure 12).

The curve obtained in Figure 12 shows that the
numerical procedure was in good agreement with the
experiment results, and that all the steps of the test were
simulated successfully.

Figure 13 illustrates a comparison between the nu-
merical and experimental failure behaviour where Fig-

4500 T T T
=D 6.4 30x30x10 EXP
4000 =D 6.4 30x30x10 FE | ]
3500
3000 B
- c
Z 2500 \
o
8
S 2000
1500 , AN *.A
1000
500 T~
o 1 2 3 4 5 & 7 8 9

Displacement (mm)

Figure 12: Comparison of the numerical and experimental load-dis-
placement curves for 30 x 30 x 10 mm D 6.4 mm
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Figure 13: Visual comparison of honeycomb cores during crushing
steps of FE (left) and experimental (right) investigations

ure 13a shows the numerical model and an experimental
specimen before the failure and Figure 13b illustrates
the damage after the first crush of cells. Figure 13c
presents the final densification after the whole panel has
been consumed by folds.

5 CONCLUSIONS

This paper focused on numerical modelling and veri-
fication of the experimental results of the crush beha-
viour of honeycomb cores subjected to axial com-
pression. Two modelling approaches were employed, the
static and dynamic methods. The experimental crushing
resistance of honeycomb cores with various cell configu-
rations was first determined and 18 different configu-
rations were tested under compression. The experimental
study allowed us to make the following conclusions:

e The results of the quasi-static compression tests show
that the crush response consists of three phases: at
low strains, there are a linearly elastic region and
buckling, followed by progressive folding and the
final densification.

e The crushing force is influenced by the specimen
size. It increases with the size of the sample, but the
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height of the sample only affects the duration of the
constant phase.

e The energy absorption is strongly influenced by the
cell diameter; it increases with a decreasing diameter.
The height of a honeycomb core plays a very im-
portant role in the energy-absorption process and
these two quantities are found to be directly propor-
tional.

Regarding the numerical study, we can make the
following conclusions:

o It is demonstrated that the Abaqus static modelling
gives good results for the first-stage failure of the
compression test, but it is unable to reproduce the rest
of the failure taking place during the test. This
modelling approach allows us to find the value of the
crushing force for all the configurations of the
honeycomb cores. The numerical results are in good
agreement with the experimental results.

e The dynamic modelling technique is successful at
reproducing all the steps of the compression test and
this method gives a good correlation with the experi-
mental compression tests for aluminium honey-
combs. The inconvenience of this method is the fact
that it requires greater computing resources.

e Different failure modes of the honeycomb crash
process obtained with the FE modelling have the
same shapes as those of the experimental failure
modes, showing all the stages of the crushing pro-
cess.
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