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Finite Element modeling of Nomex® honeycomb cores : Failure and effective
elastic properties

L. Gornet!, S. Marguet?, and G. Marckmann®

Abstract: The purpose of the present study is to de-
termine the components of the effective elasticity tensor
and the failure properties of Nomex'™ honeycomb cores.
In order to carry out this study, the NidaCore software,
a program dedicated to Nomex®Cores predictions, has
been developed using the Finite Element tool Cast3M-
CEA. This software is based on periodic homogeniza-
tion techniques and on the modelling of structural insta-
bility phenomena. The homogenization of the periodic
microstructure is realized thanks to a strain energy ap-
proach. It assumes the mechanical equivalence between
the microstructures of a RVE and a similar homogeneous
macroscopic volume. The key point of the modelling is
that by determining the RVE buckling modes, the ulti-
mate stress values of the homogenized core can be de-
duced. The numerical analysis shows an adequation be-
tween the first critical buckling modes computed and the
ultimate stress values experimentally observed in stan-
dardized tests. This approach, strengthened by experi-
mental data, makes it possible to devise a failure crite-
rion. This criterion relies on the understanding of the
mechanical effects caused by a local damage. In order
to improve the reliability of the software, predicted me-
chanical properties are compared with data given by the
Euro-Composite company and with results coming from
crushing tests performed on sandwich specimens. This
study brings out a powerful tool for the determination of
the mechanical properties of most Nomex® honeycomb
core used in nautical construction. The design of oceanic
sailing race boats is one of its most outstanding practical
applications.
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race boats

1 Introduction

The structural composite sandwich panels are extensively
used in lightweight constructions. A typical structural
sandwich panel consists of a honeycomb core covered
on both sides by laminate face-sheets. The aim of the
present study is to propose and develop the numeri-
cal determination of the effective stress—strain behaviour
of Nomex® honeycomb cores. These honeycombs
are extensively used in the manufacturing of aerospace
structures and of oceanic sailing race boats. Sand-
wich structures under consideration are made of carbon-
fiber epoxy-matrix composite laminate face-sheets and
Nomex'Y cores. The understanding of the behaviour and
eventually of the failure of honeycomb cores is extremely
important for the design of these engineering compos-
ite sandwich structures. The predictions of the mechani-
cal honeycomb core properties are directly related to the
structural integrity and safety requirements of the entire
lightweight structure

Since the pioneering work on determination of the ef-
fective mechanical properties for two-dimensional cores
[Kelsey, Gellatley and Clark (1958), Gibson and Ashby
(1988)], numerous studies of cellular sandwich cores
have been recently published [Hohe, and Becker (1999)
and (2001), Grediac (1991),Yang and Becker (2004)
]. In this context the NidaCore software dedicated to
Nomex® cores was developed in order to predict the
failure conditions of these honeycomb cores [Gornet,
Marckmann and Lombard (2006)]. The NidaCore soft-
ware has been developed to determine the three dimen-
sional mechanical properties of the core. The elas-
tic mechanical properties are determined by a three-
dimensional Finite Element model that involves periodic
homogenization techniques [Zhang, and Xia (2005) ].
For the homogenization of the honeycomb microstruc-
ture, a strain energy-based concept is used. It assumes
the macroscopic mechanical equivalence of a Repre-
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sentative Volume Element for the given microstructure
with a similar homogeneous volume element. The soft-
ware has been developed using the Finite Element tool
Cast3M-CEA. In the present study, numerical Nomex®
cores predictions are compared with the experimental
data given by the Euro-Composites company.

The original key point of the modelling is that by de-
termining the RVE buckling modes, the ultimate stress
values of the homogenized core can be deduced. Based
on buckling modes, numerical instability analysis repro-
duces the ultimate stresses experimentally observed on
standard test methods. This approach, strengthened by
experimental data, makes it possible to devise a failure
criterion. This criterion relies on the understanding of
the mechanical effects caused by a local damage. In or-
der to go further, the skin effect influence on Nomex
properties is discussed for T700/M10 face-sheets made
of carbon-fibre epoxy-matrix cross-ply or angle-ply lam-
inates (Fig. 1)

Figure 1 : Sandwich, hexagonal Nomex® core and
carbon-fibre epoxy-matrix face-sheets

2 Strain energy based concept for homogenization

Periodic homogenization consists in substituting to a
strongly heterogeneous medium, a fictitious homoge-
neous one which is expected to be equivalent in the
largest range of loadings. Based on this assumption,
our Finite Element software NidaCore has been devel-
oped to determine the three dimensional mechanical
Nomex'™ cores properties. Hexagonal and rectangular
over-expanded honeycomb cores are investigated. Over-
expanded cores are intensively used for shell geometries
due to their deformability abilities.
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2.1 Representative Volume Element

The Representative Volume Elements adopted for the
homogenization of the hexagonal and rectangular over-
expanded honeycomb cores are presented on Fig. 2. Any
larger volume can be obtained by successive translations
of the RVE. In the case of the RVE represented on figure
2, (1,2 ,3) axis corresponds to the orthotropic basis of the
homogeneous volume element.

Figure 2 : Hexagonal and over-expanded honeycomb
cores

2.2 Periodic homogenization

The mathematical process which allows to pass from the
global variables defined on the RVE to the local ones
is called the localization process. By considering Y the
RVE and |Y| its volume measurement, the space average
of a second order tensor X;; (strain or stress) is given by
the equation (Eq. 1).

1
(i) = 7 Y/ Xij (y) dy (1)

The average stress and strain tensors are noted respec-
tively %;; = (o;;) and E;; = (g;;). Periodic homogeniza-
tion is based on the data of the average strain field and re-
sults in determining the compliance operator CRVE of the
RVE imposing displacement boundary conditions on its
edge Y = dY>; UdY,;. Where 0Y>; represents free-edges
and dY,, displacement boundary condition surfaces. The
homogenization process proposed hereafter is based on
the resolution of six elementary linear elasticity prob-
lems (2). It must be highlighted that for periodic homog-
enization, stress or strain approaches are equivalent [Su-
quet (1982)]. The NidaCore software is based on a strain
driven periodic homogenization approach conducting to
displacement boundary conditions. This method leads
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Figure 3 : Hexagonal and Over-expanded honeycomb RVE with orthotropic axis
to six linear elasticity problems which have to be solved nents (Eq. 4) :
under strain boundary conditions, such as Ey; = 1 and .
E;; =0if (i, j) # (k,h). The six elementary problems to ] /(5 cedy=E : (CVEE) @)
Y

div(o(y)) =0 in Y

o(y)=C() eu(y)) in Y

e(u) = grad; (u(y)) )
G (y) fey =0 on dYy

i(y) =Ey+Vper on dY»

The finite element RVE meshes are presented in Fig. 3.

The displacement field V), is periodic and of equal val-
ues on the opposite faces of the RVE. Practically, Hill-
Mandel energy approach is used to calculate the equiv-
alent homogenized stiffness components described by a
six by six matrix CRYE. The homogenised core behaviour
is presented by Eq. 3

T=CNVFE

E=SNVEY 3)
The homogenized mechanical stiffness characteristics
CRVEof the RVE can be simply derived with the Hill-
Mandel theorem. This theorem implies that the RVE en-
ergy is equal to the average of the energies of its compo-

The anisotropic homogenized elastic stiffness tensor is
determined by deriving the twenty one linear combina-
tions of the six elementary problems defined on the RVE.
The engineering constants, the Young’s moduli, the Pois-
son’s ratios and the shear moduli, are deduced from the
RVE compliance coefficients. The present study con-
firms that for the honeycombs under consideration, the
Representative Volume Element symmetries lead to or-
thotropic homogenized mechanical properties.

2.3 Finite Element simulations

The homogenized mechanical properties of honeycomb
cores are determined from the RVE’s meshes presented
in figure 3. According to manufacturers information de-
rived from their mechanical tests, the RVE retained for
experimental data comparisons are 12.7mm height. Each
RVE finite element model involves 41556 nodes, which
represent 6156 hexahedron elements from the Serendip’s
family with 20 isoparametric nodes and quadratic inter-
polation functions. For this finite element, numerical
integration is performed using 27 Gauss’ points. RVE
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Figure 4 : RVE ECA-R deformed shapes for loadings

meshes include only one element in the elementary wall
thickness and two in double thickness parts (Fig. 3).
Convergence studies were carried out for various dis-
cretizations and the selected meshes were optimal with
respect to CPU time and finite element convergence.
The finite element simulations leading to the homoge-
nized mechanical properties are carried out under the
assumption of small displacements and strains. For or-
totropic core under consideration, nine combinations of
the six elementary problems (2) are necessary to deter-
mine the mechanical properties. Deformed shapes under
the nine combinations corresponding to loadings in or-
totropic axis are presented on Fig. 4 to 7.

3 Mechanical characteristics

From the designer point of view, the honeycomb cores
made of Nomex™ paper are available for various den-
sities. In this study, the mechanical characteristics of
Nomex\Y paper are obtained by finite element model up-
dated according to out of plan shear moduli of the ho-

mogenized core available in the Euro-Composite cata-
logue [Nomex® cores]. It should be highlighted that
a Nomex'“core may have different densities for the
same geometric dimensions because of the variation of
the resin amount deposited during the industrial pro-
cess. This method leads to create more resistant cores.
The manufacturers’ catalogues only give the most sig-
nificant mechanical properties. Core properties are gen-
erally established thanks to mechanical tests carried out
with 12.7mm thickness specimens. The out of plan shear
moduli G153 and G,3 and associated rupture shear stresses
0‘1:3 and 0‘2:3 are the only data provided by the manu-
facturer with the crushing stress 0%. Obviously these
few experimental data are insufficient to perform three
dimensional finite element analysis. Moreover, as men-
tioned by Hexcel documents [Hexcel (1999)], “Users
should make their own assessment of the suitability of
any product for the purposes required”. The homog-
enization of periodic media above described then ap-
pears as the numerical solution to determine the three di-
mensional mechanical characteristics of the honeycomb
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Figure 5 : RVE ECA-R deformed shapes under loading conditions E1;, and (E|andE»;)

Table 1 : Minimum (Min) and typical (Typ) homoge-
nized mechanical properties of honeycomb cores ECA-R
4.8 with densities of 29, 48 and 64Kg/m> and a thickness
of wall of 51um

Min Typ Min Typ Min Typ
ECA-R
MPa  4.8-29 4.8-29 4.8-48 4.8-48 4.8-64 4.8-64-
1) G G G (G GD
Viz 0.2606 0.2606 0.2606
Vi3 0.2240 0.2240 0.2240
Vo3 0.0219 0.0219 0.0219
E, 445 725 101.1 1287 129.6 152.0
E, 44 7.1 9.9 12.6 12.7 14.9
E; 794 1295 180.5 2298 2314 2715
G 0.5 0.9 1.2 1.6 1.6 1.9
Gisw 146 239 333 424 427 50.1
GoaL 8.6 14.1 19.6 250 25.1 29.5
cores.

3.1 Elastic properties

In the case of the hexagonal or rectangular over-
expanded honeycombs cores, RVE symmetries lead to an
orthotropic homogenized mechanical elastic behaviour.
For Euro-Composite catalogue, the denomination ECA-
R 4.8-29 (51) stands for a rectangular section core in-
scribed within a 4.8mm diameter circle with a 29 Kg/m?
material density and a wall thickness of 51um. ECA 4.8-
29 (51) denomination is equivalent for an hexagonal core
geometry. ECA-R 4.8-29 (51) mechanical properties es-
tablished by the NidaCore software are presented in table
1. The evolutions of mechanical properties according to
the core density for both hexagonal and over-expanded
honeycombs are plotted in figure 8. The three dimen-
sional core properties are included in three dimensional
finite element studies dedicated to the sandwich struc-
ture shear reinforcements of oceanic sailing race boats.
An example of Scarf reinforcements used on sailing race
boats [6] is presented on Fig. 9.

3.2 Failure stresses

Failure is often an ill-defined term in reference of
Nomex¥ honeycomb cores. The periodic structures typ-
ically exhibit many local failures after having been ex-
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Deformed Shape at Test St

Figure 6 : RVE ECA-R deformed shapes under loading conditions (EjandEs3), and E33

posed to structural instability. Experimentally it can be
observed that the buckling corresponds to a very signifi-
cant increase in the damage of the walls of the core. Dur-
ing mechanical shear tests or out of plan compression
tests, a brutal decrease of the load appears after struc-
tural instability. This collapse corresponds to the walls
crushing. Nomex'® are known to have a fragile linear
elastic mechanical behaviour until their critical load. In
this study, it will be considered that this load corresponds
to their ultimate limit. The critical strains are given for
the whole cases of loadings. The study of the linear elas-
tic buckling of the RVE leads to the identification of the
failure stress properties. Buckling modes of the over-
expanded honeycomb RVE under shear loadings are pre-
sented on figure 10. Core displacements are considered
to be so small that the RVE geometry could be frozen
to the initial unloading configuration and the stress/strain
relationship could be considered to be linear. According
to this assumption, Euler critical condition then reduces

to a standard eigenvalue problem (Eq. 5)

[K+ 2K X, =0 (5)
Where K refers to the initial unstressed configuration and
coincides with the stiffness of the RVE, K represents
the geometrical stiffness that accounts for the presence
of loadings evolving linearly with A2. X, is the eigen-
mode of buckling associated with the eigenvalue A>. The
critical strain boundary conditions are determined by the
relation (Eq. 6) and Hooke’s law (Eq. 3) in order to cre-
ate a pure stress loading.

E¢=ME (6)

Failure stresses components associated with the critical

strains (Eq. 6) are defined by the equation (Eq. 7)
65 = CryES

(N

The method is derived hereafter for each stress compo-
nent of an orthotropic material core. For the G;; case,
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Figure 7 : RVE ECA-R deformed shapes under loading conditions (E;2,E13,E>3)
macroscopic strain loadingsFare defined by components (9) :
(Eq. 8).
6§ =M [Ci1 E11 +Ciz Exy+Ci3 E33) )

Eir=S8110on
Ex = S81p 011 (8)
E33 =513 011

Buckling strains are given by the equation (6) for each
component and ultimate stress 6§, is derived as follows

The same method for the G5, and o33loading cases,
macroscopic strain loadingsFEare defined respectively by
the equations (Eq. 10) to (Eq. 12).

Ei1 =81202
Ey =57 022
E33 =573 022

(10)



70 Copyright ©) 2006 Tech Science Press

250,0 -
ECA-R OX 4,8mm
200,0 -
150,0 -
i
o
=
100,0 -
50,0
géii (kg/m3)
0,0 , : , :
00 200 400 60,0 80,0

—-+-E1MPa —=-E2MPa —+E3MPa
—~-G12 MPa ~+- G13 MPa - G23 MPa

CMC, vol .4, no.2, pp.63-74, 2006

450 ~
ECA 4,8mm
400 -
350

300 A

(MPa)

250 A

200 -

150 A

100 A

50 -

_/-/'/: (kg/m3)

0 s T !
0 50 100 150

—~E1MPa —=-E2MPa —+E3MPa
- G12 MPa « G13 MPa - G23 MPa

Figure 8 : Hexagonal (ECA 4.8) and over-expanded (ECA-R 4.8) honeycomb core mechanical property evolutions

with core density

Figure 9 : Tridimentional Finite Element modelling of a sandwich Scarf
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Figure 10 : Buckling mode of the over-expanded hon-
eycomb RVE under shear loadingE>3. Buckling mode
of the rectangular over-expanded honeycomb RVE under
shear loadingFE 3.

Nomex honeycomb under compressive sollicitation
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Figure 11 : Crushed specimen and stress versus strain
curve for quasi static loading

E11 = 813033
Ey = 553 033
E33 = 833 033

an

buckling strains are given by the equations (6) and (10)
for ultimate stress 65, and by the equations (6) and (11)
for ultimate stress 65;. Ultimate stresses are derived from
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the equations (12).

05, =A*[Ci2 E11 +Cx Exp +Co3 E33]

: 12
653 =M [C13 E11 +Co3 Exp + C33 E33] (12)

Table 2 : Comparison between finite element mechan-
ical properties (FE) and manufacturer ones (EC). Mini-
mum (Min) and typical (Typ) out of plan shear moduli of
honeycombs cores ECA-R 4.8 with densities of 29 and
64Kg/m?

ECA R 4.8-29 (51) 4.8-64 (51)
Min Typ Min Typ
MPa FE EC FE EC FE EC FE EC
Giw 146 14 239 24 427 48 50.1 56
Gy 86 9 141 14 251 22 295 26

Table 3 : Comparison between finite element mechanical
stress properties (FE) and experimental results

ECA-R Min Min Typ Typ
FE Tests FE Tests
MPa  4.8-29 (51) 4.8-29 (51) 4.8-29 (51) 4.8-29 (51)

afl 0.185 - 0.31 -

C
oy, 0.282 - 0.48 -
o 0.39 0.6 0.62 0.85

C -
o 0.72 - 1.2
o 0.33 0.32 0.55 0.44
oy, 0.25 0.31 0.415 0.42

For shear loading cases, the failure stress components
are defined by the equations (13) under uncoupled shear
strain loadings.

053 = A? [Caa En3]

(553 = 7\,2 [C55 E23]
G€2 = 7\,2 [C(,(, E12]

13)

The above described method is quite general and allows
to assume pure stress loading with the strain approach
retained for homogenization. Nomex~> predictions are

Table 4 : ECA-R-29 (51) Mechanical properties with and
without skin for 12,7 thickness

T700S/M10 Go; Gi; O.1C3 Gzcs
0,36mm thickness (MPa) - (MPa) (MPa) (MPa)
Rigid 14,6 8,6 0,33 0,25
face-sheets
Laminates 0° 154 10,2 0,511 0,690
Laminates 45° 15,85 10,16 0,512 0,906

successfully compared to mechanical data given by the
Euro-Composites company Tab. 2 and Tab. 3).

The second evolution of the NidaCore prototype soft-
ware integrates in the RVE the interaction between the
mechanical characteristics of core and face-sheets. 9he
carbon-fibre epoxy-matrix laminated face-sheets can be
constraint to simulate mechanical testing boundary con-
ditions. The out of plan shear moduli of Over-expanded
and Hexagonal RVE with T700S/M10 balanced carbon
fabrics face-sheets laid with 0 ° or 45° compared to the
orthotropic directions of the core are presented in Tab. 4.

3.3 Compressive tests on sandwich specimens

In this part, a campaign of compressive tests performed
on sandwiches structures made of Nomex'™ hexagonal
honeycomb core and carbon-fibre / epoxy-resin lami-
nated composite skins is presented. The experimental
data obtained are compared with finite element results
computed with the software NidaCore. The block size
of Nomex™> honecomb core is 50 mm (W direction) x
40 mm (L direction) x 25 mm (T direction). It comes
from Hexcel and has the following characteristics: cell
size: 3.175 mm; density: 80 kg.m~> and wall thickness:
0.22 mm. Two TR-50 composite skins of thickness 0.68
mm and stacked at [ 45 —45 ] are sticked on each side
of the core to complete the specimen. As a result, the
specimens presented here are [ 45 —45 CORE —45 45]
shaped. They ensure similar boundary conditions be-
tween the skins and the core as the one met in structural
constructions.

The tests are carried out on a MTS hydraulic tensile test-
ing machine (“810 material test system”). The speci-
mens are placed between two plates of compression and
crushed up to a maximum strain of 0.05 m.m~! with an
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Table 5 : Comparison between computed values and experimental data

E3; (MPa) o5, (MPa)
Experimental 140 3.55
Computed 180 4,1

Figure 12 : Sandwich specimen after crushing, Local
buckling plies

imposed velocity of 0.025 mm.s~!. This corresponds to a
compressive quasi-static strain rate of 1.1073 s~!. Three
stress versus strain curves are plotted on Fig. 12 below.

They show the existence of three major crushing steps.
The first one, a linear growth of the stress versus
strain, corresponds to the reversible elastic response of
the Nomex> honeycomb core. Once a critical load
is reached, corresponding to a compressive stress of
roughly 3.6 MPa, a brutal decrease in stress is observed.
This phenomenon is in link with the apparition of a
global instability within the honeycomb core. The buck-
ling of the walls of the whole specimen explains the
abrupt loss of stiffness. After this first global collapse
of the structure, a slightly rising plateau is observed.

It is due to both the local buckling of the walls of the
honeycombs (see Fig. 13 through the formation of buck-
ling plies) and the densification of the core between the
two skins. It can be noticed here that, if the tests are
performed up to more than fifty percent of strain, the
response of the specimen becomes very stiff while the
densification of the crushed honeycombs grows. The last
observation coming from the stress versus strain curves
is that the tests give very similar results which proves the
data to be reliable.

After some post-processing, the Young’s modulus is esti-

mated to 140 MPa and the crushing stress to 3.55 MPa. In
Hexcel’s catalogue, there is no data for thicknesses dif-
ferent from 12.7 mm. This demonstrates all the interest
to have a reliable predictive method. However, to give
an order of comparison, the Young’s modulus and the
crushing stress for a Nomex®honeycomb core of thick-
ness 12.7 mm are equal to 255 MPa and 4.5 MPa respec-
tively. Hence, the values obtained from the crushing tests
seem to be coherent with the fact that when the thickness
of the core goes up, the mechanical properties decrease
(Young’s modulus and crushing strength).

The last step of this part deals with the finite element
analysis of the specimen. The objective is to deter-
mine, thanks to the knowledge of the elastic properties
of Nomex® paper, the compressive modulus of the hon-
eycomb core and its associated crushing stress. The unit
cell (the RVE) is meshed and periodic conditions are im-
posed on its bounds as described in 2.2. The skins are
modeled as rigid solids.

Nine elementary loading cases are simulated in order to
determine the elastic properties of the Nomex® honey-
comb core. They are: unixial tensile tests (E;;, E;» and
E33), shearing tests (G2, Gi3 and G»3) and biaxial ten-
sile tests (E11 & Eap, E11 & E33 and Exp & E33). The
orthotropic elastic properties of the honeycomb are then
deduced from these analysis thanks to the strain energy
based homogenization procedure.

The crushing stress is computed thanks to a buckling
analysis of the RVE. An imposed vertical displacement
provides the critical compressive strain from which is de-
duced the crushing stress. The Tab. 7 below presents the
comparison between computed values and experimental
data. The results present satisfying agreement. Actu-
ally, the NidaCore software appears to be able to predict
the mechanical properties of Nomex®honeycomb cores
with enough accuracy.

4 Sailing race boats

Sailing race boats are using high technology sandwich
fabrication methods based on carbon-fibre prepreg face-
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Figure 13 : Finite Element Mesh of the B1 sailing race boat (Gilles Ollier Design Team, Multiplast, France)

sheets and Nomex® or foam cores. Around the world
races allow architects to innovate and optimize the sand-
wich structures within a minimum weight. Figure 14
shows the finite element mesh of B1 developed at the lab-
oratory for design checking. This multihull is the fastest
ocean sailing vessel ever created. The B1 structure is
well known as Orange II. In 2005, its skipper Bruno Pey-
ron and his crew sailed around the world in 50 days 16h
20m with a sustained maximum boats speed of 42.7 knots
(Jules Verne Trophy). B1 is a 120 ft monster of some
30 tonnes sandwich structure. It was launched from the
Vannes based builders and designer group Multiplast six
weeks before the Jules Verne Trophy. Durability con-
sideration is a prior concern in the design part of these
racing vessels. All reliable numerical tools and mechani-
cal tests are used in order to improve the structure design.
Several damage mechanisms may contribute to sandwich
structure failures. Matrix cracking often appears at first
in laminates. These micro-cracks may coalesce and initi-
ate delaminations and large scale crack propagation. In-
terfaces between core and laminates may debond or core
crushing may lead to sandwich buckling and failure. All
damage mechanisms described above must be avoided
under sailing condition loadings.

5 Conclusions

Numerical NidaCore results show that the software based
on periodic homogenization techniques and RVE insta-
bility phenomena is a powerful tool very useful to deter-
mine the components of the effective elasticity tensor and
the failure properties of Nomex® cores. Thank to this
program, it is possible to predict all the ultimate stresses
and then to draw the failure envelope of Nomex~ hon-
eycomb cores. This work represents the first step towards
a global identification of a damage core model dedi-
cated to sandwich structure predictions. An initial set of
Nomex® properties was determined using NidaCore nu-
merical predictions. It has been shown that experimental
data and NidaCore finite element predicted values exhib-
ited strong correlation for classical Nomex~ mechanics
tests conducted by honeycomb cores manufacturers.
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