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SUMMARY

Continuum models of regular hexagonal aluminum koamb cores are evaluated by
finite element analysis. The evaluation is basethencomparison of total in-plane and
out-of-plane reaction forces determined by thedimilement analyses of the sandwich
panels with the actual honeycomb core geometryvatidthe existing equivalent core
models.
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INTRODUCTION

Sandwich panels with honeycomb core are widely useddifferent structural
applications such as aircraft floor panels, consuifaces, external radomes, access
panels, rocket fins, civil engineering structuresl anany more. The main problem in
analyzing honeycomb core sandwich structures usiadinite element method lies in
the substantial computational effort that has tospent in modeling and analyzing a
sandwich structure with a multi-cell constructioore by maintaining the actual
honeycomb core geometry. Therefore, the commontipeaén the finite element
modeling of honeycomb core sandwich structures rgeplace the core by an equivalent
two or three dimensional orthotropic material. Repment of the actual honeycomb
core by an equivalent continuum model works wepleegally in problems involving
global structural analysis such as deflection, atibn or aero elastic analysis of
structures made of sandwich construction. In tipeeblems, the global stiffness match
of the sandwich structure with the equivalent conim model and the sandwich
structure with the actual honeycomb core is thenng@al. However, by using a finite
element model with an equivalent continuum cores ihot possible to determine the
local stress distribution in the core and in theefaheet material interacting with the
core since the actual geometry is not preservéoeirequivalent model.



In the literature many works have been performedhenhomogenization of the elastic
properties of honeycomb cores. In the following eav fof these works will be
referenced. The initial work on the determinatidnttze transverse shear moduli of
honeycomb foils was performed by Kelsey et.al. implying the energy approach [1].
Vinson studied the optimum design of honeycomb wéctd panels [2]. The book by
Gibson and Ashby [3] is a systematic study whiabspnts the equivalent in-plane and
out-of-plane elastic properties of uniform thickedé®neycomb cores by means of the
standard beam theory and energy approach, resplgcti@rediac [4] determined the
equivalent transverse shear moduli of honeycoméscby the finite element analysis of
a representative unit cell. The equivalent trarsveshear modulus is described by an
alternative relation which is written in terms dfetlower and upper bounds of the
transverse shear modulus determined by Gibson asttbyA Masters and Evans
obtained refined in-plane elastic constants offtbleeycomb core by incorporating the
flexure, stretching and hinging effects [5]. Burtamd Noor [6] assessed the accuracy of
the predictions of an equivalent core model forasgqucell honeycomb core made of
titanium by using the finite element free vibratimsponses of sandwich panels, with
composite face-sheets, as the standard for asgetb®naccuracy of the predictions.
Nast [7] determined all nine orthotropic materiahstants of the honeycomb core by
taking a unit cell which includes the straight waith double foil thickness and two
inclined walls with single foil thickness. The calhlls were modeled as plates and the
analytically determined material constants weregamad with the experimental results.
Schwingshackl et.al [8] reviewed fifteen differeapproaches of determining the
equivalent orthotropic material constants of thedywomb core.

In most of the previous studies the main emphaastive determination of the effective
elastic constants of the honeycomb core. In sonteesie works finite element analysis
of only the unit cell was performed in order to ifyethe effective honeycomb-core
elastic constants which are mostly determined Wferdnt analytical approaches. In
practical applications involving the design and Igsia of sandwich structures with
complex geometries and loading conditions, the afsthe finite element method is
inevitable. Therefore, it is assessed that morekweor the evaluation of the effective
elastic constants of the honeycomb cores basedhefiiriite element analysis of the
sandwich structure with the face-sheets and theywmmb core is necessary. Thus, the
effect of face-sheet-honeycomb core interface @taken into consideration properly.
Finite element analyses of the honeycomb core walyld not include the skin effect.
For this purpose, in the present study differenitdi element model alternatives are
developed to come up with the most reliable angilida finite element model of the
sandwich panel with the actual honeycomb core gégméinite element models of the
sandwich panel with effective elastic constantstlwd honeycomb core are also
generated based on the existing equivalent contimaodels of the honeycomb core. In
order to assess the effective elastic constanthookeycomb cores, finite element
analyses are performed with both models for allsfmds combinations of boundary
conditions and in-plane and out-of-plane input dispments applied to the different
faces of the sandwich panel. The assessment isl lmaséhe comparison of the total
reaction forces, calculated by both finite elememdels, on the supported faces of
sandwich panels. The results show that the religlaif the individual in-plane and out-
of-plane effective elastic constants of the exgsttontinuum models of the honeycomb
cores can be successfully evaluated based on thearative study.



FINITEELEMENT MODELS OF SANDWICH PANELSWITH ACTUAL
CORE GEOMETRY AND EQUIVALENT CORE

To assess the effective elastic constants of hamelgacores an accurate finite element
model of the sandwich panel with the actual honeytgeometry and the face-sheets is
required. In this study accurate finite element elad the sandwich panel is named as
the reference model. Figure 1 depicts the typieédrence and equivalent core finite
element models of sandwich panels which are us#tiassessment study.

Figure 1 Finite element models of the honeycombeandvalent core sandwich panels

The equivalent honeycomb core models are evaluzsdd on finite element analyses
of the sandwich panels. Finite element analysescarelucted by imposing input

displacements to different faces of the sandwialepan different directions. Figure 2

shows the faces of the sandwich panel with letdsggned to each of the six faces.
Table 2 gives the nine different load cases forcWithe finite element analyses are
performed. For each fixed face case, three diftenaiform displacements are applied
in the in-plane and out-of-plane directions on faBg D and F and the total reaction
forces on the opposite fixed faces A, C and E aleutated. In Table 2 the last column
gives the total reaction force calculated on thpaogjie face of the input displacement
face. The nomenclature for the total reaction fascélJ, where | denotes the direction
of the normal of the face which is fixed, and J ates the direction of the input

displacement on the opposite face of the fixed.fatehe finite element model of the

sandwich panel with the actual honeycomb core gagniteis assumed that the nodes
on the edges and side walls of the honeycomb foithvintersect with the faces A, C

and E are fixed. On the other hand, in the finlement model of the sandwich panel
with the equivalent honeycomb core all the nodetherfaces A, C and E are fixed.



foecisnssslosfsatess wsid
[

Figure 2 Faces of the sandwich panel with lettessgamed to each face

Table 1 Load cases and boundary conditions uskdite element analyses

Input Direction of the  Total Reaction
Load Case Fixed Face Displacement Input Force
Face Displacement
1 A B 1 F11
2 C D 3 F33
3 E F 2 F22
4 A B 3 F13
5 A B 2 F12
6 C D 1 F31
7 C D 2 F32
8 E F 1 F21
9 E F 3 F23

Finite Element Model Alternatives of the Reference M odel

Before the assessment study of equivalent honeycoond models, different finite
element model alternatives are tried to come up witeliable reference finite element
model to be used in the calculation of total reactiorces. Two alternative finite
element models of the sandwich panel are comparel@dide on the reference model.
In both models, cell walls of the honeycomb core mwodeled by shell elements. The
first alternative utilized shell elements in thedasheets and in the second alternative
solid elements are used in the face-sheets. Feteteent analyses have been performed
by using Shell 93 and Solid 186 elements of ANS¥8,shell and solid modeling,
respectively [9]. In this study aluminum sandwiampls having a face-sheet thickness
of 1 mm, with six cells in the ribbon direction afadir cells in the transverse direction
to the ribbon direction, are used in the calcufegiorhe details of honeycomb geometry
and material property used are given in Ref. 1@ fitst comparison of the full shell
and mixed shell/solid finite element models of tk@ndwich panels is made by
determining the total reaction force F33 by the tmodels. Table 2 shows the
comparison of the total reaction forces calculdgdwvo different finite element models
and the mechanics of material approach. Resultela#ened for a sandwich panel with



a face-sheet thickness of 1 mm, a core height @&7Bmm and a cell size of 4.76 mm
[10].

Table 2 Total reaction force calculated by thréfeent approaches

Approach Shell Mixed Mechanics
PP FEM FEM  of Material
F33 (N) 2204 1821 18.15

As one would expect the finite element model wiik face-sheets meshed with shell
elements overestimates the reaction force. Overasbn of the reaction force is due to
the rigidity of the shell elements in the thicknég®ction.Since the face-sheets are in
series connection with the honeycomb core, thevatpnt stiffness of the sandwich

panel with the face-sheets meshed with shell elesnleecomes higher than the true
stiffness in the thickness direction, resultingihigher total reaction force. On the other
hand, finite element model with the face-sheetshm@svith solid elements estimates
the thickness direction stiffness of the sandwiemgb very accurately, and this is

reflected in the total reaction force calculatedtla® supported face. For the same
sandwich panel configuration total reaction forcktermined by the full shell and

mixed shell/solid finite element models are comgareTable 3 for all load cases given
in Table 1.

Table 3 Total reaction forces calculated by the different finite element models

ngg;‘i'on F11 F12 F13 F22 F21 F23 F33 F31 F32
ety Ny N NN Ny N NN
EE‘E/'I' 572 019 025 4048 1071 1.9 22.04 361 1.72
'\I":'éeMd 569 019 024 4034 1071 20 1821 319 1.63

Table 3 shows that the largest difference betwhentdtal reaction forces determined
by the full shell finite element model and mixecekkisolid finite element model occurs
in F33, which is the total reaction force in théckimess direction. Besides F33, the
largest percent differences among the total readboces occur in F13, F23, F31 and
F32, which are the total reaction forces in theatplane direction. It should be noted
that these reaction forces are very much deperaetite out-of-plane shear moduli of
the sandwich panel. Based on the initial comparsgtadies it can be concluded that the
use of the full shell model may not be an adequefierence finite element model to
assess the effective elastic constants of the longy core. The discrepancy in the
thickness direction total reaction force F33 cated by the full shell finite element
model and the mixed finite element model is maattyibuted to the rigidity of the shell
elements in the thickness direction. Also, in saotwpanels face-sheets are usually
much thicker than the cell walls of the honeycombkeand this fact further justifies the
use of solid elements in the face-sheets.



Finite Element Model of Sandwich Panel with Equivalent Core

As shown in Fig. 1, finite element model of the daith panel with the equivalent core
is generated by meshing the core with Solid 186nefdgs and assigning three
dimensional orthotropic material properties to #wid elements. Effective elastic
constants of the honeycomb core are based on ikgngxcontinuum models of the
honeycomb core reported in the literature. The-&wets of the equivalent models are
also meshed with Solid 186 element just like in thixed shell-solid model of the
sandwich panels with the actual core geometry. &Site face-sheets of the mixed
element reference model and the equivalent modethessame solid element topology,
the differences between the total reaction forceterdhined by the mixed element
model and the equivalent model may be primarilgitaited to the differences in the in-
plane and out-of-plane stiffnesses of the honeycoore. Seven different equivalent
core models are selected to demonstrate the asssiswh the equivalent elastic
constants of honeycomb cores. The equivalent maldatsare used in the current study
are listed below together with explanations of dmthotropic elastic constants used.
Care is taken to select models which complemert eétter. Models which only give
in-plane elastic constants and models which onlg giut-of-plane elastic constants are
combined to demonstrate the effect of elastic @mstof the honeycomb core on the
total reaction force which is used as the mainrmpatar to assess the continuum models
of the honeycomb core. It should be noted thatbdels used in the present study are
not claimed to be the best performing models. Tdreyselected simply to demonstrate
the assessment of the effective elastic constantsooneycomb cores based on the
comparisons of total reaction forces determinedtlioy finite element analyses of
sandwich panels by the reference and equivaleptfaute element models.

Model #1 (M1): This equivalent model uses the in-plane elastitstamts €;; ribbon
direction,E,; transverse directio®,,,v;5) of Masters and Evans [5]. For normal
loading in the thickness directioE; simply reflects the solid modulus of the
honeycomb corés,,., scaled by the area of the load-bearing sectiod far the double

foil thickness in the ribbon direction it is givey Eq.(1) [3]. In all the models the out-
of-plane Young’s modulug; is based on Eq. 1 which is a universally agreéation.

In this model the two Poisson’s ratiog; andvs, are taken as the Poisson’s ratio of the
core material itself [3].

V31 =V3p=Vs (1)

E. = p = (lj
3 cosp.(1+sing)\ a

The Poisson’s ratios,; andv,; are then found from the reciprocal relations

E E
Viz = ElV31 =0  vy= E—2V32 =0 (2)
3 3

To see the effect of the out-of-plane shear moaolulthe total reaction forces, the out-
of-plane shear moduls,; and G,; are neglected, and very small values are assigned



the out-of-plane shear moduli in the material deén of the equivalent core in the
finite element model.

Model #2 (M2):Equivalent model M2 uses the effective elasticstamts given by Nast
[7]. The model given by Nast provides all nine cam@nts of the orthotropic properties
of the equivalent core. The Poisson’s ratipsandv,; of the equivalent core model of
Nast are also very small and can be neglected.

Model #3 (M3):Model 3 uses the out-of-plane elastic constaniSrefiac [4] and the
in-plane constantsH], E,,v;,) are taken from model 1. To investigate the eftddhe

in-plane shear moduluss;, is neglected and a very small value is assignetigan-
plane shear modulus in the material definition foé equivalent core in the finite
element model. The out-of-plane Poisson’s ratiestaken as described in model 1. In
this model the lower limit of the out-of-plane she@dulusG,; of Grediac [4] is used.
Model #4 (M4):Model 4 neglects the in-plane elastic constams &, ,G;,,v;5) and
uses the same out-of-plane shear moduli from Geddia In this model as opposed to
model M3, the upper limit of the out-of-plane shemdulusG,; of Grediac is used.
Model #5 (M5):Model 5 is the same as model 3 with the inclusibthe in-plane shear
modulus G;, from Masters and Evans [5], and the out-of-plalesteE constants are
taken from Grediac [4]. In this model the lower iirof the out-of-plane shear modulus
G,3 Is used as in model 3.

Model #6 (M6):Model 6 uses the same elastic constants of mobet,5unlike model 5,
it uses the upper limit of the out-of-plane sheadoiusG,; of Grediac.

Model #7 (M7):Model 7 is based on the effective elastic constaftNast but to see
the effect of the in-plane Poisson’s ratig@ on the results, it is neglected.

ASSESSMENT OF EFFECTIVE ELASTIC PROPERTIES

The assessment of the effective elastic constdnt®meycomb cores is demonstrated
by comparing the total reaction forces which areegheined by finite element analyses
of sandwich panels with the reference finite elehmeadel of the sandwich panel with
the actual honeycomb geometry, and finite elemesdats of the sandwich panels with
equivalent cores M1-M7. Four different honeycomli sezes and four different cell
heights are selected, and finite element modelganerated based on sixteen different
honeycomb configurations whose details are giverRaf. 10. Because of the vast
amount of data, only a portion of the results pemg to a few equivalent models is
presented in this article. The comparisons areopadd based on the percent
differences of total reaction forces calculatedtlvy reference and the equivalent core
finite element models. The percent difference atthtal reaction force is calculated by

AFIJ i
Percent difference in total reaction fo#ie reference-equivalent mOdd‘ 3)

(FlJ)reference model

Table 4 presents the percent differences of tetadtion forces for single cell height and
core geometry. The percent differences for therotedd heights and core geometries
show similar behavior and they are tabulated iaitlby Aydincak [11].



Table 4 Percent differences between reference guisiaent core FE modéls

Total
Reaction F11 F12 F13 F22 F21 F23 F33 F31 F32
force
M1 1.74 0.47 99.37 343 037 96.8 0.29 9998 99.96

M2 0.95 0.05 29.35 2.7 0.27 84.6 0.27 64.67 51.52

M3 0.84 0.08 0.84 1.48 0.19 4.5 0.29 0.96 0.36

M4 1.93 0.65 5.86 3.7 044 445 0.29 1042 0.09

M5 0.61 0.02 0.93 0.08 0.07 453 0.29 0.98 0.44

M6 0.6 0.02 6.23 0.11 0.05 453 0.29 10.58 0.44

M7 1.88 0.6 29.07 3.66 041 84,51 0.29 64.5 51.28
! Cell size d=4.76 mm ; Cell height: 15.875 mm

A number of conclusions can be inferred from theults presented in Table 4. Firstly, it
should be noted that all the models have almossdnge percent differences in the total
reaction force F33. For the particular cell sizd &eight, it was shown in Table 2 that
the total thickness direction reaction force wdsudated as 18.21 N by the mixed finite
element model of the sandwich panel. On the othadhall the equivalent models gave
a total thickness direction reaction force of abb8tl6 N and this result is almost the
same as the reaction force determined by the miketd element model and the
reaction force determined by the mechanics of natapproach. Therefore, it can be
concluded that Equation (1) estimates the equivaedulus of the honeycomb core in
the thickness direction very accurately.

Comparison of the results of models M1, M3 and Mveals that by incorporating the
out-of-plane elastic constants in the equivalentiehahe percent differences in the out-
of-plane total reaction forces between the mixeddielement and equivalent models
are significantly reduced, as expected. A furtleenark can be made with regard to the
use of the lower and upper limit of the out-of-gashear modulus, ;of the Grediac’s
model [4] for the regular hexagonal honeycomb coéhe percent differences in the out-
of-plane total reaction forces F13 and F31 of m@&lelvhich uses the lower limit of
Gi3proposed by Grediac is smaller than the differemisgermined by model 4, which
uses the upper limit & 3. Model 3 gives percent difference within 1%, wlsesr¢he
percent difference in F31 of model 4 is about 10T¥us, based on the comparison of
the differences in the total reaction forces, it ba concluded that the lower limit of the
out-of-plane shear modulus,3 proposed by Grediac is more reliable. The effdct o
using the lower and upper limit of the out-of-platear modulus, ;0f Grediac is also

clearly seen in the results of models M5 and M6dBldvi5 uses the lower limit and
model M6 uses the upper limit of the out-of-plafea modulu§,;. The percent
differences in the total shear forces F13 and F8Trauch lower in model M5 compared
to model M6, and this result again supports thabéity of the lower limit of the out-
of-plane shear modulus,; of Grediac.

Comparison of the percent differences in the totgllane reaction forces (F11, F12,
F21, F22) of models M3 and M4 reveals that theed#ices are lower in model M3,
which does not neglect the in-plane elastic constahthe equivalent honeycomb core.
It is noticed that inclusion of the in-plane elastionstants in model M3 results in a



definite improvement in the percent differencesthe total in-plane reaction forces.
However, because the in-plane elastic modgli, E,,G;,) of the honeycomb core is

very smallcompared to the out-of-plane elastic modulii; (G,3,G,3) the effect of

neglecting the in-plane elastic constants of tha@elgoomb core on the percent
differences in the total in-plane reaction forcesliso small unlike the situation in the
out-of-plane reaction forces. The in-plane stiffnetthe face-sheet is much higher than
the in-plane stiffness of the honeycomb core regyih much higher share of the total
in-plane reaction force by the face-sheets. Theeefthe in-plane elastic constants of
the honeycomb core do not significantly affect theerall in-plane stiffness of the
sandwich panel.

Model 2 proposed by Nast [7] gives very low difieces for the in-plane reaction
forces. However, the out-of-plane shear reactionef® of Model 2 are very different
from the corresponding values determined by theethifinite element model and this
indicates the poor prediction of the out-of-platestc constants of the honeycomb core
by the model proposed by Nast.

The main difference between the models M3 and Mthasexistence of the in-plane
shear modulusG,, of Masters and Evans [5] in model M5. However, percent

differences in the total in-plane shear forces &A@ F21 are very small with slightly
better prediction by the model M5. This result agahows that the in-plane shear
modulus of the honeycomb core is not as effectsvéha out-of-plane shear moduli on
the total reaction force. This conclusion is justifbecause based on the existing studies
on the continuum models of honeycomb cores in iteeature, the out-of-plane shear
moduli are proportional to the ratio of the foildkness of the core to the length of the
cell wall, whereas the in-of-plane shear modulysragortional to the cube of the same
ratio [3,4,5]. Therefore, in-plane shear modulushoheycomb core is very small
compared to the out-of-plane shear moduli and wéglkgthe in-plane shear modulus in
the equivalent model does not cause significarfiemdihces in the total in-plane shear
reaction forces.

Model M7 uses the same elastic constants as M2pexoe the in-plane Poisson’s
ratiov,,, which is set to zero in model M7. The in-planasBon’s ratio of the regular

hexagonal honeycomb core is predicted to be about most of the studies in the
literature [3,5,7]. By neglecting the in-plane Rois’s ratio in model M7, it is seen that
the percent differences in the in-plane reactionds slightly increase, which indicates
the use of an improper in-plane Poisson’s ratidess of the commonly used value,
which is approximately 1.

Based on the comparison of the percent differeircéise total reaction forces given in
Table 5, M5 seems to be the best performing madehg M1-M7.

CONCLUSION

Continuum models of regular hexagonal aluminum koomb cores used in sandwich
structures are assessed via finite element anabfssandwich panels by employing
finite element models with the actual honeycomlteageometry, and with the existing
equivalent core models. The assessment of thetig#ezlastic constants of honeycomb
cores is based on the comparison of the total imaébrces, calculated by both finite
element models, on the supported faces of sandvankls due to different in-plane and
out-of-plane uniform input displacements appliethi faces of the panels. It is inferred
that to perform a reliable assessment the faceisloéehe reference model, which has



the actual core geometry, and equivalent coreefiaiement models should be meshed
with solid elements in order to represent the dyttane stiffness of the panel most

accurately. Based on the comparison of the difis@snin the total reaction forces

calculated by the reference and equivalent corigefielement models, it is concluded

that the reliability of the individual in-plane awodt-of-plane effective elastic constants
of the existing continuum models of the honeycondres can be successfully

evaluated. It is also observed that the sensitifityt total reaction force to variations in

an elastic constant of the equivalent model isigefit to make a judgment on the

reliability of the particular effective elastic csiant. It is also concluded that among the
existing equivalent core models that have beenstiy&ted, model M5 gives the best

overall result. For future study, it is recommendledt the present study be extended,
and that other equivalent continuum core model$ tiaze not been investigated be
included in a comparative study to come up withidrvetquivalent models.
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