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ABSTRACT

In this paper, the bending performances of sandwich panels with corrugated triangular,
honeycomb, aluminim foam, pyramidal truss, double sine corrugated (DSC), ande3D
entrant auxetic cores are assessed and compared, both experimentally and numerically. Three
point bending experiments were performedcorrugated, honeycomb, aluminium foam, and
truss coresandwich panels with identical fasbeets and core height. Teeperimental and
numerical results compared well for panels with corrugated, honeycomb and truss cores.
Parametric studies were subsequently performed, using ABAguidyreedistinctmodesof
deformation were identified. The specific energy absorp&iA) of the panels was found to
increase with the core relative densitye one witheahoneycomb corwvill be shown to have

the greatest SEAor thesame core relative densitggmpared to theests
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1. INTRODUCTION

Sandwich panels consisting of a lal@nsity core and thin skirfapper and lowerare
widely used in applications that require a combination of high structural rigidity and
lightweight, such as in aerospace, shipnd raiWay industry [114]. A sandwich panel
construction offers higher specific stiffness and strength to weight ratio compared to its
monolithic counterparCorrugated and truss structgreoneycombsndmetalfoamsareoften
usedin sandwichcoreg[5]. The different core materidtgpesare brieflyreviewedbelow.

Metal foans, also known as stochastic foafmsanufactured using a foaming royte)
cangenerallybeclassified a®pen orclosedcell (wherethecellsareenclosed withn cell walls).
The strength ofmetalfoamis related to itgelativedensitythrougha powerlaw relationship
[6]. An advantage of metal foam ikatthey havenearlyisotropicmechanicaproperties A
metal foancoresandwich panelypically fails byface yielding, face wrinkling, core yielding,
or localindentation[7]. Crupi et al[8] observed differentnodes ofdeformationunder three
point bendingvhich depend on the support span distance and the foam properties

A common feature od prismatichoneycomb structure its array ofprismatichollow
cellsseparated bthin vertical walls. Theell geometry varies widely, and the commames
are hexagondl9], columnar[10], and squarg¢l1,12]. A honeycomb structurexhibits high
out-of-plane compre$ge strengthand shear propertiesompared to its iplane counterpart,
atlow density[13]. In most of the honeycomdgandwich structusg the axes of theprismatic
corecells are perpendiculao tthe facesheets.The failure mechanismthat developunder
threepoint bending include core shear, face yieldifage bendingjndentation, and face
wrinkling [14i 17]. Crupi et al.[16] alteredthe span of thesupport rollers andeportedtwo
differentdeformation modesSun et al[17] showed thathe deformation modes affected by
the geometc parameters athe honeycomipanels. Thaliameterof the loading pirwas also

found toinfluencethe deformation mod¢10]. An increasen theroller diameterleads to a



largerdeformationzone.With a smaller rollediametey localsedindentationis thedominant
deformationrmodedue to fewer core cellsderneattiheindenter By contrastthedeformation
modefor a larger roller diameter tore sheatogethelin combination wittfacesheet bending.

A truss corecomprises ofstruts organized into interconnected triangle unithe
interior structure ok truss sandwich panel facilitates its multifunctiof@b., crossflow heat
exchange and spa morphing applications[18]. Deshpande et al[l9] identified four
competing failure mechanismaz. faceyielding, facewrinkling, indentation, and core shear
wherefailure maps were constructed. Xiong et[a0] investigated the bending performance
of sandwich panels with pyramidal truss comes carbon fiber composite fasbeetswhere
thefailure mechanismebserved weréace sheet crushing, face sheet wrinkliogre member
buckling, and core crushing.

A corrugated coreomprisesof corrugatedplates or sheetthat can be triangular,
trapezoidal, or curvilinegd1i 24]. Corrugated sandwich panels are often preferred in many
applicationssince they areeasyto marufacture, typically through a welding rouf25].
However, the bending performancesry according tohe loading directiodue toanisotropy.
Dependingon the loading directiorelative to the axis of theorrugaéd core, bending tests
can beperformedalong the two principalirections as shown schematicallyn Fig. 1
transverseife., bendingabout an axiperpendicular to theorrugation axisand longitudinal
(i.e.,bendingabout an axiparallel to thecorrugaton axi9. Lu et al[26] identifiedfour failure
mechanisms (i.e., face yielding, core yielding, face buckling, and core buckling) and derived
failure criteron for the triangular corrugated sandwich panetder bendingBased on the
work from Lu et al [B], Valdevit et al[27,28] construcedfailure maps for simply supported
triangular corrugated sandwich beaswbjected taransverse and longitudinéthreepoint

bending.



Bio-inspired structures have great potentiak energy absdrers For example,
Odontodactyluscyllarus, commonlknown as the peacock mantis shrirapes its dactyls to
smash through mollusk shells and other tough mineralized structures with tremendous force
and speedThe dactylscan withstand repetitive impact forcep to 15 kN [29]. The pitch-
graded sinusoiddierringbone patterm the dactyhelpsto achieve this remarkable property.
Yang et al[30] studied thauniaxial compression respongiea sandwich panel whosiouble
sine corrugated corwvas arranged ina bio-inspired sinusoidal herringbone patteifthe
sandwich panel with doublgne corrugated core was foundhtave greater energy absorption
capacity andsmaller initial peak force comparedth triangular commgated core sandwich
panel.

Auxetic materialss t r uct ur es exhibit amldavadxielemt Poi s
mechanical properties such eshancedndentation resistance and energy absorption ability
[31]. A 3D re-entrant auxetic structure is extendezhiia 2D re-entrant hexagonal honeycomb
structure and exhibitauxetic behavior in all three principal directiokgang et al[31] and
Yang et al[32] proposed analyticalmoddl or t he modul us, Poi ssonods
of the 3D reentrant structure€hen et al[33] hasused auxetic structures as core of sandwich
panelto study itsblast responseThe panel with auxetic core outperformed thee with
hexagonal honeyeob core when thblast level wasow, or the core relative density whigh.

Hitherto, thereare relatively few attempt® compare the bending performanuie
sandwich panelsvith different core ypes Results from hreepoint kendingexperimentsof
sandwich panslwith corrugategtruss, honeycomb and foam cevéll be reported and their
performance (specific energy absorption) quantied comparedNumerical models are
developedwheretheir predictionsverevalidatedby theexpermentaldatg andthe former is

usedn aparametricstudyto elucidateheload-displacement curves amibdes ofleformation



that developduring bending Finally, ther specific energy absorpti® are quantified and

compared

2. EXPERIMENT S
2.1 Samples

The sandwich panelgere manufactured by adhesivélgndingtwo AI5005-H34 face
sheetdo variouscorematerialsfpesusing Araldite 420 A/B epoxy adhesiv&ubsequently,
the samples wereuredat 70 °C for two hoursAll the samples have identicak-z plare
dimensiors 0f 200 mmx 50 mm with anidenticalfaceshees thicknesqts) of 1.0 mmanda
core height(hc) of 12.5mm. Four types of sandwich core materiglp&swere investigated,
viz. triangular corrugated, pyramidal truss, honeycomb, and aluminum foam.

Thetriangularcorrugated corgvas fabricated by mading an AI5005H34 sheetinto
corrugaions Fig. 1 (a) shows the longitudinal and transverse orientatsoof a corrugated
sandwich panelespectively.The two key geometric parameters the corrugationgarethe
web thicknesdc, andcorrugation angled.. Fig. 1 (b) showsthe schematic of pyramidaltruss
core sandwich panelith strut thicknesst:;, strut width w, andstrut angle d: (the angle
between the strut and ttmver face shegtA water jetwas used tgenerate a twadimensional
periodic diamond patterftom an AI5005H34 sheetwhich wassubsequently mouldeidto
the required shapas shown irFig. 2. The honeycomb core was made from Al50&Beredh
andtn arethe cell size and cell wall thickneseespectivelyas shown inFig. 1 (c). Fig. 1 (d)
shows araluminum foam core sandwich panghere thecorewasmachinedrom ablock of
ALPORAS aluminum foamvith arelative density’() of approximately 8%Table 1 lists the
geometric parameters, mass and material types for the different sandwich foames
investigated hereEight types ofsandwichcorg viz. CorrugatedTl, CarugatedL, TrussA,

TrussB, HoneycombA, HoneycombB, HoneycombC, and Foamyereusedexperimentally.
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The geometricconfiguration and dimensiorier each are listed in Table Threesamples of

each type were fabricated and tested.

(a) (b)

() (d)
Fig. 1. Schematis of the sandwich panel with (a) corrugate@) truss (c) honeycompand (d)

aluminiumfoam cors.

Fig. 2. Formingthe pyramidal truss core.

Tablel. Geometric onfigurationand dimensionsf thesandwich panels

Sample Orientation tc (mm)  dc (°) Core material Average mass (g
CorrugatedlT  Transverse 1.0 45 Al5005H34 95.0
Corrugateel.  Longitudinal 1.0 45 AI5005-H34 95.3




Wt (mm) tt(mm) & (°)

TrussA 2.0 0.6 35.26 Al5005-H34 59.7
TrussB 2.0 1.0 35.26 Al5005-H34 62.7
dh (mm) th (mm)
HoneycombA 3.18 0.0254 AI5052 66.7
HoneycombB 3.97 0.0381 Al5052 67.7
HoneycombkC 6.35 0.0762 Al5052 71.0
T
Foam 8% Al-Ca5Ti3 [34] 86.1

2.2 Mechanical properties of faceshees and core

Aluminum (AlI5052-H34) sheets with thicknessof 0.6 mm and 1.0 mmwereused in
the fabricaton of the truss core and faegheets respectively Five dogboneshaped tensile
couponsweremachinedrom eachsheetthickness and uniaxial tensile tests were performed
to obtain the material properties of AlI50684 in accordancevith the ASTM standard
E8/E8M15a.Thetensiletrue stressstrain curves are plotted Fig. 3. TheaverageY o un g 6 s
modulus and yield strggthfor the 0.6 mm and 1.0 mm shee€52.1 GPand112.3 MPaand
53.5GPa and 114.0 MRaespectively

The material propertiesor the Al5052 dby that was usedo manufacture the
honeycomb corarelisted inTable2. ALPORASfoams with anout-of-plane dimensionf 50
mm x 50 mmanda heightof 12.5 mmwere cutfrom a large foam blockThe foams were
compressed uniaxially at a rate of 2 mm/p@and the tes were repeatedhree times the

compressive stresdrain curves arshown inFig. 4.
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Fig. 3. True stressstrain curves of the tensile coupdinem the (a) 0.6 mm andb) 1.0 mm thick

aluminum sheets.

Table2. Material parameters for AI5052 aluminum all@p] (parameters listedrerethoseusedin

theJohnsorCook constitutive moden subsequent finite element siratithns.)
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Fig. 4. Compressive stresdrain curves of ALPORAS foam with relativedensity of approximately

8%.



2.3. Three-point bending tests

Threepoint bendingexperimentsvereperformedon a 50 kKN MTS machine (model 43)
usinga bending fixture (model FWA1054At a loading rate of 1.5 mm/minhhree repedkests
were performed for eeh sandwich paneWwith a different core materiayfpe The loading
pinfindenter and supporbllerswere made of high strength steel and had a diame2€r mim
Thespan between the two suppatlersis | =150 mm.For sandwich panels withcarrugatee
T and trussA and TrussB core,the indenter waplaced at thenid-pointbetween twwertices

as shown in Fig. 5.

@ 20 mm

| 14.5 mm

@ 20 mm @ 20 mm
; 120 mm b

@ 20 mm

/ \y/ Y/ v v - 7 , N 14.5 mm

y @ 20 mm
X 120 mm

(b)

Fig. 5. Threepoint bending eperimenal setugor sandwich pansiwith (a) corrugatedT and (b)truss

A cores.

3.FINITE ELEMENT ANALYSIS (FEA)

Finite element (FE)iswlationswere performed using ABAQUS/ExpliciPanels with
five different types of corematerialsiypes were simulated triangular corrugated core,

pyramidal truss core, honeycomb core, double sine corrugated core (DSC), andr3iame
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auxetic core However,the duminum foamcore sandwich panelvas not simulated inthe
parametric studgue toalack of precise materigiroperties (such as failure strain) thiferent
relativedensities.

The materiapropertiesfor AI5005H34, seeSection 2.2wereusedin the FE models
of thefacesheets and cordsorrugated and trussThe JohnsorCook constitutive model was
used tasimulate the cell wall material of th®neycomb coreseeTable 2 Although the face
sheets and cores were bonded adhesiveltherexperimentsthe adhesive layewas not
considered in the simulatisnSince no debonding was observed in ¢kperimens, perfect
bonding betweenheface sheets and core was assumedllithe FE modelby tying the cores
to the face sheetsGeneral contactwith a friction coefficient of 0.2 between the
indenter/support rollers with the face sheets used Both supportrollers andthe indenter
were assumed to be rigid bodiéd.degrees of freedom for the/o supporrollerswere fixed,
and the indentes displaced ire-directionat a constantlisplacement ratef 50 mm/si note
that this ishigher thann experiments to reducehe computational timeOur previousstudy
[37] have already showthatdynamic effects are negligible up adoading rateof 50 mm/s.
Fournode shell elements (S4Rjere usedto mesh the facsheets ofthe sandwich pans]
including forthe corrugated and honeycomb sihetruss coreand the rollersvere meshed
by two-node linear bearelements (B31andfour-node rigid elements (R3D4jespectively.
Convergence study Bahown that anesh size o1 mm for thecorrugated and truss sandwich

pane] and0.5 mm forthe honeycomb corie sufficient to give accurate results.
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4. RESULTS AND DISCUSSIONS
4.1 Experimentl and FE results
4.1.1Corrugateccorepanel

Sincethedefomation modebservedn eachrepeagdtestis largelyidentical only one
representativéestresultfor the Corrugateel. and Corrugated panelsis shown inFig. 6 (a)
and (B, respectively The image m theleft arefrom experimentsandthoseon the right are
numericalpredictions In general, thé-E simulationscancapture well theleformationmodes
observedn experimentsGlobal bending andbcal indentation(lbeneath théndenter)were
observed irboth the Corrugateel. and CorrugatedT panels In the Corrugateel. pane| the
corrugated core underneath the indenter deforms locally by bending froaciimes with the
top facesheetthat intrudes into the core spadgy contrast, the top faegheetof the
CorrugatedT panelintrudes into the voidspaceof the corrugationsalong they-direction
leading to a somewhat more locali indentation compared its Corrugateel. counterpart
compare Fig 6(a) and (b)

The loaddisplacement curve®f the corrugated sandwich paneubjected to
transverse and longitudinaénding arshownin Fig. 6 (c) and (d) respectivelyThe peakoad
of a Corrugateel. panelis approximatéy six timeshigher tharits Corrugatedl counterpart
This is unsurprisingince, in the formetthe intrusion by the top face sheet is resistedlby
the corrugations along thedirection unlike the latterin general, he FE model successfully
captures the general trend of tlead-displacement curvebtained experimentallyFor the
Corrugatedl panels the peak load initially reaches0.5 kN, in both the experiments and
simulatiors, then drog andincrease agairto a secondry peakreaching, on averag@,43kN
in the experiments and 0.52 kN itne simulatiors. The secondry peak occus when the

indentercomes imo further contactwith parts of the top facesheetwhereits underlying
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corrugations are not yet deformddheloadfluctuaionsand higher second peldadin theFE

simulatiors arecaused by thanstablecontact conditiosin thedeformationprocess
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Fig. 6. Comparison betweemxperimental and numericaksults: (a) Corrugateel. panej (b)
Corrugatedr pane] (c) load-displacement curves of Corrugateganels and,(d) load-displacement

curves of Corrugated panels
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4.1.2 Trussorepanel

Two deformation modewere observetbr the TrussA panel.As shown n Fig. 7 (a),
all the core strutenthe left side of the panblhdcollapse. By contrast, thi®nly occurred for
thosecorestrutsnext to the indenteon the right This asymmetic deformatiorwas induced
becaus¢he indenter was ngiositionedexactlyatthe mi-point ofthepanelin the experiments
- the offset was approximdyel mm. The FEsimulation(Simulation 1) also predictsan
asymmetriadeformationvhentheindenteris positionedy a similaroffsetfrom the midpoint
Figure 7(b) shows a Trugs panel that deformed symmetrically when indenter is placed at the
mid-point of the paneli this was observed both ithe experimentsand FE simulation
(Simulation 2).The top facesheet intrudeinto the corespace crushing the two core cells
immediately beneatthe indenterand almost@meinto contact with the bottom faegheetat
the end of the crushing proceBgy. 7 (c) shows that arussB panelexhibitssimilar symmetric
deformationto thatof TrussA. However theregion oflocal indentations smallerin TrussB
due to its stronger cofiighert;).

Threeexperimentabnd twoFE-predictedoad-displacement cungeare plotted ifrig.
7 (d) for the TrussA panel.The pealoadin bothexperiment and numericapredictionsare
approximatey 0.35 kN. Theaverageload after the indenter displacement of 10 nim
simulationsis approximately 0.15 kN this isslightly higher than those in experime@s12
kN). If there isoffset of the indenterwo of the experimentalcurvesand the curveof
Simulation 1fluctuake severely until théndenter displacememneachespproximatelyl0 mm
T thisis due tothe collapse of the core cetiathe left side of the pandBy contrastfhecurves
(obtained from experiment and simulatiamfhout offset @ the indenteris less than 5 mm,
which correspondso thecollapse of the two cells beneath the indenter.

Theloaddisplaement curveof theTrussB panel showetkss fluctuabns The thicker

core strutprovidestronger suppotb the facesheetsln one of theexperimens, the loadirops
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abruptly at a displacement d6 mm due b the debonding in thepanel In these two
experimentgno debondingccurred) the top faceshees came intacontactwith the adhesive
on the bottom facsheetatthe indenter displacemeoit30 mm after which the force increased
The simulatedoad has a simiar peakand overall trendHowever,the highersimulatedioad
whenthe indenter displacementfiem 10 mm 6 20 mmand the lower simulatezheafter hie

indenter displacement of 30 nmmay becausedy the manufacturing error and adhesive.
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Fig. 7. Comparison between experimental and numerical rega)tSrussA panelwhenindenter was
1 mm avay from the middle of thpane] (b) TrussA panelwhenthe indentewas in the middle of the
panej (c) TrussB pane] (d) load-displacement curves of sampl&sussA panels and, (e) load

displacementurves of samples Trugs

4.1.3 Honeycomisorepanel

HoneycombA, HoneycombB, and Honeycomi€ havea similar deformation mode
global bending along with a narrawgion ofdeep local indentation which is seenn both
experiments an@E simulations(seeFig. 8a-c). Only avery smallportion of the core under
the indenter was crushetihe same deformation moaeasalsoreported in [B] and [L7]. In
the study ofSun et al[17], the deformation mode shown in Figs. 8-(@) was denotedas
Mode A, in whicha void occured underneath the indenter due to theformation otthe top
facesheetln the other modéVode B) the indentewas in full contact with thdeformedop
facesheé¢. The panels with thinner skin and greater honeycomb celltsimbto defam in
Mode A

The predictedload-displacement curveseeFig. 8d-e) by FE match reasonaplwell
with their corresponding experimental ortbee peakoads arel.37 kN, 1.79 kN, and.10 kN

The difference®f experimental and simulated loadshe initid stage maybe because of the
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adhesive layelin experiments The tie connection between the core and -fueets in
simulation was stronger than the adhesive bonding in experintdoiteycombA has the
lowest peakoad (1.38 kN for both experiments and silation) since it haghe weakest core
followed by HoneycombB (1.81 kN for experiments andl.62 kN for simulatioh and

HoneycombC (2.08 kKN for experiments and 94 kN for simulatior) whose core relative

density is thenighestof the three
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Fig. 8. (a), (b), and (chretheexperimenta(left image)andnumerical (right image) defrmation modes

for HoneycombA, HoneycombB, and Honeycomi& panels respectivelyTheir corresponding load

displacement curves are showr(dt), (), and (f) respectively

4.14 Aluminum foamcorepanel

Core sheafailureoccurred in the foaroorepanels, as shown Fig. 9 (a), (b), and (c).
Plastic hingeslevelopedalong two sections of the pariebnebeneattthe indenter, and the
other close toone of the supportéshown by the red dots in Fig. 9ajhis asymmetric
deformation mode is similar to Modedéformation mode observed Byupi et al. [8] which

tends tooccurin theexperiments witlthe smallerspan ofsupportsFig. 9 (d) shows theload
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displacement curves of the pandlle sharp drops in the loatisplacement curvesrecaused

by the shear damage of the cghlighted in the blue ovals)

(c)
1.
Exper,Fmamt
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g
© 04
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Fig. 9. Experimental esults of aluminum foam sandwich panétg, (b), and (c) arthedeformations

of the panels whetheindenter displacement is 10 md) load-displacement curves.

4.2 Parametric study

Figures6, 7, and 8 show a good agreement betwdemredictionsand experimental

results bothin terms ofthe deformation mode anbbad-displacement curvelhe validated
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numerical modelarenow employedo performparametric studjor thecorrugated, truss and
honeycomixzorepanelsin the parametric studyhecore materiahnd faceshees areassumed
to bemade fromAI5005-H34. Someof thegeometric parameters for the pasle fixed viz.
face-sheet thickness 1.0 mm,core heights 12.5 mmthe spanbetween the two suppgsins
is 150 mm, andhe diameter asupportpinsand indenters 20 mm.Aluminum foam sandwich
panelis not consideredue toalack ofanaccurate materialonstitutive model

For corrugated sandwich pasglhe parametric study is conducted panels subjected
to bothtransverse and longitudinaénding.Undertransverse bendinguoprevious work [8]
showed that the position of the indenaffeds the bending performance afcorrugatedcore
panel. Two loading scenarios, viz. base indentation and node indentattoe,investigated.
The indenter was positioned at the pimint between two verticder base indentatioand on
top of the central vertefor node indentation. The peldadin node indentatiois much higher
than that in base indentatiohherefore, both node and base indentatiwitisbe considered
here Similar tothe corrugateccore panels a trusscorepanelis alsosensitive to théocation
of theindenter. Thereforawo loading conditionsyiz. baseand node indentati@nare also
consideed In the experimentsthree geometric parametdis, t;, andd: shown in Fig.1lpfor
truss corewere consideredIn the parametric studyww is assumedo beequal tot; to redue
the number of geometric parameters.

Two additionalsandwich panels witbdoublesine corrugatedDSC) coreand auxetic
core,aresimulatedhere The doublesine corrugated (DSC) coveas meshed byhreenode
shell elements (S3s shown irFig. 10(a). The appropriate mesh siw@s determined frm a
mesh convergencstudy Thedoublesine corrugated corean be expressed by tf@lowing

equation:

o 6 O0E+—OE+ 1)
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where x andz axes arethe twoin-plane directions, angtaxis is the oubf-plane directionA
is the out-of-plane amplitude of the wavewhich is 12.5 mmfor all the panels a-is the
wavelength Two full wavesare introducedlongthe widthof the panelif the z-direction).
The othergeometricparametelis core thicknesstd). Base and node indentateare also
consideedfor thebending ofdoublesine corrugated

sandwich panekhownschematicallyn Fig. 10(b).

The 3D re-entrant auxetic core is shown king. 10(c). The eightnode brickelement
(C3D8R)wasemployed to mesh the codeshconvergenestudy showetivo elementsilong
the thickness of each stiigtsufficientto achieve @onverged resulhe gemnetric parameters
of the auetic corecell arethe height of the vertical strutd), the length of thee-entrantstrut
(la), the angle between theertical strut and oblique struta), and theedge length of thestrut
cross sectiontf). There is only oneell along theout-of-plane directiony-direction) of the
auxeticcore.Therefore, thgeometric parameters showgddtigy the followingrelationship

¢Q caAT-©6 )
whereh is the core heighdnd is 12.5 mmAlso, ha = 24 in the parametric study. Therefore,
only two parametersviz. da andts, arevaried The geometric parameters of eilke sandwich
panelsnvestigated in this secticare listed in

Table3to 7.

(@) (b)
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