Accepted Manuscript
conpos/res

Scaling Effects in the Mechanical Response of Sandwich Structures Based on ‘ }
Corrugated Composite Cores ‘ |

J. Zhou, Z. Guan, W.J. Cantwell

PII: S1359-8368(16)30015-4
DOI: 10.1016/j.compositesb.2016.02.061
Reference: JCOMB 4099

To appearin:  Composites Part B

Received Date: 18 January 2016
Revised Date: 15 February 2016
Accepted Date: 24 February 2016

Please cite this article as: Zhou J, Guan Z, Cantwell WJ, Scaling Effects in the Mechanical Response of
Sandwich Structures Based on Corrugated Composite Cores, Composites Part B (2016), doi: 10.1016/
j-compositesb.2016.02.061.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.compositesb.2016.02.061

Scaling Effectsin the M echanical Response of Sandwich Structures Based on Corrugated

Composite Cores

J. Zhod, Z. Guar and W.J. Cantwéll
!School of Engineering, University of Liverpool, leixpool, L69 3GH, U K.

2Department of Aerospace Engineering, Khalifa Ursitgrof Science, Technology and Research
(KUSTAR), P0.Box127788, Abu Dhabi, UAE.

Abstract

This paper investigates the compression responsellafomposite sandwich structures based on glass
fibre/epoxy and carbon fibre/epoxy cores. The stmas were manufactured by wrapping layers of cait@o
prepreg around a series of adjacent steel cylind®¥epreg surface layers were then attached togper and
lower surfaces of these wrapped cylinders and tiieeestructure cured in a hot press. Co-curingstkias and

the corrugated core in this fashion ensured a gtioond in the critical skin-core interfacial regiohhe

mechanical response of the sandwich structuresweakeled using the finite element method.

Initial attention focuses on investigating the effeof varying key geometrical parameters, such las t
corrugation thickness and the number of unit cellsthe mechanical properties of the sandwich gires. The
failure mechanisms during compression loading &eudsed and compared with the numerical predistitom

the finite element models.

The second part of this study investigates scadifigcts in the compression response of both thibocaand
glass fibre-based sandwich structures. In this giatthe study, the geometry of the sandwich stmestuas well
as the relevant testing conditions, were variedrder to ensure a consistent scaling approach., Mar@tions

in compression strength as well as changes inréailode were investigated with increasing scake. siz
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I ntroduction

Lightweight sandwich structures are finding inciegsuse in a wide range of lightweight aerospacsiges.
Typically, such structures are based on compodsitessbonded to a low density core material, suchaas
honeycomb or a closed cell foam [1-3]. More reggritiere has been a growing interest in the deveéop of
high-performance sandwich panels containing noeeé aesigns, such as those based on advanced iperiod
designs, including truss, lattice and prismatiaictires [4-8]. For example, Xiong al [7] used electrical
discharge machining to manufacture three dimenkiattice cores based on a carbon fibre reinforepdxy.
The sandwich panels were subjected to flatwise cession and the resulting data compared to analytic
predictions [7]. Yinet al [8] developed what are termed stretch-stretchibyierarchical composite cores based
on composite pyramidal lattice sandwich panels Bciroscopic truss designs. Zuletial [9] employed the
slotting technique proposed by Catéal [10] to manufacture square and triangular honeyroores based on
natural fiber composites. They showed that the mghaneycomb structure exhibited compressive ptigser

that greatly exceed those based on triangular desig

In recent years, there has been an increasingsiter the possibility of employing corrugated casipe panels
in the design and manufacture of morphing strustared energy-absorbing components [11-14]. Kazearhv
et al [14] investigated the compression and shear pti@geof hierarchical corrugations based on a caftiwa
reinforced epoxy resin. The resulting panels exbidifferent failure modes as the geometry ofdtracture
was varied. More recently, corrugated core materissed on both glass and carbon fiber reinforgeckye
composites have been developed and tested [15§, e compression molding technique, employingeal s
mould with a triangular profile, was used to proeluc range of systems with differing wall thicknessthe
mechanical response of the composite sandwichtatescwere compared to that offered by an all-ahium
system, where it was shown that the specific coegioa strength of a carbon fiber-based core exck#wdd of
its metallic counterpart [15]. Malcomt al [13] manufactured and tested a range of novel fiibed and plain
corrugated core structures based on 3D glass fiimics. The compressive response of the panels was
investigated as a function of the strut aspeco ratid compared to the predictions of a micromedahmhodel.

It was shown that slender struts failed by elastickling, whereas thicker struts failed due to fitas



microbuckling [13]. Jiret al [16] conducted compression, shear and flexuras teis what are termed integrated
woven corrugated sandwich composites. The authmwed that the compressive properties of thesewsahd
structures, based on wave-like composite coresipigx$trength and stiffness properties that scaith whe
square of the relative density.

Schneidest al [17] investigated the quasi-static and dynamic paassion properties of sandwich panels based
on self-reinforced PET corrugated cores. The astshowed that whereas the parent material displaysdall
degree of rate-sensitivity, the cores exhibited wchngreater level of rate-sensitivity. This wagilttted to
micro-inertial stabilisation of the core struts, &ell as an increased plastic tangent stiffnesshef self-

reinforced composite.

The aim of the present study is to manufactureeamaduate the mechanical properties of all-compasitedwich
structures based on corrugated composite coree, Haimple tube-wrapping technique is used toyredores
based on a repeating sinusoidal design. Attentiendes on establishing the effect of varying kegngetrical
parameters on the compression response of the gnstructures. Observed trends in the experimelatel are

compared to numerical predictions resulting frosedes of finite element models.



Experimental procedure

The sinusoidal-shaped composite cores investigatéhis study were manufactured using a woven diise
reinforced plastic (GFRP), and a woven carbon fileiaforced plastic (CFRP). The nominal thicknessiethe
GFRP and CFRP prepregs were 0.125 and 0.25 mmctesge. Details of the cure cycles and mechanical
properties of these two materials are given in @all and 2. The core structures were manufactuyed b
wrapping sheets of composite prepreg around ary afrdeflon-coated steel tubes, as shown schentigtica
Figure 1(a). In the initial part of this investigat, tubes with a diameter of 20 mm were used. Hieknesses

of corrugation, shown as ‘t’ in Figure 1(b), welgtained by wrapping between one and five plies BRE, and
between two and ten plies of GFRP, around the tulies facesheets of the sandwich panels were intextiby
laying composite plies on the upper and lower s$aof the uncured tubular array. Table 3 giveskie

dimensions of the sandwich structures investigatelis part of the study.

Following the laying-up procedure, the entire stuue was cured in a hot press according to thegssing
parameters given in Table 1. Here, the panels Wwested to 125C at a heating rate of 1%&/minute. This
temperature was then maintained for 90 minutegrbefwitching off the press and allowing the sampdecool
to room temperature. The sandwich panels were thimoved from the press and post-cured for 90 ménate

125°C.

Test specimens were prepared by removing samples tihe manufactured panels. Here, the majorityesfst
were undertaken on samples containing two cellsstesvn in Figure 2(a). An examination of the figure
highlights the presence of a depression alongawei surfaces of the samples, where the cylindeiriged on
the composite. Subsequent testing showed thatdagllways occurred at locations well away from ¢hpsints,
suggesting that their effect was minimal. The nahiangth and width dimensions of the two-cell skapvere
80 and 20 mm respectively, and the heights of #meptes varied between 20.75 and 23.75 mm, depemding

the thickness of the corrugation, t.

In order to ensure that the mechanical responfieedfvo cell geometries was representative ofgelastructure,
an additional series of tests was undertaken @ydte influence of varying the number of unit setl the test
samples. Test specimens based on between one \andidit cells and a cell diameter of 20 mm were

manufactured. The nominal thicknesses of the coitgpda the skin and core materials was 0.5 mm.
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Compression tests on the sandwich panels wereedaotit using an Instron 4045 universal test machihe
tests were undertaken at a crosshead displacemitenbfr 1 mm/min. The samples were photographechguri

testing in order to elucidate the modes of failame fracture.

Scaling effects in the mechanical properties ofdbees were investigated in the final part of ttisdy. Here,
steel tubes with diameters of 40n mm were usedrevhés the scale size, taken as ¥, %, % and Hisrstudy.
The thickness of the core corrugation was alsoedain order to ensure that scaling laws were reésfetiere,

8n layers were used to produce the GFRP samptes2(iplies for the smallest scale size, four fa th1/2
structure, etc.). Scaling of the CFRP samples wasred by wrapping 4n plies for each of the fowlessizes.
As before, each sample was based on two unit @glshown in Figure 2(a). The thickness of theskireach
panel was also scaled in order to ensure that & @gual to that of the thickness of the corrugatiohat
sample. The length and width of the test samplese i&0n mm and 40n mm respectively. Details of the
geometries of the four scales sizes are given bieTadand Figure 2(b) shows photographs of the $oate sizes

of CFRP sandwich panel.

Compression tests on the scaled sandwich structuges conducted on the previously-discussed Inst@tb
test machine. In this case at a crosshead disptagemte of 4n mm/min were employed during testifgiential
changes in failure mode with increasing scale sieee recorded by taking photographs at regulamiate

during the test.

Numerical Procedure

Numerical models were developed to simulate thepression response of the corrugated core sandwich
structures subjected to quasi-static loading. Tdreposite was modeled using user-defined Hashin’'sadDre
criteria for an anisotropic composite material. Ufig 1(c) shows the finite element mesh of a testispen.
Here, the curvilinear core and skins were meshédgusight-noded solid elements with reduced intégna
(C3D8R). The size of the FE models was selectembtespond to test specimens. Mesh sensitivity siadied
by varying the mesh density within the plane andubh the thickness of the composite sheet. Baseth®

results of this study, a mesh size of 1 x 1 mm iwitihe plane and two elements through the thickroéss



composite core were used. A number of interfacae wensidered in the model, including that betwienface
sheet and the loading platen, those between theasite contoured core and the face sheets, asawdhe
possible self-contact between members of the coetboore. The material properties of the GFRP aRRFC
composites are given in the Table 2. The modifiBdf&@lure criteria [18, 19] were used to simulate verall
response of the sandwich structures in a Cartesiardinate system (¥, z). The failure criteria, together with
the related constitutive model, were then impleraénnto the ABAQUS/Explicit using a subroutine [Z1],

which can be expressed as follows:

2 2 2
Fibre tension{g,, >0) g Z(Unj +(012] +(%] ,d, =1 (Eaq. 1)
1t S.I.Z S.I.3
Fibre compression( <o) ‘i—“‘,dfc =1 de=1 (Eq.
1t
2)
; ion- (0,+0,) odi-0 o’ +0?
Matrix tens|on_(a22 +0, >0) 227 033) | O 22933 +927%s _4,d. =1 (Eq. 3)
2 2 2
x2'[ X23 le

. . 2
Matrix CompreSS|0r('0'22 +0,;, < O) ( Xae ] -1 (Jzz +J33) + (Jzz "'0—33)2 + 0223_0220—33 + 0122 +0123 =1 dmc =1 (ECI- 4)
28, X3 4S5, X3 X

where Xy, Xie, Xo, Xoo, Si2, Si3 and Sy3 are the strength components and dk, d, and ¢, are the damage
variables associated with the four different falunodes. Given that Abaqus/Explicit was employefierdnt
time durations were studied to identify that witmaimized rate-dependence, this being 0.1 s. Biabiour of

the material system following damage initiation wla$ined using:
o; =C;(d) L& (Eq.5)

whereC; (d) is the degradation matrix.



Results and Discussion

ThelInfluence of Cell Number

Figure 3 shows typical stress-strain curves fosglibre/epoxy corrugations based on increasingbmusnof
unit cells. An examination of the figure indicatbst all of the curves are very similar and appgeacollapse
onto what is effectively a unique trace. In all emsthe stress initially increases in a linear ifashbefore
reaching a maximum and dropping sharply to a stestatg value. In the final stages of the teststhess begins

to increase once more as the corrugation begidsrsify.

Figure 4 summarises the influence of the samplehafice. the number of unit cells) on the compresstrength
of both the glass and carbon fibre corrugationi ibteresting to note that there is little diface between the
smallest and largest samples, with the strength sifigle unit cell being effectively the same et tf a more
representative section of the sandwich structunesé results are encouraging and suggest thawthertit cell
geometries used in the remainder of this paper wately reflect the overall properties of these sdaod
structures. For this particular combination of whlzkness and cell diameter, it is clear that taebon fibre
composites out-perform their glass-based countexpaith the former offering compression strengthest are

roughly double those of the glass fiber reinforepdxy panels.

The Influence of Corrugation Thickness

Figure 5(a) shows typical stress-strain traceofdhg compression tests on GFRP samples with catiang
thicknesses ‘t' between 0.25 and 1.25 mm. As exsukcincreasing the value of ‘t’ serves to incretise
compression strength of the core. The strengthethinnest core is clearly very low, reaching e#®.1 MPa
before dropping to a value close to zero. Increpdhre value of ‘t' to 0.5 mm results in a similarab-
displacement, with the maximum value reaching ORalvbefore dropping to a lower value, as the cackled
under continued compressive loading. Further irsggdn thickness precipitated a change in the shiplee
stress-strain trace, with the curves exhibitingesalvpeaks before the onset of final densificatibims is most
pronounced in the thickest sample, where the sirgsally increases to 2.0 MPa before reducing &hen

increasing a second time to 1.6 MPa and finalla toeak at 0.5 MPa prior to the onset of densificatiThe



presence of these peaks in the stress-strain @&sociated with the corrugation flattening aglathe upper

and lower skins, an effect that will be discusaathier below.

Figure 5(b) shows typical stress-strain tracestfr CFRP samples. An initial examination of theufay
indicates that the CFRP cores, in most cases, aih ratronger than their GFRP counterparts. Howeagr,
before, those samples based on thin walls faileay Vow stresses, exhibiting a single peak priofaiture.
Increasing the corrugation thickness to 0.75 mntipites a change in failure mode, with the résgltrace
exhibiting two distinct peaks prior to the an altnosmplete loss of load-bearing capability. The hf thick
sample exhibits two distinct peaks and the thiclsggicimen exhibits a number of increasing peaksr pa

failure at a strain of approximately 0.6.

The failure modes observed in GFRP samples with thatknesses of 0.25, 0.75 and 1.0 mm are shown in
Figure 6. Initial deformation in the 0.25 mm thiskmples is associated with the flattening of thbsaegainst
the surface skins, followed by buckling of one sifethe unit cell. This deformation mechanism leads
creasing and fracture of the corrugation (highkghiby the black arrows), precipitating the drojoisd observed
in the stress-strain curve. Failure in the 0.75 thitk samples involved initial buckling and creagtiose to the
upper skin (see arrows), followed by a bucklindufie of the webs at their mid-points (also arrowé&djis two
stage process, i.e. initial creasing followed byrientation of the struts that ultimately faileddnckling resulted
in the two peaks observed in the loading tracealRinfailure in the 1 mm thick samples involvea ttormation
of a clear 90 degree hinge at the top surface lamdertical alignment of the webs. These re-aligneltls were
capable of supporting significant load before fajlileading to the second distinct peak in thesststrain trace.
Figure 7 compares the failure mechanisms in the CE&nples with the predictions offered by the FEleho
Agreement between the predictions and experimeftsérvations is generally good, with the model joted)
buckling in the walls of the core, flattening oftleore against the upper and lower skins as wdbhaized

creasing of the composite.

The results of the compression tests on the GFRIFC&RP cores are summarized in Figure 8. For pegpob

clarity, the values of the thinnest samples hawnlmfset slightly from their nominal values. Frone figure it



is clear that the compression strength increasasnion-linear fashion as ‘t’ increases. For examjphereasing
the corrugation thickness from 0.25 to 1.25 mmlissn a sixty-seven fold increase in the comp@ssitrength
of the GFRP samples. The corresponding increaseeis greater for the CFRP samples. From the figtire,
clear the carbon fibre-based core out-performsglss fibre counterpart, with the difference inesgth
increasing as the corrugation thickness ‘t' is @ased. In addition, it is worth noting that the sites of the
CFRP cores were lower for a given value of ‘t’, gesting that the relative performance of the carfiore
systems is even more impressive than that showthianfigure. These trends in compression strength wi

corrugation thickness mirror those observed follayompression tests on corrugated core matefi]s [

Jin et al [16] stated that the compression strength of gated composite structures varied with the squéire o
the relative density of the core. Similarly, Zhaat@l [22] investigated the compression response ofssiidal
corrugated structures based on stainless steetleweloped an analytical solution to model failureotgh the
formation of plastic hinges. The authors showed tiva normal compression strength of the core sawigh the
yield strength of the base material according tosuare of (iH.) where R is the thickness of the corrugation
and H the height of the core. Figure 9 presents plotsoofpression strength versus the square @fi{hfor
both types of core. From the figure, it is evid#rat the compression properties do, for a giverenaltsystem,
appear to loosely follow a relationship based andfuare of #iH.. Also included in the figure are the scaling
data that will be discussed below. Differencesha slopes of the two traces reflect distinct ddferes in

mechanical properties of the two types of composite

Scaling Effectsin the Compressive Properties of the Cores

The effect of varying the specimen size (whilst giag all of the relative dimensions constant) oe th
compressive properties of the GFRP and CFRP coassassessed by undertaking tests on the GFRP drE CF
similar to the geometries shown in Figure 2(b). Thsts were undertaken at a constant scaled ci$she
displacement rate of 4n mm/minute. Figure 10(anshtypical load-displacement traces following coegsion
tests on the four scaled sizes of GFRP core. Alt fraces exhibit similar trends, with the fourves increasing

to a maximum before reaching a peak and subseguingipping sharply. Continued loading of the foamples

results in an intermediate loading regime, whefailure of the cores occurs at relatively low levelf force.



The final region of each load-displacement tracasisociated with a rapid rise in force, due to luing of core

and effective densification of the sample.

The load-displacement traces for the GFRP samplE&gure 10(a) were then normalised whereby thecfaras
divided by the square of the scale size (i.8. and the displacement by the scale size, n. Thkaltieg
normalised traces for these glass-based sampleshangn in Figure 10(b). An examination of the figur
indicates that the four curves appear to collap#e a relatively unique trace. The maximum forckuga as
well as the densification thresholds are similardlh four samples. Closer inspection indicateg tha second
distinct peak in the load trace for the n=1/2 samsplnot reproduced in the other samples. This smaply be
due to sample-to-sample variations in the locadlufai mode. The evidence in this figure suggests tha
compression properties of these GFRP samples olséy@es scaling law and that such an approachbean

employed to predict the response of larger strestur

Figure 11 shows the scaled load-displacement tfadlesving compression tests on the CFRP coresofthe
cores exhibit a similar trend, with the force irasig to a maximum before decreasing steadily ptateau
value. Finally, the force increases rapidly durthg crushing and densification phases of the st. figure
indicates that the strength of the smallest sanspdéghtly lower than that of its larger countergaThis will be
discussed in more detail below. Typical photographshe four scaled sizes of glass and carbon/epoxg
subjected to a scaled displacement of approxim&flynm are shown in Figure 12. A comparison offthe
GFRP samples suggests that the failure modes mikasin all four scaled sizes, with cells failig buckling
resulting in a sideways instability. Similar obs#ions are apparent in the CFRP samples, withvetes tilting
sideways as the load is applied. It is encouragingote that the failure modes are similar in allrfscale sizes
of both types of composite, suggesting that singplkding procedures can be applied to predict thparse of

these structures.

Figure 13 summarises the influence of scale sizahencompression strength of the curvilinear corss.
examination of the figure highlights an absencemmf appreciable size effect in the compressive gait@s of
the glass fibre-based material. Here, the comprassirength of the GFRP core is roughly constamr akie
range of specimen sizes, with the strength avegagpproximately 0.45 MPa. In contrast, the compoess

strength of the carbon based cores increaseslgligith scale size. For example the compressiocensfth of the
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Y, scale sample is 0.4 MPa whereas the strengthuial ¢o 0.5 MPa, when n = 1. It is believed tha ize
effects apparent in the CFRP data in Figure 1Zsseciated with the dimensions of the relativelgrse weave
in this material. The unit cell in the carbon-basgstem is approximately 0.8 by 0.8 mm, whereashfertGFRP
material this reduces to 0.2 by 0.2 mm. Given thatn = ¥4 CFRP system is only based on one plytaad
height of the core is just over ten times the laraftthe weave, local variations in the weave ctiaréstics are
likely to be much greater in the smallest sampémtfor the case where n = 1, in which there are fdigs with
a core height that is approximately 55 times tHahe weave size. It is likely, therefore, thatdbaregularities
in the weave structure will have a much greateea@ffn the smaller samples. Given that the GFRPvevés
much finer, size effects associated with variationghe fabric dimensions are less likely. Theuhssin Figure
13 suggest that scaling techniques similar to thmgéned here can be successfully used to obtaimiial

estimation of the response of larger, more-reptesier structures.
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Conclusions

A range of all-composite sandwich structures basada corrugated core have been manufactured by
compression molding an array of wrapped metalliindgrs. Tests on the resulting samples indicaled the
compression strength increased rapidly with thektéss of the corrugation. The stress-strain trémeshe
thicker samples exhibited more than one peak,railnechanisms that were associated with bucklingefveb,
the formation of a hinge and the re-orienting of thdividual webs. The carbon fiber reinforced ogated
structures offered superior compressive propettiéts glass-based counterpart, particularly ahéigvalues of
corrugation thickness. The finite element modeliaately predicted the compressive properties ofstredwich
structures, successfully predicting the observddriamode in most cases. The final part of thiglgtfocused
on investigating the scaling response of the glass$ carbon/epoxy structures. No significant scakffgcts
were observed in the four scaled sizes, with ait foad-displacement curves collapsing onto airedbt unique
trace following the normalization process. Thisdevice suggests that a simple scaling approacheasda to

accurately predict the response of more represeatsandwich structures.
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Table 1. Details of the glass fibre and carborefitginforced epoxy composites

Prepreg GFRP

Fibre type E-Glass 3k HTA
Weave style Satin

Resin content (% wt) 40 +3 53+3
Curing temperatur€C) 125

Dwell time (minutes) 90

Laminate density (kg/f 1980

Nominal thickness of ply (mm) 0.125

Table 2. Summary of material properties of two cosifes used in this study.

Properties Symbol (GFRP) (CFRP)
Young’s modulus in longitudinal direction 1E 23 GPa 48 GPa
Young’'s modulus in transverse direction »E 23 GPa 48 GPa
Young’s modulus in thickness aE 5 GPa 1 GPa
In-plane shear modulus e 5 GPa 9 GPa
Through-thickness shear modulus 13G5o3 5 GPa 9 GPa
In-plane Poisson’s ratio It 0.15 0.1
Through-thickness Poisson'’s ratio 13Wo3 0.15 0.1
Longitudinal tensile strength LT 320 MPa 550 MPa
Longitudinal compressive strength L C 260 MPa 150 MPa
Transverse tensile strength T 320 MPa 550 MPa
Transverse compressive strength r C 260 MPa 150 MPa
Transverse shear strength TS 100 MPa 120 MPa
Longitudinal shear strength LS 100 MPa 120 MPa
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Table 3. Summary of the dimensions of the sandwialctures investigated in this study.

SpecimenID  No. Thickness Specimen Specimen Specimen Core
of ‘t" (mm) Length Width Thickness density
plies (mm) (mm) (mm) (kg/m®)

Test group 1: Varying corrugation thickness, t.

GF1 2 0.25 80 20 20.75 38.7
GF2 4 0.5 80 20 21.5 7.7
GF3 6 0.75 80 20 22.25 116.6
GF4 8 1 80 20 23 155.4
GF5 10 1.25 80 20 23.75 194.3
CF1 1 0.25 80 20 20.75 34.9
CF2 2 0.5 80 20 21.5 69.9
CF3 3 0.75 80 20 22.25 104.8
CF4 4 1 80 20 23 139.7
CF5 5 1.25 80 20 23.75 174.7

Test group 2: Scaling effects for n = ¥4, %, ¥% and 1

GF6 (n=1/4) 2 025 40 10 10.75 77.7
GF7 (n=1/2) 4 05 80 20 21.5 77.7
GF8 (n=3/4) 6 075 120 30 32.25 77.7
GF9 (n=1) 8 1 160 40 43 77.7
CF6 (n=1/4) 1 025 40 10 10.75 69.9
CF7 (n=1/2) 2 05 80 20 21.5 69.9
CF8 (n=3/4) 3 075 120 30 32.25 69.9
CF9 (n=1) 4 1 160 40 43 69.9
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Heating and pressure

Heating and pressure
(a)
«— Core —> Face sheet
Unit cell= 2d
(b)

Fully fixed

(©)
Figure 1. Schematic of the corrugated core sandstititture. (a) showing the positioning of the stgéinders and
the Teflon film (dotted line) (b) the final structufollowing removal of the tubes and (c) finiterent mesh of
specimen CF2.
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\w\

(b)

Figure 2. Photographs of the as-manufactured pestimens (a) the 20 mm CFRP sample CF3 (top)fe@Q@ mm
GFRP sample GF3 (bottom) test samples and (b)tlvesttaled sizes of CFRP core (n=1/4, n=1/2, naBf&in=1).

18



0.35

0.3

0.25

0.2

0.15

Stress (MPa)

0.1

0.05

%

Al
4

1 cell
- ==2cells
3 cells

— - =5cells

/

Strain (mm/mm)

Figure 3. Comparison of the stress-strain tracethocorrugated GFRP samples (‘d'=20 mm, ‘t’ =th&) based

on an increasing number of unit cells.
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Figure 4. The influence of the number of unit celtsthe compression properties of corrugated sanple
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Figure 5. Compression stress-strain traces for Gf&¥ to GF5) and CFRP (CF1 to CF5) samples based o
various corrugation thicknesses.
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(c) Corrugation thickness = 1 mm (GF4).

Figure 6. Photographs showing the failure mechasisn20 mm thick GFRP cores. The arrows highlight
examples of paths along which the composite failed.

22



t=0.75 mm

t=1.25 mm

Figure 7. Comparison failure of CFRP samples basegn increasing wall thickness between FE and test
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Figure 8. Compression strength versus corrugalimkness of the corrugation for GFRP and CFRP

samples based on 20 mm diameter. The solid linessyond to the FE predictions.
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Figure 9. The variation of compression strengtthefcorrugated cores with {ii.)>.
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Figure 11. Compression tests on the CFRP samplaledsforce-displacement traces. (Specimens CF6 to

CF9).
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Figure 12. Photographs showing the failure mechasis the four scaled sizes of sample.
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Figure 13. Compression strength versus scale sizechled GFRP and CFRP samples following testirag a

crosshead displacement rate of 4n mm/minute. Hes Icorrespond to the FE predictions.
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