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Abstract

Lightweight cores, based on an egg-box core degigme been manufactured using a simple compression-

moulding technique. Two types of composite preprege used to manufacture the core materials, theisg a
woven carbon fibre reinforced epoxy and a woversglébre reinforced epoxy. The resulting cores wafra
high quality, exhibiting little or no wrinkling ftdwing the manufacturing procedure. Subsequent cesspn
tests at quasi-static rates of loading showedttimtompression strength of the core dependedgiyram the
level of constraint applied during testing, witmdwich panels based on composite skins bonded &émg+box
core offering a load-bearing capability that wasrenthan double that of its unconstrained countérpare
guasi-static compression strength of the carborasres has been shown to be slightly higher thamglass
fibre systems, particularly at higher core densitleocal splitting damage at cell joining regiomsl @rushing of

the cell of the egg-box structure was identifiedhesprimary failure mechanism in the sandwich fmne

Impact tests, conducted using a drop-weight impager, have shown that the compression strengtheoégg-
box cores is higher at dynamic rates of loadingytht quasi-static rates. Here again, the locattsgi and
crushing was the primary mode of failure in thedssich structures. Finally, the finite element teicjug has
been used to model the mechanical response of tdmeedesigns under both quasi-static and impaatithg
testing conditions. Here, agreement between thdigisel and observed responses was found to be fgood
both extremes of loading-rate.

Keywords: A. Carbon-fibre; A. Glass fibre; B. Impact behawi; C. finite element analysis (FEA) ; composite
egg-box
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1. Introduction

Sandwich structures consisting of a low densityeaoaterial bonded to strong, stiff outer skins farding
increasing deployment across a broad range of eagitg applications [1,2]. Such structures offemyna
unique advantages, most particularly when subjetct@ait-of-plane loading, such as that associatiét tive
application of bending or flexural loads. Althougd@indwich technology is now well-established, thearee
been many attempts in recent years to develop nevnavel core designs that can greatly expand¢sed
envelope. Examples include the development of azharattice designs that seek to exploit the tensil
deformation modes when loaded in compression asasetorrugated structures that offer increasedlsev
of ventilation in humid environments [3-8]. Kazemahi et al. [9] investigated the compression betwavi
of a corrugated system based on a carbon fibrdoreed epoxy resin. The resulting panels exhibied
number of different failure modes as the geomefrthe structure was varied. More recently, corraedat
core materials, based on both glass and carboa iftinforced epoxy composites, have been develapdd
tested [10]. Here, the compression moulding tealmiggmploying a steel mould with a triangular pegfi
was used to produce a range of systems with diffewall thicknesses. The mechanical response of the
composite sandwich structures were compared todfieted by an all-aluminium system, where it was
shown that the specific compression strength ofidan fibre-based core exceeded that of its metalli

counterpart [10].

Found et al. [11] performed quasi-static compresdiests to investigate the energy absorption ptigseof

a polyurethane foam sandwich panel with four fitemforced plastic tubular inserts incorporatechwitthe
core. They reported that by ensuring progressivelebifailure of the structure, higher specific eme
absorption values were obtained. As a result ofatians in the fibre distribution within the insgrtthe
sandwich tended to collapse in a catastrophic railmode, leading to lower specific energy valudse
energy-absorbing characteristics of hierarchicalevolattice composites were evaluated by Zhend.et a
[12]. The square interlocking structures were cosegloof a woven lattice to form the sandwich celllsva
They concluded that these novel cell walls sucedigsfestricted rib buckling. As a result, the stiwre had

a high compressive strength and a stable plateporethereby enhancing the specific energy absorutf

the cellular material.



55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

A potential new class of energy-absorbing struchased on aluminium egg box was introduced by Zupan
et al. [13]. Experiments suggested that egg-baxcsires deform by either the rotation of a statignastic
hinge or by a travelling plastic knuckle, dependipgn the in-plane kinematic constraints imposeshue
egg-box. Chung et al. [14] fabricated composite-legyg structures and stated that its density, bogynda
conditions and geometry affected the energy abisorptapability of the structure. Fibre reinforced
composite structures were manufactured using vacbagging and autoclave curing techniques. The
production of foam-filled egg-box sandwiches, vidgoglave curing, was investigated by Yoo et al][16
was found that such structures offered an impressinergy absorption capacity, involving a stablapse

response, resembling that of an ideal energy-abgprbaterial.

Although extensive work has been carried out toeustdnd the effect of various sandwich geometries o
energy absorption, there is limited work relatiogtite mechanical properties of contoured core saidw
panels (or the egg-box structure) based on congositerials. The present study investigates thpepties

of contoured core sandwich panels based on bothonaand glass fibre composites. The study initially
focuses on the quasi-static and impact respontgesé panels as a function of the cell wall thiclses and
core density.Following this, a series of finite element modets @eveloped to predict the mechanical

response of these structures under compressioimgpad
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2. Experimental procedure

The egg-box composite cores investigated in thidystvere manufactured using either a woven glass
fibre reinforced epoxy (GFRP) or a woven carborrdfiveinforced epoxy (CFRP). The nominal
thicknesses of the GFRP and CFRP prepregs wereadd ®.25 mm respectively. Details of physical
properties of these two prepreg materials are ginehable 1. Prepreg sheets were cut to the redjuire
dimensions and placed between the two contouradiaium moulds shown in Figure 1a. Geometrical
details of the mould design are given in Figure Tiiie GFRP cores were manufactured by stacking 5,
10 and 15 prepreg sheets in the mould, and th&rtbégses of the resulting cores were 0.5, 1.0 ahd 1.
mm respectively. CFRP cores having similar thickesswvere produced by stacking 2, 4 and 6 prepreg
sheets in the mould. A release agent (CIL Rele@4dH, from Cilchem) was sprayed on both sides of
the mould to ensure easy demoulding at the entieofttre cycle. The aluminium moulds were then
placed in a hot press and the structure cured dicepto the processing parameters given in Table 1.
Here, the panels were heated to ?@5at a heating rate of 1% /minute. This temperature was then
maintained for 90 minutes, before switching off gress and allowing the samples to cool to room
temperature. The panels were then removed fronpriiaes and cut into 100 x 100 mm test samples, as

shown in Figure 2(a).

To manufacture the bonded samples, skins were llotmléhe core using a two-part epoxy resin
(Araldite 420 A/B) in the ratio 10:4. All of the o&s were bonded to 0.50 mm thick skins based on
either CFRP or GFRP. The adhesive was appliedeadhe using a syringe. After bonding, the panels
were cured in an oven at 120 for one hourThe manufactured sandwich panels are shown in &igur
2(b). An examination of the panels showed that tliese free of defects, such as wrinkling or warping
suggesting that the weaves offered sufficient dvdipa to cope with the relatively complex mould

design.

In the initial part of this investigation, unbondgldin core specimens (i.e. without skins) weregesttied

to quasi-static compression using an Instron 450&eusal test machine. Tests were conducted on two
by two (100x100 mm) egg-box panels. Following thiseries of compression tests were performed on
sandwich panels with similarly-sized cores and esponding skins. In a number of tests, the lateral
movement of the base of the cores was restrictéalvstigate the influence of boundary conditions o

the compression response. All of the quasi-statimpression tests were undertaken at a crosshead
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displacement rate of 1 mm/minute. The crossheadement was interrupted when the panel was fully
crushed between the loading platens. The loadatisphents response was converted to nominal stress-
strain curves by normalising the applied load by fHanar area of the specimen and dividing the
crosshead displacement by the original specimeghheiespectively. Table 2 summaries the sandwich
structures investigated under quasi-static commest®ading, which includes ply number, sample
dimensions and core density. Here, in specimenGPB’ ‘represents glass fibre and ‘CF’ represents

carbon fibre.

The compression tests were repeated at dynamig ohteading using a drop-weight impact tower. A
flat square impacter (100 mm x 100 mm) with a mgsso 15 kg was dropped onto panels supported
on a steel base. The resulting impact force wasrded using a 10 kN piezo-electric load cell (Kastl
9321A) positioned under the steel base. The cedl gannected to a charge amplifier (Kistler 5011)
using an insulated coaxial cable in order to amplife resulting voltage signal. The recorded signal
was then converted from an analogue to a digitam& using a DAQ device (Measurement
Computing, USB 1208HS) and then converted to aefofchigh speed camera (MotionPro X4, model
X4CU-U-4) was used to capture the displacementvahatity of the impactor. The camera was placed
in the front of the impact rig to track the impacsmd record displacement during the dynamic event,
as shown in Figure 3. Table 3 summarises the kesnpeters used in this part of the study, which
include number of ply, cell wall thickness, samgimensions, core density, drop height and impactor

mass.

3. Numerical procedure

Numerical models were developed to simulate thepression response of the sandwich structures
under quasi-static and dynamic loading. The conposas modelled using user-defined Hashin’s 3D
failure criteria for an anisotropic composite materFigure 4 shows the finite element mesh of gg-e
box core with the top skin removed. Here, the cass meshed using six-noded triangular solid
elements, while the composite skins were modelkdgueight-noded brick elements, with an interface
defined between the former and the latter. Theif@aglatens above and below the panel were meshed
using discrete rigid elements. The size of the coreesponds to that used in the experimental sfiuely

100 x100 mm). Mesh sensitivity was investigatedviayying the mesh density within the plane and
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through-thickness directions of the composite sHeaitowing this study, a mesh size based on elémen
with a size of 1 mm within the plane and two eletaghrough-the-thickness of the composite layer was
used. A number of interfaces were considered imibdel, including those between the face sheets and
the loading platen, those between the composite &ond the face sheets, as well as possible seifcton
between the inclined faces of the egg-box core. ddifred 3D failure criteria [16, 17] was used to
simulate the response of sandwich panels in a §larteoordinate system. The failure criteria, tbget
with the related constitutive model, were then iempénted in ABAQUS/Explicit using a subroutine [18,
19]. The failure criteria can be expressed as ¥ito
Fibre tension{g,, >0)

2 2 2

F;:(%j +[0J +(JJ Ldy =1 (1)
Xlt %2 Sl3

Fibre compressiong,, <o)

O g, -1 =1 @
1t
Matrix tension:(g,, + g, > 0)
2
(022 + J33) + 0223 05033 + 0122 R J123 =1 dmt =1 3)
X X33 X5,

Matrix compression(g,, + o,, < 0)

2
Xoe -1 (022+033)+ (Uzz+033)2 + 0223_022033 + 0122+0123 =1 dmczl (4)
28, Xz 48, Xz X5

whereXy, Xie, Xor, Xoe, Sio, Si3 andSy; are the various strength components @nd., d,; andd, are the
damage variables associated with the four failuosles. A series of numerical studies, with different
durations, was conducted in order to identify tipprapriate time-step that gave negligible dynamic
effects. This time-step was found to be 0.1 secofids response of the material after damage iiutiat
which describes the rate of degradation of the riztstiffness once the initiation criterion isiséied, is

defined by the equation:

o; =C;(d) Lg; ®)
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where C”- (d) is the degradation matrix. The instant damageeriai are used here, i.e. the damage
variables are either taken as zero (virgin statejroty (damaged state). Therefore, the degradation
matrix components are computed in terms of undathagastic constantsCi? , and the damage

variables as follows:
Cij (d)=@1- dij )Ci? (6)

Here, the damage variablg;* is related to fibre and matrix damage in tensiod compression, as well

as shear failure in matrix caused by tension amapcession, which can have various forms.

The response of the sandwich structures under dgnimading was modelled using the same elements
that were employed in the quasi-static models. iffgactor was modelled as a flat plate using a dtscr
rigid surface. A point mass, equal to that of tkpezimental impactor, was assigned to a referendst p
located at the centre of the flat plate. The rafeeepoint was also used to record the displacefnemt

this model. An initial velocity was prescribed teetrigid plate, which was set equal to the impadbeity
used in the experimenté. surface-to-surface contact condition was usedédfine contact between the

impactor and the skin (so as the core if the skihaimaged).

The input data for the elastic properties and fogpessive damage development in this model weseda
on the properties given in Table 4. A numbers ofligts have shown that increased strain-rates, e=zuitr

in enhanced mechanical properties of composite mafe[20-23]. It is generally accepted that the
sensitivity of mechanical properties at high-streate is dependent on the composite type and polyme

matrix.

4. Results and discussion

4.1 Theeffect of local constraint on the compression response of the cores

The mechanical properties of composite cores simbilahose under investigation in this study clgarl
depend on the level of constraint applied to theiundaries, including the upper and lower surfaes
well as at their edges. Figure 5 shows typicalsstsrain plots following compression tests on kgg-
cores subjected to three different boundary comusti Here, the stress and strain are nominal evigsh

are defined in Section 2 Experimental Procedure.efpected, the plain unbonded core exhibits a
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relatively low compressive modulus, as well as alesb compressive strength. Following the initichlpe

in the curve, the stress drops before rising slaavlgl dropping on a number of subsequent occasfons.
examination of the samples during failure highleghtocal splitting at cell joining regions and drirgy of

the cell, general flattening of the core, delamoratbetween the layers of the composite and finally
fracture across the fibres had high levels of casgive strain. Constraining the lateral movemerihef
edges of the samples yielded a 40% increase iavtbeage peak stress from the unbonded sample. The
ensuing collapse and crushing processes resultednmuch higher value of average stress and greater
energy absorption, defined by the area under tlessttrain curve, than in the unbonded (uncomstti
sample. Here, mid-way through the crushing prodigsnominal stress reached a value similar todghat
the initial peak. The failure mechanisms in thestmrined samples again involved local splittingeit
joining regions and crushing of the cell prior tomplete collapse. Finally, the sandwich panel with
composite skins bonded to the composite core afféhe highest compression strength of the three
conditions investigated here, with the peak valamdp approximately 2.3 times of that measured en th
plain, unconstrained cord-ollowing the peak value, the stress dropped rgpidl values that were
significantly lower than those associated with to@strained (bonded) core. The failure modes okserv
during the damage process in the sandwich paneladi@d local crushing of the core, fibre fracture,

delamination between the plies in the core matand debonding at the skin-core interface.

4.2 Compression properties of the sandwich panels

Figures 6(a) and 6(b) show typical stress-straates for the GFRP and CFRP sandwich panels
respectivelyln Figure 6(a), all three traces exhibit an initinkar response up to the peak stress. The peak
stress increases with web thickness, ranging frat MPa for the 0.5 mm web to 1.60 Mfea the 1.5

mm thick web.Following the peak in the trace, a crack initiatedore cell wall, which propagated under
continued loading, resulting in steady load drogstlae cells collapsed and subsequently crushed.
Following this, the core cell wall started to bugkeading to a sudden drop in stress at straitvgcles 0.1

and 0.2 mm/mm. Beyond a strain of approximately ird/mm, the curves plateaued, as the cell walls
debonded from the skin, core flattened betweerptaiens. Finally, the stress begins to increadsght

strains as the core begins to densify betweenlttens.

In Figure 6(b), there is again a linear increaserdfe initial portion of the stress-strain tradeCé-RP

panels. The maximum stress increases from 0.46 fgiPoe 0.5 mm thick web, to 1.61 MPa for its 1.5
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mm thick counterpart. A comparison with Fig 6(ajicates that the strength of the CFRP core is tiigh
higher than that measured on the GFRP deoHlowing the peak in trace, the drop in stressnmother
than for the GFRP core. The drop in stress forlti@eand 1.5 mm thick systems is continuous unél th

densification threshold is reached.

Figure 7 summarises the variation of the quasiestatmpression stress with core density for thegknd
carbon-based sandwich structures, where it is ¢hedrthe stress of both materials increases wughly
linear manner. Here, the core density is definedhasmass of the core divided by the core volume
(including cavities). For the lowest density, tliresgths are similar, however as density is inadathe

superior properties of the CFRP core become apparen

Figures 8(a) and 8(b) compare the results of théefielement predictions with the data from the
experimental traces. Agreement between the two cfetsirves is generally good for the GFRP panels,
with the model accurately predicting the trendshi@ experimental results. The model accuratelyipted
the initial slope, i.e. the elastic modulus of ttwre, but slightly over-predicts the subsequentesirig
phase following the peak stress. The oscillationthe predicted traces are due to the unstablemnssp
during local collapse in the FE models. Figure 8spnts a comparison of the predictions of theefinit
element model with the experimentally-measured aesgion strengths for the CFRP panels. Agreement
between the two sets of data is good, suggestiagttie numerical model can be used to predict the
compression response of structures similar to tkested here. Similar levels of agreement wererubde

following comparisons between the predicted andswmesl properties for the GFRP system.

Figure 10 compares the failure mechanisms in thRESBamples with the predictions offered by the FE
model. Agreement between the predictions and experal data is generally good, with the model
predicting local crushing in the core as well astéining of the core against the upper and loweissk he
model also predicts the final increase in stregstdudensificationAgreement between the FE predictions
and the experimental curves is also very good lier EFRP panels. Once again, the model accurately
captures the initial elastic response, as wellh@sgost-peak softening response of the core. Hiee,

softening portion of the stress-strain trace ise@hat smoother than observed for the GFRP core.

Figure 11 compares the quasi-static compressingtins of the CFRP or GFRP egg-box cores with
corresponding data for a number of plain foamsnitiee figure it is evident that the propertiesha £gg-

box cores lie between those associated with liRAAC foams and crosslinked PVC foams. This overall

9
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performance is somewhat disappointing given thatdirrent systems are based on composite materials
rather than foamed polymers. This relatively modestformance can be attributed to the fact that the

composite systems fail at relatively low load leyelue to local crushing in the composite cores.

4.3 The Impact response of the core materials

Figures 12(a) and 12(b) show typical impact tréfoeshe GFRP and CFRP sandwich pamekpectively.
The GFRP curves exhibit oscillations, due to ringinfefs in the load-cell. The curves are similaramf

to those following quasi-static testing. As expdctthe maximum stress increases with web thickness,
passing from approximately 0.44 MPa for the thitneeb to 1.94 MPa for the 1.5 mm thick system.
There is evidence to suggest that the onset ofifiEt®n occurs at lower strains under impact tlan
guasi-static ratesThe dynamic response of the CFRP sandwich strigtigrsimilar to the quasi-static
traces. Once again, the stress in the thickest Isadipps steadily from the peak value. Here, thakpe
stress for the 1.5mm thick CFRP panel is 2.20 M@ajpared to 0.77 MPa for the 0.5 mm thick CFRP

panel.

Figure 13 compares the dynamic and quasi-statigoession strengths of the GFRP sandwich structures.
It is interesting to note that for the two thinnmegbs, the compression strength of the dynamicabyléd
samples is similar to those of their quasi-statiorterparts. In contrast, loading-rate effectseatident in

the thickest system, with the dynamic value beiBgoigher than the quasi-static system. Figure )13(b
presents the dynamic and quasi-static propertieeeoCFRP sandwich panels. Here, there is evidefce
loading-rate sensitivity, with the impact strengthboth the thinnest and thickest webs being up3%

higher than at quasi-static rates.

Figure 14 compares the stress-strain responsegfaethy the FE models with the experimental trdoes
the CFRP panels. As before, the FE model exhibiiglaly oscillatory response for all web thicknessé
comparison of the numerical and experimental tracéigates that the finite element model captuhes t
fundamental features of the experimental stresdérstraces. However, following the initial peaktime

stress-strain traces the FE model tends to oveliqirthe softening phase of the curves.

Figure 15 compares the FE predictions of the cesgion strength of the GFRP sandwich panels wih th

experimental data where good agreement betweehmhesets of data is apparent. Similar trends were

10
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observed when the predictions and experimental fdatthe CFRP samples are compared, although the
model tended to slightly over-estimate the measueddes. This evidence further supports the argimen
that the finite element model is suitable for potidg the dynamic behaviour of these relatively pter

sandwich structures.

5. Conclusions

A range of egg-box composite cores have been metuuéal via a compression moulding process in a hot
press. Compression tests at quasi-static and dgrnaading-rates have identified a range of failonades,
including flattening of the core webs, local crughiof the cell and delamination within the cell Isal
followed by the debonding between core and skire ihfluence of edge constraint has been studied,
where it was noted that sandwich structures basetbmposite skins bonded to an egg-box core offered
the highest compression strength. Increasing thekrtbss of the web in the egg-box core served to
increase the compression strength, although fadlways occurred as a result of delamination awdllo
crushing in the relatively thin inclined faces bétinclined core members. The compression progeofie
both materials exhibit a degree of loading-ratesiiity, with GFRP being slightly more loading-eat
sensitive than its carbon-based counterpart. Falgenent models, developed to predict the quaticsta
and dynamic compression behaviour of the egg-bogs;dave shown a reasonably good agreement with

the experimental data.
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Table 1. Details of the glass fibre and carborefitginforced epoxy composites

Prepreg GFRP CFRP
Fibre type E-Glass 3k HTA
Weave style Satin Plain
Resin content (% wt) 40+ 3 53+3
Curing temperaturé’C) 125 125
Dwell time (minutes) 90 90
Laminate density (kg/f 1780 1300
Nominal thickness of ply (mm) 0.10 0.25

Table 2. Summary of the dimensions of the sandwiictures investigated at quasi-static ratesrairst

SpecimenID  No. Thickness Specimen Specimen Specimen Core

of ‘t" (mm) Length Width Height density

plies (mm) (mm) (mm) (kg/m?)
GF1 5 0.5 100 100 20.5 54.5
GF2 10 1.0 100 100 21.0 104.3
GF3 15 1.5 100 100 215 141.3
CF1 2 0.5 100 100 20.5 50.1
CF2 4 1.0 100 100 21.0 97.4
CF3 6 15 100 100 215 130.3

Table 3. Summary of the dimensions of the sandwsfittures and test parameters for low velocityaatp

testing.

SpecimenID No. Thickness Specimen Specimen Specimen Core Drop Impactor
of ‘t" (mm) Length Width Height density  height mass
plies (mm) (mm) (mm) (kg/mr’)  (m) (kg)

GF4 5 0.5 100 100 20.5 545 0.40 8.43

GF5 10 1.0 100 100 21.0 104.3 0.85 8.43

GF6 15 15 100 100 21.5 141.3 1.40 8.43

CF4 2 0.5 100 100 20.5 50.1 0.50 15.70

CF5 4 1.0 100 100 21.0 97.4 110 15.70

CF6 6 15 100 100 21.5 130.3 1.45 15.70




Table 4. 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 2 E 23 GPa 48 GPa
Young’s modulus in thickness 3£ 5 GPa 1 GPa
In-plane shear modulus 5 5 GPa 9 GPa
Through-thickness shear modulus 1253 5 GPa 9 GPa
In-plane Poisson’s ratio 1 0.15 0.10
Through-thickness Poisson'’s ratio 12,Wa3 0.15 0.10
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 350 MPa
Transverse shear strength TS 100 MPa 120 MPa
Longitudinal shear strength LS 100 MPa 120 MPa
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Figure 1. Photographs of the mould and profile of the mould showing the egg-box design.

Figure 2. Photograph of (a) a GFRP core after manufacture and (b) the resulting CFRP and GFRP sandwich
structures based on composite skins bonded to the core.



/
| Pulley

"
S
™
™.

Computer 2:

Computer 1:
Image output

WVoltage output

-®

ey fe

|
15 a1

+—Jamplifier  Digitiser

. Computer 1: Volts output data

N ~—

== Charge amplifier

High speed video camera
>
SRR .

=

Figure 3. Schematic and image of the drop-weight impact tower.



S,
VALY
DL

20 mm

N
LOKX

Figure 4. Finite element mesh of the egg-box model.



- Ufibonded
Constrained
Bonded

the GFRP system.




—1.5mm

-==:1.0mm

— — 0.5mm

—15mm

-==--1.0mm

— — 0.5mm

Nomin Strain(mm/mm)

(egt\l) SS9fiS |RUILION

Aure 6. Typical/stress-strain traces following quasi-static compressjon tests on (a) the GFRP sandwi

and (b) the CFRP sandwich panelg.



e CFRP OGFRP
15 $ o) 1

t

05 + §¢ 1

Critical compression stress (MPa)
=

0 1 1 1
0 50 100 150 200
Core Density (kg/m?)
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Figure 9. Quasi-static compression strength versus core densities for the CFRP sandwich structures. The solid

line correspond to the FE predictions.
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observation and (b) finite element predictions.
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Figure 11. Comparison of the compression strength of the egg box cores with other core types as a function of
core density.
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Figure 12. Typical stress-strain traces following impact compressions tests on (a) the GFRP sandwich panels
and (b) the CFRP sandwich panels.



3 T T T

O GFRP quasi-static
25 ¢

® GFRP dynamic

Compression Strength (MPa)

15 F 0]
| : |
0.5 é i
0 50 100 150 200

Core Density (kg/m?)

(3) GFRP
3 T T T
O CFRP quasi-static i
25 |
L}
o
= —e— CFRP dynamic 1
= 2 ¢
& 15 0
< .
i
g 1t
s _
£ ¢
© 05 | d :
O 1 1 1
0 50 100 150 200

Core Density (kg/m?)
(b) CFRP

Figure 13. Comparison of the impact and quasi-static compression strengths of the (a) GFRP and (b) CFRP
panels.
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Figure 14. Comparison of the dynamic numerical and experimental stress-strain traces for the CFRP cores.
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