Experimental and numerical response and failureof laterally impacted
carbon/glassfibre -reinforced hybrid compositelaminates

Bin Liu 2°, Wei Wang*®, Leigh Sutherlart

& Key Laboratory of High Performance Ship Technology (Wuhan University of Technology),
Ministry of Education, Wuhan 430063, China

b Green & Smart RiveBeaGoing Ship, Cruise and Yacht Research Centre, Wuhan University of
Technology, Wuhan 430063, China

¢ School of Naval Architecture, Ocean and Energy Power Engineering, Wuhan University of
Technology, Wuhan 430063, China

d Centre for Marine Technology and Ocean Engineering (CENTEC), Instituto Superior Técnico,
Universidade de Lisboa, Lisbon 16891, Portigal

Abstract
The paper presentsw-velocity impact testand finite element simulationsf carbon/glass fibre

reinforced hybridcomposite laminatestruckby apyramidal frustunimpactorin order to examine
crushing deformations and failure mechanisifistee massratios between thearbon and glass
fibre (1:2, 1:1 and 2:1pre consideredo compare the influence dhe fibre hybridisation orthe
impact resistance dheselaminates.This investigationis an essential step in the design process
when ship structural crashworthiness is considerbad.experimental results are presented in terms
of the forcedisplacement responsasd permanent deformatiomsspects of particular relevance to
thedeformation andracture behaviour of hybridomposie structures subjected to accidental loads
are discussecespecially fibrématrix debonding andibre damageGlass fibre shows better impact
resistance than carbon fibrdespite the higher modulus tiie latter. A series ofsimulations
performed by the.S-DYNA finite element solveareusedto calibrate thenaterialfailure criteria
based on the experimental datand the sensitivity of the failure criteriato mesh sizesis

investigated
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1. Introduction
Fibre reinforcedpolymer (FRP) composite materialare widely used for hull structures of high

speedcraft because dheir advantage#n terms oflightweight, mechanicapropertiesforming of
double curvatures and corrosion resistahtmyvever, thehigher sailingspeed increase theisk and
consequencef ship collisionsand hencéncreasing attention has been paidhis aspect since the
relevantmechanical propertiesf compositesare often of concern, especially when compared to
those ofsteel[1-6].

Glass fibre reinforcegholymer (GFRP) composites areaditionally the most commonly
used marine composite materjalsut increasinglycarbon fibre reinforced polymer (CFRP)
composites are beingtroducedinto the marine industrydue to their high specific modulus and
excellent desigtieasibility [ 7-9]. Althoughthe elastianoduli of CFRP compositeare higherthan
those of GFRP compositesthe much higherproduction cost of CFRP materialsnmakes the
development ofhybrid compositexombining the advantage bbth materialsattractive

The damage mechanism of composites laminates under impact loadigge categorised
ase i t intealamin@dd such as fibre/matrix debomtj, fibre fracture, matrix cracking or plasticity,
o rintedaminabfailure in which debondingat the interface between adjacent pliegive the so
calleddelaminatiod[10]. Among these, delaminatias one ofthe most detrimental ressaibn the
stiffness and strength of fiboempositematerialg11, 12].

Recently, aseries ofimpact testson carbon/glass hybrid composites (CGHC) have been
conductedvhere it was concluded thtite impact response of hybrid laminates can be enhanced by
providing the glass fibre on the back surfacnce theglass fibrehashigherfailure strain hence
delayng thefractureinitiation and propagatioon theback surfacgl3, 14]. It was seernhat both
ply sequenceand anglewere significant for all mechanical propest of thesecomposites In
particular,fibre tensilestrengthhasthe largestcontributionto the impact resistance of composites
for bending controlled impact evenfBhe fibre volume fraction controlsthe material properties
affecting thespecificmodulus stiffness and strengthf composite underlow-velocity impact15].

In CGHC, heonset of fracturés mainly induced by the fracture of carbon fitmad the glass fibre



bridges the crack path or reduces the spread of dajhélg&enerally, thecarbon fibre hatigher
elastic modulus anstiffnessthan the glass fibrdgut the glass fibreshowsbetterfracture toughness
and impact resistanceHybridizing the fibres in a compositelaminate can achievea better
mechanicalperformance[17]. The impact resistancef composite laminates affected bythe
mixing ratio, thicknessly sequence and angknd many other material parametgrst].

Finite element simulationcan be a costffective method to investigate the impact
performance of compde materialsMany failure criteriafor FRPcomposites have been proposed
and n the arly materialconstitutive models is assuned that the materiais linear elastic before
failure andthe failure occursimmediately aftersatisfyingthe failure criterion [18]. The failure
criteria of composite materials have been investigated for five decades; however, there is still not a
unified criterion to predict successfully the failure behaviour of composite materials. Some classical
failure criteria wereproposed, such as Tsa&lu, Hashin, Changhang and Puck failure criterion
[19-22]. These failure criteria have been widely applied with some success, but their limits of
applicability are clearly definef23]. In fact damage progresses and evolves inciiaplexmicro
architecture of acomposite material and theaterial propertiesare correspondingly gradually
degradeduntil failure occursMoreover, amaterialfailure criterionthat is suitable for use wittine
coars¢y meshe shell moded commonly usedh the ship collision analysis required24, 25.

Overthe last twadecadesyariousfailure criteriaweredevelopedased orthe assumptions
of specific failure modes and mechanism@ntze[26] presented a methodology based on the
failure mode cooept for the prediction of failure in composite laminateslgood agreement was
obtained between experimental and numerical resaitdaminates wherdibre falure was the
dominant modeLater, LaRC (Langley Researclentrg series failure criteriddased on thélashin
and Puck failure criteriorwere developedconsideing nonlinear matrix shear behavioufor
laminated fibrereinforced compositef27-30]. Correlation betweerexperimental and numerical
resultswas seen to beery satisfactory for the hainatessufferingcompressivéailure. Li et al. [31]

proposeda failure criteron consideing the interaction between matrdominated and fibre



dominated failure modefor fibre-reinforced composite materials under thde®mensional stress
states. The proposed failure criterion was verified by a series of experiments for different kinds of
unidirectional composites under various stress states.

Recently,Rezasefat et a[32] comparedthe Cuntze and Puckailure criteria, employing
them as interfibre failure criteria in combination with neimear shear behaviour and damage
evolution.Both failure criteria were able to predict approximately the same shape and area for the
matrix damage caused by lexelocity impact.The failure model of Cuntze is preéde tothat of
Puckin the sense that search algorithns not requiredor the fracture angleandhencethe former
explicit simulationbecomesgnore efficient

The present paper investigates the impact characteristics and fail@@HCE laminates
subjected to gyramidal frustum(truncated, flat ended, pyramidppactor This isachieved via
low-velocity impact tests and finite element simulatiofs.pyramid type impactors are far more
relevant to common impact scenarios in a marineirenment than the hemispherical ones
developed for the aeronautical fiells 33, 34], a pyramid shaped impactisr used in this paper
Further, to avoid unrepresentative very high initial contact pressures at the pointed tip of a true
pyramid, a frustunf{truncated pyramid) shape is utiliséthe experimental results are analysed in
terms of the forcelisplacement response and the failure mode of each spechnseries of
simulations performed by the LISYNA finite element solver are carried out to caditer the failure
criteria of the composite material€onsideredbased on the experimental data. Moreover, the
accuracy of the material failure criteria using various mesh sizes is investigated based on the
simulations of experiment3.he deformation and flaire characteristics investigated in the present
work are of considerable practical importance to assess the safetycointpesiteship structures

subjected t@accidentaloads.

2. Experimental setups
The experimental programe evaluates the impacespnseand failure ofCGHC laminates struck

by a mass with @yramidal frustummpactor Impacted platelimensiors are560 x 400 x 3.0 mm



(Fig. 1) Laminates are fully clamped by twenty M16 bol(svhich pass through holes in the
clamped areas of the platdsetween two thick rectangular steel plates (upper and lower support
plates) with an internal cutut of 400 x 240 mm. The upper and lower support plates are fixed to a
strong structurad a n baselTlis experimental setup B&deenusedto realisea nearperfecty fully

clampedplatecondition in lowvelocity impact testg35, 36].
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Fig. 1: Specimen dimensions.

Eight specimensvere fabricated usingrarious combinations of two distinct orthogonally
woven plies, one o300 carbon fibre and one of SW220 glasdibres. Vacuum bagging was
utilized to manufacture the specimens, drmeinaterial propertiesf the plies made usinpese two
fibres, provided by the manufacturarge givenn Table 1.

The glasscarbon fibre ply combinations in each of the test spetsnaee presented in Table
2. Specimen name notation consists of the mat
the mass ratio of these two components, and the initial impact velocity (V). For example, C1G1
V1.0 corresponds to a 1:1 carbon/glds/brid composite laminate struck by an impactor with an
initial impact velocity of 1.0 m/s. The three mass ratios between carbon and glass fibre (1:2, 1:1 and
2:1) were selected in order to compare the influence of the fibre hybridisation on the impact
resistance of laminates. In addition, PC and PG correspond to the composite laminates fabricated

using only carbon and glass fibres, respectively (as shown in Fig. 2).



Tablel: Material mechanical properties @arbon fibre and glass fibre composites

Property Units Carbon fibre Glass fibre
Density kg/m? 1600 1800
Percentage of breaking elongation % 1.51 2.86
Young's modulugEi,) GPa 35.0 12.0
Young's modulugEz») GPa 35.0 12.0
Young's modulugEss) GPa 103 6.0
Shear modulu§Gs) GPa 7.17 6.75
Shear modulu§Gis) GPa 3.78 3.0
Shear modulu§Gs3) GPa 3.78 3.0
Poi ssongsy)r ati o ( -- 0.28 0.29
Longitudinal tensile strength (X MPa 470 700
Longitudinal compressive strengthdX MPa 320 600
Transverse tensile strengthy(Y MPa 470 700
Transverse compressive strengtl)(Y MPa 320 600
Shear strength (S) MPa 109 20
Strain at longitudinal compressive strength{E -- 0.0099 0.0099
Strain at longitudinal tensile strength (£ -- 0.027 0.027
Strain at transverse compressive streriBth) -- 0.0099 0.0099
Strain at transverse tensile strength4E -- 0.027 0.027
Strain at shear strength (& -- 0.028 0.028
a

Fig. 2: Details of the (a) CFRP and (b) GFRP laminates.

Hybrid laminates contained alternate carbon and glass pliesp&atmen plythicknesses,
sequences and angles are given in Table 2. As the reinforcement fibres are all of woven form, the

ply angles 0° and 45° in Table 2 actually refer to 0° / 90° and +45°, respectively. Outer plies were



kept as carbon fibre, with atteating glass and carbon plies between them to give the required fibre

material mass ratio.

Table2: Configurations for CGHTaminates

Number Specimerf Configuration**
1 PGV1.1 0c/45c¢/0c/45c¢/0c/45¢/0c/45¢/0c/45¢/0c/45¢/0c
2 PGV1.2 0c/456/06/456/06/456/06/456/06/45¢/06/45c/0c
3 C1G1V1.0 0c/456/0c/456/0c/456/0c/456/0c/456/0c/456/0c
4 C1G1Vvi4 0c/456/0c/456/0c/456/0c/456/0c/456/0c/456/0c
5 C1G2V1.0 0c/456/06/45¢/06/456/0c456/06/45¢/0c/45/0c
6 C1G2V1.3 0c/456/06/45¢/06/456/0c456/06/45¢/0c/45/0c
7 C2G1V1.0 0c/45c/0c/45¢/0c/456/0c/45¢/0c/45c/0c/45:/0c
8 C2G1LV1.2 0c/45c¢/06/45¢/0c/456/0c/45c/06/45c/0c/456/0c

* C: carbon fibre; G: glass fibre; V: impact velocity.
** Ply thickness: @3mm.

The impact testare conducted using a horizontal impact facility, as shown in BicA
wheekd trolley carrying a rigid impactor falls down an inclined slope befoteaveling along
horizontal rails andgtriking the centre ofthe specimenThe impactoris fabricated with gyramdal

frustumnosewith a 10 x 10 mm squaftat end(Fig. 3) which is the contact area with the impacted

specimens
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Fig. 3: Sketch of the horizontal impact facility.

The total mass of carriage and impactor is 100 kg. An acceleration sensor on therimpacto
gives the variation of the acceleration with time during the impact and an optical gate gives the

incident velocity of the impactor. The histories of the impact force are calculated from the measured



acceleratiortime data together with the mass of thgactor assembly. Velocity, displacement and

absorbed energy are calculated from the féiroe data by successive numerical integrations.

3. Experimental results

The experimentalalues of the deflection and absorlatergycorresponding to the peak ferare
summarised in Table, Bogether withdeflection and absorbed engr the enaf the impact event
This final energyvalue is that irreversibly absorbed by the specimafier anyelastic energy
releass due to reboundmpactor For perforatedspecimens the peak force indicates the onset of
rupture,whereador un-perforatedspecimen peak force represents the beginning of the rebound.

Table3: Summary of gperimental results.

Input Values at Peak Force Values at End
Specimen Energy Force Defin Energy Defin Energy Remarks
() (kN) (mm) () (mm) (J)
PGV1.1 60.5 8.1 13.0 43.0 15.4 56.8 Fracture
PGV1.2 72 11.2 19.6 70.7 8.4 26.5 Deformation
C1G1V1.0 50 9.9 13.6 50 3.2 18.8 Deformation
CiGLv1i4 98 11.4 16.8 75.0 18.2 83.4 Fracture
C1G2V1.0 50 9.7 15.2 49.5 1.7 16.7 Deformation
C1G2V13 84.5 10.9 17.9 70.6 19.7 83.6 Fracture
C2G1V1.0 50 114 13.9 50 5.0 20.5 Deformation
C2GLV1.2 72 12.5 16.4 61.1 17.5 68.0 Fracture

The impact behaviour of the specimensvisll described by the foredisplacement curve
(Fig. 4), making t suitableexperimerdl datato compare with the numericaésults The slope of
these curves represents the instantaneous stiffness of the specimen. Mrisopietindicates the
ability of the specimens to resist impact loads gnes ameasurement of the resistance of the
specimen to the deformatidrefore perforationThe experimental foredisplacement curves show
oscillations during the impact processainly caused by vibration of thear plate of the impact
vehicleon whichthe acceleration sensor is installed (Fig. 3).

The fracturemorphologiesof front andbacksurfaces oeachcomposite laminatare shown

in Fig. 5, to identify the impact damage modes

3.1.Specimens P&/1.1 andPG-V1.2
Comparingthe forcedisplacement curve @he pure carbon specimd?CG-V1.1 with that of the pure

glassspecimenPG-V1.2 (Fig. 4a), the slopeof PG-V1.1is seen to bdigherthan that ofPGV1.2



due tothe higter stiffnessof carbon fibre However specimen P&/1.1 is alreadypenetratedvith
an impact velocity of 1.1m/s, whereasspecimenPG-V1.2 still gives areboundwith an impact
velocity of 12 m/s. Thisillustrates thahere thecarbon fibreplateis more easilyfractured than the
equivalent (interms of thicknessylass fibreplate so thatthe GFRP platei.e. the lattehasmore

impact resistance.
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Fig. 4: Experimental forcalisplacement curves.

In Fig.5(a), it is observed thaa small square damagecurs athe front surfaceof the pure
carbon specimenwhile theback surfaceis completely splitwith significant matrix cracking and
fibre breakageThefibresare broken underneath tmepactorin abrittle fracture modeAn obvious
cruciform crackoccurs athe backsurfacewith along crack (15 mmaligned withthe shorer span
of specimerandashort crack (10 mmaligned withthe longer span

In Fig.5(b), corresponding to the pure glass specinoerly cracks are observedthe front

surfacecontaced with the impactoredge. Somevisible matrix cracksare observed at the back



surface and delamination occiaundthe impact pointThe relatively low stiffness of thglass
fibores mears that elastic deformationcould absorb considerable impacenergy before failure

Further, delaminatiorthen occurredo absorb moref theincidentenergy.

Fig. 5:Experimental failure patterns at the front and back surfaces of ()LFAC (b) PGV1.2, (c)
C1G1V1.0, (d) C1G1V1.4, () C1G2/1.0, (f) C1G2V1.3, (g) C2G1V1.0, (h) C2G1V1.2.

3.2.Hybrid specimengC1G1V1.0, C1G2V1.0 and C2G1V1.0), lower impact velocity
Fig. 4(b) showsthat allhybrid plates give arebound undethe impacs at the lower velocity of..0

m/s The areaunder the forcalisplacement curves indicate that approximadght of the incident
energy is irreversibly absorbed by the laminafesigherslope of the forcelisplacement curve is
observed in the composite laminates with a higher proportion of cdittrencontent, since the
carbon fibre hadoth highertensile and sheanoduli thandoesthe glass fibre Similarly, a higher
carbon content leads tohagher peak forcdor the sameimpact energ. On the other handhe
higherelongationof the less stiffglass fibregivesthe larger deformatiors seen forthe composite

laminates with a higher glass fibre content.

1C



No laminate suffes serious damagésee Fig. 5c, e, g, with no significantdamageat the

front surfaceand onlysmallmatrix cracksand fibre debondingbserved athe backsurface

3.3.Hybrid specimengC1G1V1.4, C1G2V1.3and C2G1V1.2), higher impact velocities
The specimen carbon to glasatio strongly affectsthe impact respondeere as seen iRig. 4(c).

Compared witithe pure carbospecimen P&/1.1, the energy absorptido fractureof specimens
C2G1V1.2, C1G1V1.4 and C1G2V/1.3 are improved byapproximately20%, 46% and 47%
respectively. This illustrates that the impact resistance carboncomposite laminates cabe
improved byaddng glass fibres also indicating that there is a hybridisation ratibove which
further addition of glass is not as beneficiis correlates witlthe hybrid effecfirst proposed by
Marom et al[37]. Some carbon fibreappear tdracture in tensionand therthesebroken carbon
fibres together witlthe intactbut lower stiffnessglass fibresto which they arestill bonded to
continte to carry the loadng. Further the glass fibre may continue taransfer the load to the
carbon fbre plies, prevening the immediate failureof the carbon fibre due to the high elongaton
seen The higter elongation ofthe glass fibre alsohelps togive aneffectivestressrelease around
the carbon fibre enablingthe materiato exhibita higher resistance tmpact.

In Fig. 4(c), the peak force indicates the initial fibore damage in the composite laminates.
After the peak force, audden drops observed irthe forcedisplacement cung indicaing the
onset of severe fibre damagehus the peak force anchaximumdisplacement no longer occat
the same poinnh the forcedisplacement curve.

In the fracturedspecimeng(Figs. 5d, f, h), a square damagef the same shapas the
impactoris observed on th&ont surfaceof each specimer©n the back surfadeoth carbon fibres
and glass fibres are broken in clustat®ngwith debonding andibre pull-out Compared tahe
pure carbonspecimen P&/1.1 (Fig. 5a), these specimens suffégss damageeven thoughthe
impact energies of the latteare greaterThis almost certainly becauske lower stiffness glass

fibres appear taundergoalarge elastic deformatiodelayingthe crackinitiation andpropagation
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4. Numerical model
Computationswere performediusing the explicit finite element package-DS'NA, version 971

[38]. The finite element modelf the impact event heis creaedin terms ofthree componentshe
composite laminate specimethe upper and lower support platesid a representation of the

impactor(seeFig. 6).

Fig. 6:Details of finite element model.

4.1. Support andimpactor definition
The load capacity of a structure is strongly dependent on the restraints at the sWgherts.

developing numerical models that are to be compared with experimental results, it is necessary to
represent thactualboundary conditions instead of the ideal theoretical ones, since the assumptions
of simply supported or fully clamped boundary coiotis can produce errors in the load carrying
capacity of theanalysedstructurg39, 40].

Thepresenboundary conditions include the representation of the experinsugpbrtsi.e.
the upper and lower support plates interacting with the spec{seenFj. 1) The specimen is
clamped by the support plates, andgapexistsbetween the supports and the specimen plate. The
upper andower support plate is constrained in all degrees of freedatwenty bolts which pass
through the specimen itself it is a®nable to assume th#te longitudinaland transversal
displacements othe clamped areas of tlgpecimen in the experimentaiere negligible Hence,
nodal axial restrictionswere imposed where the bolts pass throulgé plate in the numerical

models The contact between the supported portion of the plate and the suppsriefined as

12



fAutomatic Surfacdo Sur f awith the friction coefficient of 0.235]. The support platesere
modelled by founode shell elements and the mesh wiasselectedat10 10 mm. The
- Ri g wabselected to ensure no deformation, assigtiregmechanical properties andaterial
densityof the mild steel of which these plates were made in reality

For the strikingmpactor only the vertical translatiowasfree, in whose direction the initial
impact velocitywasassignedlt should be mentioned that the vertical translatiothe FEA model
correspondd to the direction of movement of impactor in therizontalimpact facility (Fig. 3).
The same LDYNA automatic contactvas used between the striking mass and the speawiten
the friction coefficient of 0.335]. The experimental test impactor nose geometgs modelled
accurately usingolid elementsbut to simplify the analysis the mass of the impactor / caraadge
was modelledby only considering the impactor geometry with impaetsuitably increasedensity
to achievethe mass asmpactor plus carriage assed in the experiments. Tiséeel striker was

modelled using the same rigid material propertiesasthe support plates.

4.2. Definition of specimen plate
The specimenwas modelled by founode shell elementssing the mesh size @0 x 4.0 mm,

which is in the order of plate thicknessQ3nm)and is hencdéine enough to capture the dynamic
impact response.The BelytschkaTsay shell element formulation was defined since this
formulation is the most economical and should be usden themembrane, bending and shear
deformationare considered in the shell eleme@8]. Thechosen element is tle®nventionakhell
whichis suitable to the modelling tifie thinwalled structuresubjected to impact.

The ply thicknesssequence and arggbf the composite laminates can be defined through
the LSDYNA parameterfiPart Composit®, and this was done to give the variowgth the
experimentakpecimeriay-up configuratiors in the experiments (Table.2Zfhe material properties
of the composite lanmatesarethe key definitions inanimpact simulationThe material properties
of carbon fibre and glass fibre compositgvenin Tablel were used talefine the material model.

As the carborand / orglass fibres are orthogonally wovand balanceth the plies the modulus

13



P o i s satombddsstrengtiwere assumecdequalin both transverse and longitudinal directiohrs.
the present studyhé selectednaterialmodelsare iAMAT. 054/055- EnhancedCompositeDamag®
and @A MA-TLamindtéd€ompositeF a b r wheréthe (widely applied to analyse impact on

compositesChangChang, TsaWu and Hashin failure criterigan be definef38].

4.2.1. ChangChang failure criterion
The ChangChang failure criteriormay bedefined using thenaterialmo d eMAT. 854055 -

EnhancedCompositeDamage. For this criterion, four failure modesredescribed as follows:
(1) Tensile fibre modes_, >0
o ~ 2
,_as, 0 3s, 0 4 eeT 2 0 - failure
3+ h 1
(;Ez‘“;(t ° ¢S 9 Ieftl:o-elas.tl( 1)

(2) Compressive fibre modeg,, <0

2
as_ 6 ée’2 0 - failure
62 — aa .. _l R 2
¢ gi 2 I e ¢ 0 - elasti @

C

(3) Tensile matrix modes,, >0

Bas, 5 €’ 2 0 - failure
4357 3
9 ¢S 9 ,'emd: 0 - elastic ©)

(4) Compressive matrix mods,, <0

e;2 0 - failure
1 gd ilu
¥€ ¢ 0 - elasti

(4)

° 2,
o _aS,, 0 %
9

6 &8 6%, L9 a
e Olm Y SE
wherg subscripta and b refer tolongitudinal and transverse directian respectively;s_ ands,,
are the nominal stregsin the composite laminate in tHengitudinal and transverse directian
respectively;s_, is thenominal shear stresX: and X arethe tensileandcompressive strengghin

the longitudinal directiontespectively;Y: andY ¢ arethe tensileand compressive strengghn the
transverse directiomgspectively;S is the shear strengthis the shear stress correction parameter
in the tensile failure modélere the value ob was considered as zero in the finite element analysis

since the maximum stress criterion shows better accuracy in the tensile fibre failuri8&jode
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4.2.2. TsalWu failure criterion

The TsaWu failure criterionmay also bedef i ned using the materi al
EnhancedCompositeD a ma glre this criterion, the sametensile and compressive fibfailure

modes araisedasfor the ChangChangcriterion (Egs. 1 and 2)However, he definition of tensile

and compressive matrfailure modes is different, andboth areexpressed hy

2

[o]

2. D .
S Y. -Y ee 2 0 - failure
€= £ )% g o _ (5)
YY, ¢S <+ Y.Y, [€,4¢0 - elastic
4.2.3. Hasin failure criterion
The Hashin failure criteriomay bedef i ned using t he malaminaied | mo

CompositeF a b r This & .an elastic damage modé¢hat is capableof modeling the damage
independently in the principal directions of the materials. The model is based on the continuum
damage mechars approach ang formulated for plane stress conditioms.this criterion,four

failure modesare considered

(1) Tensile fibre modes_, >0

, &s, © ., @20 - failure
STE 07

6
cXy = :'ef2¢0-elasti( (©)

(2) Compressive fibre modeg,_, <0

o 2~ e 2 -
,_as, O ee 2 0 - failure
e = 5-1 - _ 7
¢ é X, 2 {€¢0 - elasti )

(3) Tensile matrix modes,, >0

5 . €20 - failure

- .
€ ¢0 - elasti

(8)

(4) Compressive matrix mode, , <0

o 2 L

° 2~ .. 22 .
2_aSy 0. g €e;2 0 - failure

€ 5 T 9
TT®s T F 2 [€¢0 - elasti ®)
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4.2.4. Stiffness degradation

It must be notedthat after the compositglate suffersthe internal damage under lewelocity
impact, it does not directly losal of its load bearing capacityits performance gradually decreases
until it fails completely. In addition tonaterial failure, anoher important factor affecting the
accuracy of simulations is the treatmehstructuralstiffnessdegradation.

The material stiffness degradation schemmeadoptedoy both ChangChang and TsaiVu
failure criteria The corresponding material elastic stant is degraded taero according to
different failure modes when tlimite element failyTable 4) The material constants 1, E22, Gio,

312 andsziare set to zero in the corresponding unidirectional layer of the composite shell element in
tensile fibrefailure mode In the compressive fibrailure mode, the material constaBti, 312 and

321is set to zeroConverselyE2, Gi12 andsz; are set to z® in the unidirectional ply of the laminate
where matrix failuredccurs

Table 4: Stiffness degradatiparameter.

Failure mode Tensile fibre Compressive fibre  Tensile matrix ~ Compressive matrix
Parameter E11=E22=G1,=312=3210 E1:=812=321=0 E22=321=G1=0  E2,=312=321=G1,=0

In the Hashin failure criterigrthree independent damage variables are introdutcedhie

relatiorships betweeeffective and nominal stresseEand S):

e 2
eE—— 1 0 0
oy ggl- b 1 %
£ =Es 3e:0 T 0 ggs (10)
&5, Hg . uE
é 0 0O —u
é - w

where, ni1 is the damage variable representing the damagfeeifibre direction msdescribes the
damage perpendicular to the fibre directiand ni» describes the in plane shear failung: and ns2
are damage parametefer tension anccompressionrespectively In contrast towi: and uss, the
damage parameter for shea» is independent of the sign of the shear strés® constitutive

tensorC is a function of the damage parameter:
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a (1' \M)En (1 - 11\M1 iz)V\élEzg 0

1
C(w) :le - 1Y\)(1 22 )leEﬂ (1 zz)Ezw 0 (11)
& 0 0 D(1- w)G
where
D=1 '(1 '11)@- 25) W o (12

For theundamaged materials =0 andfor the fully damaged materiak; =1. The damage

evolutionis governed by an exponential law

w oA exps — (P (13
m;e §;

@wg (14

where,the subscript$ andj referto the variousc o mb i n a tldanddédirextions for tense,
compressive and shear stresses is the corresponding failure straimy is a Weibull shape

parameter andis the Naperian logarithm base.

5. Numerical results
Here, he ability of the variousfailure criteriadescribed abovéo predictthe experimentaimpact

responseseen herare analysedand discussethroughthe comparson of theexperimental and

numericalforce displacementurvesandfailure modes.

5.1.Forcedisplacementesponse
Comparisos of experimental and numeridglcalculatedorce displacement responsaee givenn

Fig. 7. Further the quantitative discrepanies between actual and calculatpdak force and
correspondinglisplacemenimpact responsefor eachfailure criteria, argoresentedn Table 5for
clarity.

It can be seen that the trends of the experimental -ftispgacement curves are well
approximated by the numerical simulations using the various failure criteria considered. The
numerical results daot show the same degree of oscillations observed in the experimental force
displacement curves since the numerical simplification of the impactor as a rigid impactor nose

without the associated carriage cannot simulate the vibrations of the sensornmquiate. In
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general, the Chan@Ghang failure criterion predicts better the experimental peak forces and

corresponding displacements giving mean absolute errors of 9.4% and 4.7%, respectively (Table 5).
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Fig. 7: Comparison of numerical and experimental fedeglacement curves. (a): PZL.1; (b):

PGV1.2; (c): C1G1V1.0; (d): C1G1V1.4; (e): C1GV1.0; (f): C1G2V1.3; (g): C2G1V1.0; (h):

C2GLV1.2.
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Table 5:Comparison of nmericalandexperimental results

Peak Force
Specimen (kN) . -
Exp. Simulation
Mat-054 %Error Mat-055 %Error Mat-058 %Error

PCGV1.1 8.1 8.7 7% 7.5 -7% 10.4 28%
PGV1.2 11.2 10.9 -3% 11.6 4% 13.1 17%
C1G1LV1.0 9.9 9.4 -5% 9.4 -5% 11.4 15%
Cl1G1LVv1i4 11.4 10.0 -12% 9.5 -17% 14.5 27%
C1G2V1.0 9.7 10.2 5% 10.3 6% 11 13%
C1G2V1.3 10.9 12.1 11% 12.4 14% 15.3 40%
C2G1V1.0 11.4 9.4 -18% 9.4 -18% 11.8 4%
C2G1V1.2 12.5 10.7 -14% 10.5 -16% 13.4 7%
PCGV1.1 8.1 8.7 7% 7.5 -7% 10.4 28%
PGV1.2 11.2 10.9 -3% 11.6 4% 13.1 17%
Ave. Abs.

Error (%) -- -- 9.4% -- 10.8% -- 19.0%

Displacement at peak force
Specimen (mm) - -
Exp. Simulation
Mat-054 %Error Mat-055 %Error Mat-058 %Error

PCGV1.1 13.0 14.1 8% 14.1 8% 12 -8%

PGV1.2 19.6 18.7 -5% 18.6 -5% 19.1 -3%
C1G1V1.0 13.6 14.1 4% 14.1 4% 14.2 4%
Cl1G1V14 16.8 16 -5% 14 -17% 15.8 -6%
C1G2V1.0 15.2 14.9 -2% 14.9 -2% 14.9 -2%
C1G2Vv1.3 17.9 15.7 -12% 15.7 -12% 17.2 -4%
C2G1V1.0 13.9 14.2 2% 14.2 2% 13.7 -1%
C2G1V1.2 16.4 16.4 0% 15.7 -4% 14.6 -11%

PCGV1.1 13.0 14.1 8% 14.1 8% 12 -8%

PGV1.2 19.6 18.7 -5% 18.6 -5% 19.1 -3%
Ave. ADs. - - 4.7% - 6.8% - 4.9%

Error (%)

5.2.Failure mode
Fig. 8 shows thenumericaly calculatedmpactdamagedor each of thesight composite laminatés

impact velocity combinations of the experimental testsng theChangChangfailure criterion.
Thesenumerical failure patterns can be compared witlr #sgperimentakquivalentsshown in Fig.

5. Due tothe mesh size of thehell element®f 4.0 mm used in the finite element modelling, the
numericaldeformationscan only showow resolutionresultsand not exactletails ofverylocalised
damage.

Fig. 8(a) shows the predictectack patterrfor specimenPCGV1.1. The elementsre split
along the edge of thenpactor anda crossshaped crack is formed on theminate which is
corsistent with thecorrespondingexperimersl result The deletion of elementsnderneath the
impactorcauses théoss ofload-carryingcapacity, leading tthedrop of reactioriorce in the force

displacement curv@ig 7a). In Fig. 8(b), no elemens aredeleted for specimenG2V1.2, which is
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consistent with theexperimentalresults wherghe specimersuffersonly permanent deformation

without perforation

Fig. 8:Failure patterns underneath the impactor. (a)M2Q; (b): PGV1.2; (c): C1G1V1.0; (d):
C1G1V1.4; (e): C1G2V1.0; (f): C1G2V1.3; (g): C2G1V1.0; (h): C2G1V1.2.

For specimens C1G¥1.0, C1G2V1.0 and C2G4V1.0, a higher proportion of carbon fibre
contentleads tomore severe damage (see Fig. 8@ne g). One finite elementis deletedfor
specimen C2GV1.0, predicting the smallarea of damage underneath thenpactor in the
experiment (Fig. 59).

More finite elementsare deletedwhen the impact velocity increasésigs. 8d, f and h),
predicting the more severe damage underneath irtigactor in good agreement with the

experimental results, demonsingtthe suitability of thenumerical predictions
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5.3.Relative performances of failure criteria aniehfluence of mesh size
Mesh sizecanstronglyaffect numericatesults,andthustwo morerefinedmesh size2 and 5 mm

were then used ithe finite element simulations. The thr@@hangChang, TsaWu and Hashin)
failure criteriawere againapplied.

Here clearer comparisons ¢fetability of the three numerical models and three mesh sizes
to predict the experimental values are made by normalising the numerical results by the
experimental results in each case for pieage,displacemenandenergyat the peakforce (Figs. 9
11).

Overall the ChangChang failure criteriomavethe mostconsistentlyaccurate predictions
as compared to the other two failure criterfar the various mesh sizesonsideredFurther, he
numerical results of all three failure criteria areclose to thdr correspondingexperimental
displacement and energy @ak force value@Figs.10 and 11).and the numericgleak forcesre
reasonablyredictedoy ChangChang and TsaiVu (with a maximum error of approximately 20%),
whereas theHashin failure critea overestimatedhe peak forcecompared to the experimehta
results(Fig. 9).

Generally, the influence of mesh size was only seen to be significantly more influential for
the Hashin prediction of peak force, with a finer mesh giving higher accuracy (see Fig. 9). For
displacement to peak load, the effect of m&gk is generally not small (Fig. 10), and for energy at
peak load the mesh size effect is insignificant, except for a small number of specimen / impact
combinations, namely, glass at the lower velocity, and balanced carbon and glass, carbon:glass =

1:2, and carbon:glass = 2:1, all at the higher velocity (Fig. 11).

6. Conclusions
Experimental testing and finite element simulatiohaterally impacted carbeglass hybrid fibre

reinforced polymecomposite laminates of varying ratios of carbon to glase baen completed,
revealingthe various impact deformations and failure mechani®guoth theimpactresponse and

deformation characteristics were predicted with reasorsaoleracy by the simulations.
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Fig. 9:Ratio between the numerical and experimental peade$ using the (a): Chai@hang, (b):
TsarWu and (c)Hashin failure criterion.

Fig. 10:Ratio between the numerical and experimental displacements at peak force using (a):

ChangChang, (b): TsaiWu and (c)Hashin failure criterion.
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