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Abstract

In the present studyehaviour ofFRPlaminated composite plate subjectedrpact by a
spherical steel bullehas been investigated by numerical analysis using finément
method. The variation of stresses and central transverse deflections with time for different
thicknessas well asstacking sequences of composite plates, different sizes and velocities of
impactors have been presented for different boundary comslititature of failure of FRP
composite platelue tolow velocity impact has been study in detail&dfects of stacking
sequences and boundary conditions on damage initiation iIRRRdaminated composite

pl ates based on Has hiedFRonthe numerieshnalysiat camber e b e ¢
concluded thatthe angle ply 45 / 45 /45) laminate is more efficient than the cross ply

(0 /90 70) and other angle ply30 / 30 /30) laminates since it exhibits eslamage

area and less deflection. Some results obtained from the present FE model are also validated
and discussed with those available in the literature.
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1. Introduction

FRP composites are versatile materials for the structural application due to their virtues of
light weight, high stiffness, high strength and ease of erection in any environment. Some
composite material like GFRP and Kevlar epoxy are resistive againstahas well as

chemical attack in most of the cases and hence these materials are widely used in
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retrofitting and marine structures like deck harbor, ship decks etc. Due to light weight and
high stiffness of FRP composite, these materials are effectusdyg in the making of
indoor and outdoor swimming pools, external body of racing bikes, roof sheeting and
bridge deck etc.

The analysis ofFRP laminated composite plate subjected to impact load has
received widespreadtantion. Effect of low energympad on aFRPlaminated composite
plate may be quite considerable as internal damage can cause a significant refiticdon o
strength of material without any observable damage on the impacted qarc®ue to
this reasonit attractsmany researchets predict the nature and extent of damage caused
by low energyimpactin which penetration of the impactor does no take place and after
impact it rebounds

Despite of many virtues, thesstructures show highlgomplex behaviomunder
impactand are verysersitive to nonvisual damages that strongly influence their residual
load caringcapacity.Damage initiation and growth are closelgpendent omoth impact
source propertiePuring low energyimpact,the time of contact between timpactorand
target matrial is relatively longTheoretically, many works had been carried with an
aim to study the behavior of composite targets under impact Glzakrabarti et al[4-5]
studied the delamination behaviour in FRP composite plate by using analytical snethod
Karakuzu et al[6] studied about the residual stresses in a composite beam under transverse
loading.

Using the composite laminate theory and failure criteria given by Highiwang
and Yew[8] analyzedhe damage in composite plate under transvarpact load.Sun and
Liou [9] studied the behaviour ddminatedcomposite plate by using a thrdemensional
hybrid stress finite element method in the space domain along with the Newmark direct
integration methodPalazottoet al.[10] analyzedNomex haey comb sandwich core and
modeling was donesing an elastic plastic foundation. Contact loading is simulated by
Hertizian pressure distribution for which contact radius is determined iteratMediira
and Nayak[11] proposed an analytical model for vesv fabric compositeinder impact
with four edges simply supportelivci and Gulged12] studied the impact damage and
maximum force thresholds in three different types of composites, UnidirectieGéds,
woven EGlass and woven Aramid composite samplagder impact loadBilingardi and
Vadori[13] experimentally analyzed composite plate under low energy impact with small
dirt. Sabet et al[14] worked on high velocity impact performance of glass reinforced

polyester GRP) resin with different typgof reinforcemerg
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However, very less numbers of works are reported in the literature highlighting the effect of
impact in describing the damage aesal their propagatiofor laminated composite plates
having different stacking sequence, thickness of pdaie@ boundary conditiondn the
present work, ABAQUS (6.)Zinite element software is used to investigtte transient
response of FRBomposite plate under impact with different thickness, staclkaggences

of composite platedifferentsizes andvelodties of impactorto investigate the damage area

in addition to other responseshe finite element model is implemented usthi@ s hi n 6 s
failure model available in ABAQUS to predict damage initiatior-RP composite plate.

The presentresultsare validatedwvith the resultsavailablein literature before generating

new results for future reference

2. Modeling and Simulation

FRP laminated composite plate is modelgith three dimensional elemente. 8 nodded
continuum shell(SC8R to study the dynamic behawi as well as modes of damage under
impact. Analysis is carried out with reduced integration and hourglass controlled condition to
minimize the computational timeSurfaceto-surface contact interaction is usddscribethe

contact between deformable swdaand a rigid surface. Thereforeyface to surface contact

with zero friction is assigned for the interaction between bullet and composite plate under explicit
condition. Damage initiation refers to the onset of degradation at a material phmtdlamge

initiation criteria for fiber reinforced composite plate fr@ s ed on Hashi nds t he
modes of failure initiation criterigiven by Hashin (1980) are descrilsesifollows:

91 Fiber tension initiation criteritHSNFTCRT)

91 Fiber compression itiation criteria(HSNFCCRT)

1 Matrix tension initiation criterigHSNMTCRT)and

1 Matrix compression initiation criteridd SNMCCRT)

Expression of Hashindéds initiation criteria a
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WhereF!, F¥ arefailure index for fiber in tension and compressicespectivelyF, , FS are

]
9
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failure index for matrix in tesion and compressiprrespectively; x T, xC©are tensile and

compreswe strength in fiber direction;y®is compressive strenlgt perpendicular to fiber

direction,S", S" = longitudinal and transverse shear strengtiialue of 1.0 or highefor failure
indices indicatehat the initiation criterion has been met and elements in composite starts to fail.

3. Results and Discussions

3.1. Convergence ‘erification

Mesh onvergencestudy of numerical models required to identify the optimum medivision

which meets more accurate and mesh independent results. In the present wodiyisiestof

72 x 72 along x-y plane has been taken whickhowsconvergencen theresultas inFig. 1.

Square plate of dimensidm0 mm x 140 mmvith three layers of equal thickness and impactor

as a rigid body of diameter 10 mm and mass 0.014175 kg are considered in this work as shown in
Fig. 2. The material properties of comgesplate made of graphispoxy AS35016 are:Ei11=

14273 GPa, Exx = 13.79 GPa, Gi= Giz= 464 GPa, Gxs = 414

GPafh, = K3 .3,17,;=0.28
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Fig. 1. Variationof central deflection with medttivision

Fig. 2. Composite plate coordinate system and ply stacking of crossphbo(70 ) laminate

3.2 Numerical results and discussion

This section presents the responsé-RP composite plate under impact witlifferent size of
impactors fadius: 5 mm and 7.5 mnandinitial velocitiesof impactos on different thickness
and stacking sequences of composite plate under different boundary condigdiestion of
cross ply 0 /90 70) laminatedplate at contagpoint due to impacby 0.014175 kgmpactor
with incidence velocit2.6 m/s has been shown in F3gand compared withvailableliterature

as mentioned ther@ime of separatiorof impactor from theplate is approxnately 210/76 in
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present casthat iscomparable to 198% as in case of Chun et §1.5]. However thedeflection

during contact anfleforeseparation is differinghis may be due to different approaches used in
defining the contacbetween impaor and composite plateDue to orthotropic nature of
composite plate, different types of stresses are developed in compositanglatenpact that
causes failure in composite plate by action of individual or in combinafldresefore different

modes bstresses such as normal stres§eg &t 100/78and inter laminar stressddsands) at
80/76 and transverse central deflectioms)(in two different composite plate i.e. cross ply

(0 /90 70) and angle ply 80 / 30 /30) are studied under two different boundary
conditions. Numerical results of stresses and deflections in composite plate under impact by
spherical impactor of two different incidence velociti®s £ 22.6 m/s and 40 m/s) have been

presented in Tae 1-2. In this section, particular time (1005, 80/7% ) andlocationsof the

target platehave been chosen to compéne results with those obtained 8un and Lioy9] in
which these times argtatedasthe critical timecorresponding to maximum stressd=or cross
ply laminate,some results are compared with tiesults of Sun and Lio[®] which show good

agreement in most of the cases.
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Fig. 3. Comparisorof central deflectin of cross ply laminated plat® (/90 70 ) impacted av;
=22.6 m/s
Some differences are observed which are inevitable among results based on different approaches
used in defining the contact.
Table 1 Maximum Stresses and deflectiond=6¥P composite plates for impactor radius=5mm

Vo (m/s) h Boundary References 811 (MPa) Uz (MPa) Gs(MPa) us(mm)
conditions 00N  (40nW2) (0.4p2) (0,0h)
0/90 70
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226 381 CCCC Present 565.232 37.796  29.918 1.32

CCCC Sunand Liou [9] 570 38 36 1.38

SSSS Present 888.813 38.284 30.072 2.261

5.715 CCCC Present 388.751 29.300 20.845 0.840
SSSS Present 407.414 29.968 21.136 1.168

7.62 CCcCC Present 173.61 19.658 13.964 0.735
SSSS Present 330.045 20314 13.718 0.756

40.0 3.81 CCcCcC Present 765.468 54.771 44.087 2.227
SSSS Present 932.156 70.760 51530 3.791

5.715 CCCC Present 584.613 38.708 25.019 1.413
SSSS Present 749.411 37.338 23.539 2.011

7.62 CCcCcC Presenh 290.343 20.607 16.976 1.162
SSSS Present 369.415 18.860 16.879 1.293

30/ 30 /30

22.6 3.81 CCcCC Present 784.165 30.859 35.949 1.341
SSSS Present 874.449 28.536 36.343 1.593

5.715 CCCC Present 471.455 20.639 30.114 0.837
SSSS Present 516.336 21.449 28.393 0.874

7.62 CCcCcC Present 147.455 13.241 20.404 0.739
SSSS Present 171.000 12.768 19.069 0.749

40.0 3.81 CCcCcC Present 881.837 34.463 39.501 2.426
SSSS Present 940.145 33.881 38.325 2.7@

5.715 CCCC Present 788.127 24.722 41.419 1.465
SSSS Present 822.486 22.878 38.514 1.503

7.62 CCcCcC Present 227.528 11.603 17.137 1.00
SSSS Present 299.417 12.095 17.105 1.161

Table 2 Maximum Stresses and deflectionsFRP composite plates for impactor radius =7.5

mm
Vo (m/s) h Boundary Reference (i1 (MPa) Us(MPa) Us(MPa) us(mm)
conditions 0,0h)  (40h2) (0.4h2) (0,0h)

0/9070

3.81 CCCC Present  815.62 34330 33.840 1.297
SSSS Present 826.947 36.394  34.243  2.262
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5.715 CCCC Present 271.980 21.404 14.716 0.767
22.6 SSSS Present 291.338 21.256  9.609 1.148

7.62 CCCC Present 53.111 12.007  5.858 0.678
SSSS Present  74.083 12.218  8.263 0.739

3.81 CCCC Present 1230.49 60.848 62.6927 2.137
SSSS Present 1340.44 60.160 61.371 3.805

5.715 CCCC Present 450.811 27.4432 19.810 1.280
40.0 SSSS Present 481.561 28.100 20.400 1.970

7.62 CCCC Present 45.496 9.628 6.422 1.061
SSSS Present 65.112 9.676 6.729 1.274

30/ 30 /30
3.81 CCcCC Present 845910 23.974 34.844 1.174
SSSS Present 860.632 25.334 32.450 1.539

5.715 CCCC Present 317.767 14581 20.908 0.788
22.6 SSSS Present 324.561 15.309 20.678 0.861

7.62 CCCC Present 57.489 7.846 11.952 0.670
SSSS Present 87.187 7.912 11.729 0.672

3.81 CCCC Present 1220.11 30.7139 54.939 2.204
SSSS Present 1248.21 30.353 55.179 2.623

5.715 CCCC Present 346.005 16.356 23.133 1.268
40.0 SSSS Present 368.079 16.551 23.927 1.274

7.62 CCCC Present 88.766 6.281 8.890 1.060
SSSS Present  94.963 7.738 9.609 1.069

3.2.1.Deflection

Maximum entral transverse deflections &80 mm x 140 mnsquarecomposite platelue to
impactby spherical impactor of different sizes and incidence velocineerdifferent thikness,
stacking sequences ahdundary conditionkave beeipresented iTable 12. It is observed that

the deflection is more irthe case ofsimply supported plate thahe platehavingfully clamped
condition forboth cross ply and angle ply laminatBeflectionin composite platelecreases as
the size of impactoincreasesfor different incidencevelociies and thicknegs under both
boundary conditionsFor fully clamped cross ply laminate deflection decreases by 2.11% for
impactor size in@ases by b.timeswith incidencevelocity of 22.6 m/s and plate thicknebs=
3.81mm.
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To study the effect of ply thickness on the behavior of composite plate, a cross ply

laminate with 3, 4 and 5 plies is impacted bgphericalbullet with incidence velocity of 26

m/s.

Transverse central deflectioniatpact point haveenplotted for all the three laminate as shown

in Fig. 4. Centraltransversaleflection is showing little bit difference in thgeakvaluesbut

the same trendof variationis observedHoweve, 4 layered cross plylaminate shows more
deflection as compared to otheasd possibility of this difference due toits unsymmetrical
nature.For symmetric laminatg centraldeflection andhe nature oWibration are more irthe

case ob layeedlaminate than 3 layedlaminate.
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Fig. 4. Central transverse deflections for 3, 4 and 5 layered cross ply laminate
Furthermorethe numericahnalysis with the present FE model haenextended to investigate
the suitdility of ply orientationsfor the FRPlaminate Threedifferentlaminatel composite plate
made up withdifferent ply orientations have been choden study the effect ofmpact by
spherical impactof incidence velocity 22.6 m/svVariation of central diéection of three
different composite plate such 48 /90 70), (45 / 45 /45) and @0 / 30 /30) have
been analyzed as shown in Fig.lt is observed that theomposite plate with lamina scheme
(45 / 45 [45) is stiffer than the other laminads consideretecausef thecentral deflection

is less as compared to other laminates 0e/90 /0 ) and 30 / 30 /30).
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Fig. 5. Cental transverse deflections for angle ply and cross ply laminate

3.2.2.Stresses

To study the variation of stresses in FRP composite plate due to impact load, a plate of size 140
mm x 140 mm has been impacted with spherical bullet of differens sizdifferert incidence
velocity under different boundary conditio3ifferent modes of stresses arises due to impact
the composite plate thaause of damages in FRP composite as stated by Hashirhgfgfore
the variations of stresses in FRP composite plagetdimpact withdifferent parametric change
in the bullet as well agomposite plate are studiethe numericalvalues of normal stresssand
inter laminar stresseme presented in Table2l It is observed from Table-2 that, the sesses
are more incase ofsimply supportedcomposite plateas comparedo fully clamped plate
Numerical value of stresses decreasshickness othe composit@late increases

Considering the impactor size and their effect on stress and deflection, it is observed that
the value of normal stress igcreasedbut the deflection decreasewhen size of impactor
increases ashownin Table 2. This may be due to more contact surface area of impactor that
causes more tension in fiber.
Also, to investigate the nature ameriation of normal stress Wi timeunder low velocity impact
on FRP composite plate, a target plate of thickness 3.81 mm is impacted with incidence velocity
of 10 m/s under fully clamped boundary condition. Size of impactor is 5 mm in radius for this
analsis. Time interval of 0 to 1000 microseconds is taken for the analysis of inffrach Fig.
6, it is observed that the numerical valeésiormalstress increases up neaximumlimit as the

bullet passesnd after that it decreases as the bullet reb®badk. After rebound of impactor,
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composite plate vibrates for long time and hencentitare of stress variatias showingup and

down

400
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Fig. 6. Variation of normal stres 1 with time

Main concern of damages in composite plate due to impact load is delamination of
constituting ply and the main cause of this delamination is inter laminar stidsges failure in
tension occurs due to inter laminar stresses. The \asaif inter laminar stresses in composite
plate due to impact by spherical bullet with incidence velocity 10 m/salacestudied. Inter
laminar stressedsandUshave been plotted at points (4,h2) and (0, 4h/2) which located on
mid depth of plee and theses points are the critical point suggested by Sun and Liou [9]. Itis
observed that theariation in inter laminar stresses are similar but oppasinature as shown in

Fig. 7 (ab). Both Uz and Us have their maximum values at same time (48) and being
approximately constant after 4. Variations of stresses are showing periodic nature and this

may bedue tovibration of the plate due to impact.
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Fig. 7 Variation of inter laminar stresgith time, (a) forus, (b) for 23

3.2.3.Contact Force

Contact force in the composite plate due to impadhe measure ofnomentum change of
impactor and resistance applied lompositeplate to retain their originality. To study the
variation of contact force in FRP compesplate under impact, a plate of sizd0 mm x 140
mm is impacted under different incidence velocities and boundary conditieifisct of
composite plate thicknessd stacking sequence of lamioia the variation of contadorce are
also studiedimpacta of mass 0.014175 gmith incidence velocities of 22.6, 50, 75 m/s have
been considered-rom Figs. 8-10, it may be observed that th@rdact force increases as the

thickness of composite plates well as/elocities of impactomcreases

Influenceof boundary conditions of theomposite plate on the variation of contact force
is also dominant for the cross ply laminakéowever the values of contact forsbows the
increasig trend as théoundarycondition releaseBom clamped to simply supportémundary
condition(CCCC, CFCFRandSSSp
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Fig. 8. Variation of contact forces with thickness of\&=22.6 m/s, (a)CCCC (b) CFCF (c)
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Considering the stacking sequences in lamahatemposite platecontact force islightly more

in cag of angle ply laminaté45 / 45 [45) than the other two cases e@snsideredor all the

thickness under clamped boundary condition.
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Fig. 10 Variation of contact forces with thickness of plateVat75.0 m/s,(a) CCCC(b) CFCF
(c) SSSS

3.3. Damage nitiation

FRP composite platef size140 mm x 140 mnx 3.81 mmwith material properties given in
Table 3 andspherical bullet of diameter 10 mm anthss 0.01417%g have been modeled to
study thedamage initiationn composite plate due to impadtt.this analysis, Hashin sriteriais
incorporatedn material modeto remove the elements those meet the criteria of faitleenent

in the composite plate that metite criteria of damage initiation then it assumed that the
contribution of that element in the stiffness matrix calculation is zeweed there is no
complete penetration of tHeRP compositplate by impactar

Table 3: Material properties of graphigpoxy AS 35016

Young modulus diibre direction,E11 142.73 GPa
Young modulus at normal to tfire, E> 13.79 GPa
Poi ssomgks ratio, 0.3

Shear modulusz:2 4.64 GPa
Shear modulugz:3 4.64 GPa
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Shear modulusz,3 3.03 GPa

Density,} 1.61 X 1Gkg / m?®
Tensile strength in thigbre direction, XT 1447 MPa
Compressive strength in tffibre 1447 MPa
direction, X°¢

Tensile strendt in the direction 51.7 MPa

perpendicular to thitbres YT
Compressive strength in the direction 206 MPa
perpendicular to thtbre, Y©

Longitudinal shear strengtB} 93 MPa
Transverse shear streng8h, 103 MPa
Volume fraction 0.66

FRP compositelate is impacted with rigid mass spherical bullet with incidence veloti?.6

m/s. Different modes of damageiiiation as stated in EQ.(2.1-2.4) arestudiedfor all the
mentioned stacking sequences under different boundary condiiartbermoreto study the
amount of failed element under different modes of damage initiation criterion, a cross ply
laminate with fully clamped condition is taken intonsideration Fig. 11 (a, b) show the
impactedcompositeplate in whichHa s hi n 6 s c rfailureeirr conapressibn ahd tdngon
are applied as stated in Eq. (2.2). 1t is observed that there is no failure in fiber either due to

tension or compression.

Hashinds matrix failure criteria under ¢
HSNMTCRT) are implemented in impacted roposite plate as shown in Fig 1, d) as
respectively stated in Eq. 2234. There is no damage appeairethe impacted region in case of
matrix falure under compression (Fig. ). However, there is damage in composgite near
impacted region in case of fiber failure under tensidgteria as observed in Fig. X#l). This

matrix failure in tension is termed as delamination.

Effect of ply orientation and boundary conditions on the damage behaviour of FRP
composite de to matrix failure in tension is studied as showirig. 12 It is observed that the
damage is localized near the impact region for all the three laminates of diffgrenientation
and boundary conditions. However the damaged area in compositeisplat@e in case of
simply supported boundary conditio8§Sythan the other two boundary conditions for all the

three laminates.
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Fig. 11 Failure of elements due thfferent failure initiation criteria(a) failure of fibre under
compression, (b) failure of fibre under tension, (c) failure of matrix under compression,
failure of matrix under compression

Effect of boundary conditions on the damage area in composite plate is more in case cross
ply laminate as observed from Fi$j2 (c). Damaged area in composite plate having simply
supported condition is more as compaf@@CC and CFCF boundary conditions for all the
laminate as considereth spite of major damage near impact region, there is crack propagation
in plate havingSSS boundary condition. Damage starts from impact point termed as major

damage and propagated along the fiber direction as observed fron2 fag).1

In the extension of this study, the amount of damaged area in FRP composite plate of different

thicknessstacking sequences and boundary conditions have been studied under impact.

CCCC CFCF SSSS

0/9070
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Fig. 12 Damage evolutiodue to delmination (i.e. HSNMTCRT failure modes)

It is observed that themaunt ofdamagd area in case of angle ply laminate ( ) is
lessas compared to cross ply ( ) and other angle ply ( ) laminatesin all
the three different boundary conditioas shown in Fig. 13t may also be observed that the
damagd area is less icase offully clampedcompositeplate as compared to simply supported

onefor all the thredifferentlaminatesasconsicered
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