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  Abstract:Inthepresentstudy,analyticalsolutionswerepresentedforthepredictionofthepenetrationandperfo-
rationofcompositeglassfiber-reinforcedplastic(GFRP)sandwichpanelsstrucknormallybyflat-nosedcylindrical

projectilesoverawiderangeofimpactingvelocities,projectilemassandcorethickness.Theanalysismodelinvolveda

three-stageperforationprocessincludingperforationofthefrontsteelskin,theGFRPcore,andthebacksteelskin.

Theformulationwerebasedonassumptionsthatthedeformationsofsteelskinsarelocalizedandtheprojectileis

consideredasarigidbodyintheperforationofGFRPcompositelaminate.Theenergyabsorptionofthefrontandback

steelskinsandtheGFRPcorewereestimatedwiththeupsettingeffectoftheprojectileandtheadiabaticsheareffect

ofthesteelskinstakenintoconsideration.Inaddition,basedontheenergybalance,theballisticlimitofthesandwich

panelwereobtainedandcomparedwiththeavailableexperimentalresults.Theresultsshowthattheanalytical

predictionsareingoodagreementwiththeavailableexperimentaldata.
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  Sandwichcompositestructuresareincreasinglyusedinmarine,militaryandaerospacefieldsdue
totheirlightweight,highstrengthandenergyabsorptioncapability[1-5].Asandwichstructureusually
consistsoftwothinandstiffskins(thefrontskinandthebackskin)andathickandlightcore.The
mainfunctionoftheskinsinasandwichcompositeistocarrythebendingmomentwhilethecore
undertakesthedutyoffixingtheseparatedskins,carryingthetransverseshearload,andperforming
otherstructuralorfunctionaldutiessuchasimpacttolerance,radiationshielding,etc[6].Becauseofmilitary
demand,thesandwichstructuresarefrequentlysubjectedtoimpactloadingssuchasfragmentsfrom
blastdebris,shrapnelandbullets.Inthesecases,thesandwichpanelwithsteelskinsandafabric-reinforced
plastic(FRP)compositecoreisanobviouschoice.
  AvarietyofFRPsandwichcompositeshavebeenusedforarmorconstructionduetotheirhighly
complexprocesses,butthepredictionoftheresidualvelocityafterpenetrationremainstobeatough
problembecauseofitscomplicateprocess.Anumberofstudiesontheballisticlimitofsandwichstruc-
turesarebasedonexperimentaltests[7-8].Theexperimentalmethodrequiresabroadtestprogram,

whichistime-consumingandcostly.Numericalsimulationsmaybeusefulinsolvingthisproblembut,
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unfortunately,theystillrequireconsiderableresourcesintermsofcomputingtime(CPU)andman-
power.Toreducethecostandtime,itisessentialtousetheanalyticalmethod.
  Researchershavedonemanyexperimentalandanalyticalstudiesontheballisticimpactbehavior
ofcomposites[9-17].Wen[9-10]presentedsimplerelationshipsforpredictingthepenetrationandperfora-
tionofmonolithicFRPlaminatesstrucknormallybyprojectileswithdifferentnoseshapesoverawide
rangeofimpactvelocities.Gu[11]presentedananalyticalmodeltocalculatethedecreaseofthekinetic
energyandresidualvelocityofaprojectilepenetratingthetargetscomposedofmulti-layeredplanar
wovenfabrics.Naiketal.[12-13]studiedtheenergyabsorbedbydifferentmechanisms,ballisticlimit
velocityandcontactdurationoftypicalwovenfabricE-glass/epoxythickcompositesusingananalyti-
calmethod.GamaandGillespie[14]foundthattheballisticdamagemechanismscanbemimickedby
conductingaseriesofquasi-staticpunchshearexperimentsatdifferentsupportspans.Intheirstudy,a
quasi-staticpunchsheartest(QS-PST)methodologywasdevelopedtoquantifyandpartitionthepen-
etrationenergyintoelasticandabsorbedenergiesasafunctionofpenetrationdisplacementandsup-
portspan.Besides,someresearchersusedthenumericalsimulationmethodtodeterminetheballistic
limitofcompositematerials[15-17],andthesimulationresultsusuallyshowgoodagreementwiththe
testdata.
  Lotsofworkhasbeendoneontheproblemoftheballisticlimitofcompositesandwichpanelsby
manyresearchers[7,18-24].Goldsmithetal.[18]investigatedtheballisticlimitofcellularsandwichplates
withhoneycomborflexiblesheetsofaluminumcoresusingtheexperiment.Theyfoundthatthebal-
listiclimitofthesandwichplateswasnotsignificantlyaffectedbythetype,cellsizeorwalldiameter
ofthecomposite,astheprincipalmechanismresistingtheperforationofthecompositewaspiercing
thefacingplates.
  ZhouandStronge[20]studiedtheeffectoftheimpactangleandnoseshapeontheballisticlimitby
experimentalandnumericalmethods.Theresultssuggestedthatduringtheperforationbyaflat-nosed
projectile,layeredplatescausedmoreenergylossthanmonolithicplatesofthesamematerialandtotal
thickness.Therewasnosignificantdifferenceinthemeasuredballisticlimitspeedbetweenthemono-
lithicplatesandthelayeredplatesattheobliqueimpactbyahemispherical-nosedprojectile.
  Skvortsovetal.[19]developedananalyticmodeltodealwiththepartitionoftheenergyofabsorp-
tion,allowingforquantitativeestimationoftheenergyfractionconsumedviaelasticresponseofthe
panelandtheoneconsumedviairreversibledamage.Numericalresultsarecorroboratedwithexperi-
mentaldataobtainedfromintermediate-velocityimpacttestsperformedforsandwichpanelswithFRP
compositelaminatefacesandfoamcores.
  Buitragoetal.[22]analyzedtheperforationofcompositesandwichstructuressubjectedtohigh-velocity
impactusingthefiniteelementmodel(FEM).TheFEM wasvalidatedwithexperimentaltestsby
comparingthenumericalandexperimentalresidualvelocity,ballisticlimitandcontacttime.
  ResearcherssuchasJoveretal.[7],Ryanetal.[21],García-Castilloetal.[23]andFelietal.[24]alsohave
donesomemeaningfulwork.However,allthesepreviousresearchworksfocusedmainlyontheballisticlimit
ofcompositesandwichpanelswithhoneycomb,foamorbalsacores,whilestudiesoncompositesand-
wichpanelswithglassfiber-reinforcedplastic(GFRP)coresandsteelskinswererelativelyfew.
  Theobjectiveofthisworkistodevelopananalyticalmodelfortheballisticlimitofthecomposite
sandwichpanelswithaGFRPcoresubjectedtohigh-velocityimpactofaflat-nosedcylindricalprojec-
tile.Thefrontandbackskinsofthesandwichpanelaremadefromsteel.Theperforationprocessisdivided
intothreestagesbasedonwhichtheenergyabsorptionandballisticlimitofthecompositeGFRPsand-
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wichpanelsareestimatedwiththeupsettingeffectoftheprojectiletakenintoconsideration.Theana-
lyticalmodelisvalidatedbycomparingtheanalyticalsolutionswiththeexperimentalresults.

1 AnalyticModel
1.1 ProblemandAssumptions
  TheimpactproblemunderconsiderationisdescribedinFig.1.Thecompositesandwichpanelcon-
sistsofFRPcompositelaminatecoressandwichedbetweentwothinsteelplates.Theprojectileconsid-
eredisasteelcylindricalprojectilewithaflatnose.Accordingtothelawofconservationofenergy,the
conservationofenergyreads

1
2mv2

i=Eabs+12mcv2r (1)

wheremisthemassoftheprojectile,mcisthemassofcombinationprojectile,Eabsisthetotalenergy
absorptionduringthepenetration,viandvraretheinitialandresidualvelocityoftheprojectile,respec-
tively.

Fig.1 Schematicdiagramofcompositesandwichpanelsunderimpactofflat-nosecylindricalprojectile

  Theanalyticalmodelisbasedonthefollowingassumptions:(1)Theinterfacesbetweenfrontand
backskinsandGFRPcompositelaminatecorearenegligibleandtheenergyabsorptionsofsheetsand
coreareconsideredtoberelativelyindependent;(2)Theprojectileisconsideredasarigidbodywhen
penetratingtheGFRPcompositelaminate;(3)ThethicknessofGFRPcompositesandwichpanelis
uniform;(4)Onlylocaldeformationofsteelskinistakenintoconsideration.
  Withdifferentimpactvelocitiesandthicknesses,simplyusingthesamecalculationmethodonthe
frontandbacksteelskinsisunreasonable.Withtheaboveassumptions,theperforationprocessisdivided
intothreestages(asshowninFig.2):

Fig.2 Threestagesofperforation
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  Stage1:perforationofthefrontsteelskin.
  Stage2:perforationoftheGFRPcompositelaminatecore.
  Stage3:perforationofthebacksteelskin.
  Theoverallabsorptionenergyconsistsofthreeparts

Eabs=Efro+Ecor+Ebac (2)

whereEfro,Ecor,Ebacstandfortheenergyabsorptionofstage1,stage2andstage3,respectively.

1.2 PerforationofFrontSteelSkin
  Intheprocessoftheprojectilepenetration,theoveralldeformationofthefrontsteelskinisso
smallbecauseofthesupportoftheGFRPcompositelaminatethatitcanbeneglected.Underthehigh-
speedprojectileimpact,theprojectileandtheshearedpartofthefrontskinformaclosedregionwhere
mostoftheplasticworkisconvertedintoheatinsteadofgettinglostinstantlyintothesurroundingarea.
Thetemperatureoftheshearareaincreasesrapidly,alongwiththeeffectsofstrainhardening,strain
rateenhancedandthermalsoftening.Thefailuremodeofthefrontsteelskinisconsideredaslocalized
adiabaticshearplugging.
  Whenthecylindricalprojectilestartstopenetrate,thefrontskinisgraduallyextrudedbythepro-
jectile.Withthedeepeningofthepenetration,theprojectilevelocitygraduallydecreaseswiththe
increaseofthevelocityoftheplugblock.Duetothecompression,theaxialcompressiondeformationis
producedbytheprojectile(asshowninFig.2).Assumingthattheprojectileandtheplugblockmove
togetheratacommonspeed,thediameteroftheprojectileafterhavingtheupsettingisd,andthecom-
monspeedisvc,then,accordingtothelawofconservationofmomentum,wehave

mvi,1=(m+mf)vc (3)

Herevi,1istheinitialvelocityoftheptojectileinthefirststage,mfisthemassoftheplugblockwhich
canbeexpressedas

mf=πd2hfρf/4 (4)

wherehfandρfarethethicknessanddensityofthefrontskin,respectively.
  Basedonthestresswavetheory,therelationofthediametersoftheprojectilebeforeandafterthe
upsettingcanbeexpressedas[25]

c1=d2/D2

c1=k1+1+ k21+2k1
k1=3ρv2

i,1/(8σy

ì

î

í

ï
ï

ï
ï )

(5)

whereDistheinitialdiameteroftheprojectile,ρisthedensityoftheprojectile,andσyisthedynamic
yieldstrengthofprojectile.
  Regardlessoftheenergylossofcollision,accordingtothelawofconservationofenergy,theener-
gylossinthepenetrationprocessisequalto

Efro=m+mf

2
(v2i,1-v2r,1)=πdhf∫

Pm

0
τdP (6)

wherevr,1istheresidualvelocityoftheprojectileafterthepenetrationofthefrontsteelskin,andPmis
themaximumpenetrationdepthwhentheadiabaticshearoccurs.BasedontheBai-Johnsonthermal-
plasticconstitutiverelation[25],τcanbewrittenas

τ=τM
γ
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1
(7)

TheBai-Johnsonthermal-plasticconstitutiverelationisshowninFig.3,whereτMisthecriticalstress
oftheadiabaticinstabilityofthefrontskin,γiisthecorrespondingshearstrainofthecriticalstress,
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andnisthestrainhardeningindex.
  Theultimateshearstressofthefrontsteelskincanbewrittenas[26]

τu=σu(0.41H/D+0.42) (8)

whereτuistheultimateshearstress,σuistheultimatetensilestress,Histhethicknessofthefront
steelskin,andH=hf.Usingτu=τMasafirstorderapproximation,afterconsideringtheupsetting
effect,substitutingEq.(8)intoEq.(7)gives

τu=σu0.41H
D +0.æ
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(9)

Fig.3 Bai-Johnsonthermal-plasticconstitutivemodel

Thepenetrationdepthcanbeexpressedas[25]

P= ndγa

2(1+n)
(10)

whereγaistheshearstrainofthecontactareaof
theprojectileandthefrontsteelskin.Usingγa=
γf,themaximumpenetrationdepth (Pm)atthe
timewhentheadiabaticshearpluggingfailureoccurs
canbewrittenas

Pm= ndγf
2(1+n)

(11)

whereγfisthemaximumshearstrainoftheadia-
baticshearband.Thecrackpropagationspeedofthefrontsteelskinisfasterthanthepenetrating
speedastheflat-nosedprojectilepenetratesthefrontsteelskin.Theexperimentalresultsshowthat
themaximumpenetrationdepth(Pm)islessthanthethicknessofthefrontsteelskin[27].UsingPm≈
0.8hf,Eq.(11)canbetransformedas

γf=n+1
n
2Pm

d =1.6
(1+n)hf
nd

(12)

SubstitutingEq.(9),Eq.(11)andEq.(12)intoEq.(6)gives

Efro=π2d
2hfσu 0.41hfd +0.é
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dγ (13)

Eq.(13)representsthepenetrationenergyoftheprojectileinthefirststage.Theabovederivation
doesnottaketheenergydissipationoftheoveralldeformationofthefrontsteelskinintoaccount,be-
causetheoveralldeformationofthefrontskinisverysmallwhentheadiabaticshearfailureoccurs.
Accordingtothelawofconservationofenergy,theresidualvelocityoftheprojectileafterthepenetra-
tionofthefrontsteelskin(vr,1)canbeobtained

vr,1= mv2
i,1-2Efro
m+mf

(14)

1.3 PerforationofGFRPCompositeLaminate
  Itisassumedthatthemeanpressure(σm)appliednormallytothesurfaceoftheprojectileprovid-
edbyanGFRPlaminatematerialtoresistpenetrationandperforationbyaprojectilecanbedivided
intotwoparts,onebeingthecohesivequasi-staticresistivepressure(σs)duetotheelastic-plastic
deformationofthelaminateandtheotheristhedynamicresistivepressure(σd)arisingfromtheveloc-
ityeffect[9].Thuswegetthefollowingequation

σm=σs+σd (15)

  Assumingthatthecohesivequasi-staticresistivepressureisequaltothequasi-staticlinearelastic
limit(σe)inthethrough-thicknesscompressionoftheFRPlaminate,i.e.σs=σe,andthatthedynamic
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resistivepressureistakentobeσd=β(ρc/σe)1
/2vi,2σe,thenEq.(14)canberewrittenas

σm= 1+βvi,2 ρc
σ

æ

è
ç

ö

ø
÷

e
σe (16)

whereρcisthedensityoftheGFRPcompositelaminate,vi,2istheinitialimpactvelocityoftheprojec-
tileinthesecondstage,herevi,2=vr,1,andβisaconstantdeterminedempirically.
  Fromtheenergyconservation,theenergylossoftheGFRPcorescanbewrittenas

Ecor=∫
hc

0
σmAdh (17)

whereAistheinstantcross-sectionalareaoftheprojectileandisequaltoπd2/4.SubstitutingEq.(16)

intoEq.(17)gives

Ecor=14πd
2σe+2 ρc

σe
vr,1σ

æ

è
ç

ö

ø
÷e hc (18)

  ThentheresidualvelocityoftheprojectileafterthepenetrationoftheGFRPlaminate(vr,2)can
beobtained

vr,2= mv2
i,1-2(Efro+Ecor)

m+mf

(19)

1.4 PerforationofBackSteelSkin
  ThepenetrationprocessisshowninFig.4.Athree-stagemodelconsistingofthesimplecompres-
sionstage,thecompression-shearstageandtheadiabaticshearstageisusedtodescribethepenetration
processofthebacksteelskin.Assumingthattheprojectileupsettingdeformationonlyoccursinthe
simplecompressionstageandtheupsettinglengthisequaltothepenetrationdepth(h1),then,based
onEq.(5),therelationofdiametersoftheprojectilebeforeandafterupsettingcanbeexpressedas

c2=d22
d2

c2=k2+1+ k22+2k2

k2=3ρv
2
i,3

8σ

ì

î

í
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ï
ï

ï
ï
ï

y

(20)

whered2isthediameteroftheprojectileaftertheupsettingdeformation.Thentheenergylossofthe
simplecompressionstagecanbeexpressedas

W1=12
(m+mf)(v2i,3-v21)=14πd

2
2σyh1 (21)

wherev1istheresidualvelocityoftheprojectileafterthesimplecompressionstageandcanbewritten
asfollows

v1= v2i,3- πd22σyh1
2(m+mf)

(22)

  Afterthesimplecompressionstage,theprojectilecontinuestocompressthebacksteelskin.The
relativemovementoftheplugblockandthebacksteelskinleadstotheexistenceofshearstress.Under
theactionofthecompressionforce,theprojectileandtheshearblockwillreachthesamespeed.
Assumingthatthediameteroftheplugblockisequaltod2,theprojectileandplugblockwillreachthe
samespeedundertheeffectofthecompressivestress.Accordingtothelawofconservationofmomen-
tum,oneobtains

v2=
(m+mf)v1
m+mf+mb

(23)

Herembisthemassoftheplugblockandcanbeexpressedas
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Fig.4 Penetrationofthebackskin

mb=14ρbπd
2
2(hb-h1) (24)

whereρbandhbarethedensityandthicknessofthebackskin,respectively.Then,accordingtothelaw
ofconservationofenergy,theenergylossofthecompression-shearstagecanbewrittenas

W2=12
(m+mf)v21-12

(m+mf+mb)v22 (25)

  Withthedeepeningofthepenetration,thetemperatureaswellastheshearstrainoftheshear
zonerisesgradually.Thematerialadiabaticinstabilityoccurswhentheshearstrainreachesitscritical
value(γi).Assumingthatthepenetrationdepthoftheprojectileinadiabaticshearstageish3,accord-
ingtoEq.(13),theenergylossoftheadiabaticshearstagecanbewrittenas

W3=π2d
2
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dγ (26)

Thenthetotalenergylossoftheperforationofthebacksteelskinis
Ebac=W1+W2+W3 (27)

  Whentheinitialvelocity(vi)equalstotheballisticlimit(vbl),theresidualvelocity(vr)ofthe
projectileaftertheadiabaticshearstageisconsideredtobezero.CombiningEq.(1)andEq.(2),one
obtains

mv2
bl-2(Ecor+Efro+Ebac)=0 (28)

SolvingEq.(28),onecangettheballisticlimitofthecompositesandwichpanelwithGFRPcore.

2 ExperimentalVerificationoftheAnalyticalModel
  Tostudytheballisticlimitofthecompositesandwichplate,theexperimentalstudyontheballis-
ticimpactandpenetrationofthecompositeGFRPsandwichpaneliscarriedout.Thesandwichpanels
arequadraticwiththesizeof500mm×500mm.PanelshavesteelskinsseparatedbyGFRPcomposite
laminatecore.Thethicknessesofthefrontskinandbackskinare6.2mmand10.6mm,respectively.
ThemechanicalandgeometricalpropertiesofthesteelskinsareshowninTable1.Thedensityand
quasi-staticlinearelasticlimitofGFRPcompositelaminatecoreare1650kg/m3and225MPa,respec-
tively.ThethicknessoftheGFRPcompositelaminatevariesfrom40mmto75mm.

Table1 Mechanicalandgeometricalpropertiesofsteelskins

hf/mm hb/mm ρf/(kg·m-3) σu/MPa n γi
6.2 10.6 7850 779 0.586 1.4
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  Theprojectileiscylindricalwiththemassrangingfrom30gto50gandthediameterD=12.8mm.
Thedensityandthedynamicyieldstrengthoftheprojectileare7750kg/m3and1280MPa,respectively.
Theincidentangleis90°.
  TheexperimentalsetupisshownschematicallyinFig.5.Inordertoprovidetheclampedbounda-
ryconditions,thesteelskinsandtheGFRPcoreareboltfastenedtogetherthrough4⌀10mmbolts
whicharelocatedinthe4cornersoftheplate.

Fig.5 Experimentalsetupoftheballisticimpactonsandwichpanels

  Theprojectileisfiredthroughtheballisticgun,andtheinitialvelocity(vi)ismeasuredbythe
timedifferenceoftheprojectilepassingthroughthetwolight-emitter/sensorpairs.Arecyclesettingis
providedtostoptheprojectilefromhittingthebackwallwhenthesandwichpanelisperforated.Inci-
dentandresidualvelocitiesoftheprojectilearemeasuredwithhighprecisionandtheballisticlimitof
thesandwichpanelisestimatedusingstatisticalmethod.Consideringthehigh-speedprojectileimpact,

theinitialstrikingvelocityvariesfrom900m/sto1700m/s.

2.1 ExperimentalStudyonDamageMechanisms
  Considertheperforationofthesandwichcompositeplatewitha60mmthickGFRPcoreasatypi-
calcase.TheplasticdeformationofthefrontskinisshowninFig.6.Avisualexaminationrevealsthat
thefrontskinonlyshowsuplocalizedplasticdeformationandthediameteroftheholeisabitlarger
thanthediameteroftheprojectile.Itisillustratedthattheupsettingphenomenonoccursonthepro-
jectileduringperforationofthefrontskin.Fig.6(a)showstheplugblockisproducedandFig.6(b)

presentsanobviousadiabaticshearbandwhichprovesthefailuremodeofthefrontskintobelocal
adiabaticshear-pluggingfailure.

Fig.6 Plasticdeformationofthefrontskin

  The60mmthickGFRPcoreconsistsof3layersof20mmthickcompositelaminates.Theplastic
deformationofeachlayerisshowninFig.7.Itisillustratedthattheoveralldeformationofthefirst
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layerisverysmall,whichgivesagoodsupporttothefrontskin.Thefailuremodeofthefrontside
fiberunderhigh-speedprojectileimpactiscompressionshearfailurewhilethefailuremodeoftheback
sidefiberistensilefailure.Withthedeepeningofthepenetration,theoveralldeformationoftheGFRP
compositelaminategraduallyincreasesduetothecompressionandshearingbetweentheprojectileand
thecompositelaminate.However,theexistenceofthebackskinimposesarestrictiononthistrend.
Besides,alargeamountofheatproducedbythehypervelocitypenetrationleadstothefiringofthe
fibers.

Fig.7 PlasticdeformationofGERPcore

  TheplasticdeformationofthebackskinisshowninFig.8.Asisshown,exceptforthelocalized
plasticsheardeformation,asmalloveralldeformationoccurredtothebacksteelskinasaresultofthe
compressionbetweentheprojectileandthebackskin.Afterthepenetrationofthefaceskinandthe
GFRPcore,thespeedoftheprojectileisrelativelylowwhentheprojectilepenetratesthebackskin.
TheshapeoftheprojectileaftertheperforationofthebackskinisshowninFig.9.Theshapesofthe
projectileandbulletholeshowthatthemainfailuremodeofthebackskinisthesimpleshearplugging
failure,whichissimilartothepenetrationcharacteristicsofthemid-thicksteelplate.However,asmall
adiabaticshearbandexistsintheedgeofthebullethole(showninFig.8(b)).

Fig.8 Plasticdeformationofthebackskin Fig.9 Shapeofprojectileafterperforationofbackskin

  Theexperimentresultsshowthatthefailuremodeofthecompositesandwichplateisconsistent
withthetheoreticalmodelestablishedinthispaper.Thefrontandbacksteelskinswillproducealarge

9-101510

 第32卷 LISiyu,etal:PredictionofBallisticLimitofCompositeGFRPSandwichPanelsunderHypervelocityImpact 第1期 



deformationwhensubjectedtotheprojectileimpactduetotheirgoodductility.Thetensilestrengthof
thefiberreinforcedcompositematerialishigherthanthatofthesteelwhereas,however,littleplastic
deformationoccursbeforereachingitstensilestrength.Thiskindofcharacteristiceffectivelyrestrains
thedeformationofthesteelskins.Theexistenceofthebackskincanprovidealastbarriertoresist
againsttheprojectileasmuchaspossible.Therefore,thesteelskinsaretypicallyresponsibleforbear-
ingthein-planeload,whereastheGFRPcoreservestotransfertheshearbetweenthefrontandback
skinsandrestraintheoveralldeformationofthecompositesandwichplate.

2.2 ComparisonofResultsandDiscussion
  Onemayfindasummaryoftheexperimentaldataforthesandwichcompositepanelswitha60mm
thickGFRPcoreinFig.10wheretheballisticlimitismarkedupusingaredline.Theconditions
betweenexactperforationandnearperforationareconsideredasthecriticalstateofwhichthecorre-
spondingincidencevelocityisconsideredasthecriticalvelocity.Obviously,thereare15casesconducted,

theballisticlimitisobtainedusingthestatisticalmethodfromthecriticalvalues.Thestandarddevia-
tionoftheballisticlimitis18.91m/s.

Fig.10 Experimentaldataofsandwichcompositepanels
witha60mmthickGFRPcoreunderimpact

offlat-nosedcylindricalprojectile

  AsitisshowninTable2,fiveballistic
testswith3differentcorethicknessesand3
differentprojectilemassesareconducted.Due
totheconstraints,wefailedtogainthedata
fortwoconditionsofthefive.Thetestvalues
ofthetwofailedconditionsgiveninTable2
arethemaximumspeedoftheprojectile,one
projectileofwhichisalmostthroughthepanel
whiletheotherisnot.Thetheoreticalvalues
oftheballisticlimitsarecalculatedfollowing
Eq.(28).Comparisonofthetestandtheoreti-
calresultsislistedinTable2.
  Noticethattheerrorsoftheballisticlimit
betweenthetestresultsandthetheoretical
resultsislessthan11%,whichiswithinthe
limitofengineeringrequirements.Itshouldbe
mentionedthattheexperimentalevaluationoftheballisticlimitisuncertaintosomedegreeforthe
limitedamountofdataandmeasurementerror.Thecalculatedvalueoftheballisticlimitofthesand-
wichplatewitha40mmthickcoreisrelativelylarge.ThisisbecausethesupporteffectiveofGFRP
coresisrelativelyweakerthantheotherconditionssothatthebearingcapacityofthefrontskinhas
beenoverestimated.
  InordertofurtherexploretheballisticimpactcharacteristicsofthecompositeGFRPsandwich
panels,somenumericalresultsareobtainedbasedonthetheoreticalformulainthispaper.Theenergy
absorptionratioofeachstageundertheconditionoftheballisticlimitvelocityisshowninTable3.It
isshownthatmorethan90%energyisabsorbedbytheGFRPcompositelaminateandlessthan10%
bythesteelskins.Onlyverylittleplasticdeformationoccurredtothesteelskinsofbothsidesbecause
ofitslowenergyabsorption.Itisalsoprovedthattheenergyabsorptionofthefibercompressionand
fractureismuchlargerthantheshearenergydissipationofthesteelskins.
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Table2 Comparisonofballisticlimitcomputedbytheoreticalmodelwithexperimentalresults

Mass/g Corethickness/mm Exp.value/(m·s-1) Calc.value/(m·s-1) Error/%

40 40 753.8 831.9 10.7
30 60 1422.9 1402.9 -
40 60 1162.7 1132.4 2.6
50 60 974.1 958.1 1.6
50 75 879.0 1144.7 -

  Fig.11showsthattheballisticlimitofthecompositeGFRPsandwichpanelpresentsalinearin-
creasetrendwiththeincreaseofthecorethickness.Ontheotherhand,anonlineardeclineofthebal-
listiclimitofthecompositeGFRPsandwichpanelwiththeincreaseofthemassofprojectileisshown
inFig.12.Itisevidentfromthesetwofiguresthatthetheoreticallypredictedballisticlimitsarein
goodagreementwiththeexperimentaldata.Asamatteroffact,themassofboththeprojectileandthe
corethicknessexertsasignificantinfluenceontheballisticlimit,whichprovidesareferenceforthe
penetrationresistancedesignstandards.

Table3 EnergyabsorptionratioofcompositeGFRPsandwichpanelsunderimpactof
flat-nosedcylindricalprojectilewithballisticlimitvelocity

Mass/g Corethickness/mm (Efro/Eabs)/% (Ecor/Eabs)/% (Ebac/Eabs)/%

40 40 2.9 90.7 6.4
30 60 1.6 95.0 3.4
40 60 1.4 95.7 2.9
50 60 1.8 94.4 3.8
50 75 1.2 96.1 2.7

Fig.11 BallisticlimitchangingwiththeGFRPcore
thicknessunderimpactofa40gflat-nosed

cylindricalprojectile

Fig.12 BallisticlimitofcompositeGFRPsandwich

panelswitha60mmthickcorechanging
withthemassofprojectile

3 Conclusions
  Inthisstudy,atheoreticalapproachisdevelopedforthepenetrationandperforationofthecom-
positeGFRPsandwichpanelsstrucktransverselybythecylindricalprojectileswithaflatnoseovera
widerangeofimpactvelocity,massoftheprojectileandthicknessofthecore.Theapproachisbased
uponathree-stagemodelwiththeassumptionthatthedeformationsofthesteelskinsarelocalizedand
theprojectileisconsideredasarigidbodyintheperforationoftheGFRPcompositelaminate.Theen-
ergyabsorptionofthesandwichpanelsisdividedintothreeparts,i.e.theenergyabsorptionofthe
frontskin,thatoftheGFRPcore,andthatofthebackskin.Theadiabaticshearmodelandsimple
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shearmodelareusedtopredicttheenergyabsorptionofthefrontskinandthebackskin,respectively,

withtheupsettingeffectoftheprojectiletakenintoconsideration.Analyticalsolutionshavebeen
derivedforthepenetrationdepthandtheballisticlimitinthecaseofperforation.
  Itisdemonstratedthatthetheoreticalpredictionsareingoodagreementwiththeexperimental
observationsforthecompositeGFRPsandwichpanelsstrucknormallybythecylindricalprojectiles
withaflatnoseintermsofthepenetrationdepthandtheballisticlimit.Numericalcalculationiscar-
riedoutbasedonthetheoreticalformulaproposedinthispaper,whichindicatesthesignificantinflu-
encesoftheprojectilemassandthecorethicknessontheballisticlimit.
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GFRP复复合三明治板在高速弹体冲击下的
弹道极限预测

李思宇1,李晓彬1,赵鹏铎2,高松林1

(1.武汉理工大学交通学院,船舶、海洋与结构工程系,湖北 武汉 430063;

2.海军装备研究院,北京 100073)

  摘要:研究了玻璃纤维复合三明治板在圆柱形平头弹体打击下的预测弹道极限的理论预

测方法。建立了玻璃纤维复合三明治板的三阶段侵彻模型,包括侵彻面板阶段、侵彻复合材料

夹芯层阶段和侵彻内板阶段。基于高速弹体侵彻下靶板的局部变形假设建立了理论关系,将
弹体侵彻复合材料夹心层时视为刚体处理,面板和背板的侵彻阶段考虑了弹体的墩粗效应和

靶板的绝热剪切效应。基于能量平衡原理,推导了复合材料三明治板的弹道极限,并将理论计

算结果与实验结果进行对比和分析,研究了不同侵彻速度、弹体质量和夹心层厚度对弹道极限

的影响。结果表明,理论计算结果与实验结果具有较好的一致性。

  关键词:弹道冲击;三明治结构;玻璃纤维增强;弹道极限
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