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  Abstract:Weconductedacceleration-time measurementofpenetrationexperimentsintargetswith
100mmdiameter,4.0caliber-radius-head,25kgprojectiles.The3m×3m×3mand2m×2m×2mconcrete
targetshadannominalunconfinedcompressivestrengthof35MPaanddensity2450kg/m3.Projectileswere
designedtocontainasingle-channelaccelerationdatarecorder,sowerecordedaccelerationsintheboreofthe

gunandaccelerationsduringthepenetrationevent.A100mmdiameterpowdergunlaunchedthe25kgprojec-
tilestostrikingvelocitiesbetween310and632m/s.Wecomparedthemeasuredpenetrationdepthsandaccel-
eration-timedatawiththecalculatedresultsusingForrestalformula.Thecalculatedresultsareingoodagree-
mentwithrigid-bodyaccelerationmeasurementsfortherisetimesandpeakplateauresponses.Theaccelera-
tion-timedataofprojectilescanbehelpfulfordevisingarmour-piercingprojectileanddefenseengineering.
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1 Introduction
  Thepenetrationexperimentsattempttoprovideafundamentalunderstandingofthepenetration
processesforconcretetargets.Theaccelerationofprojectileduringpenetratingisveryimportantfor
high-poweredEarthPenetratingWeapon.First,todevelopexplosiveandfusethatcanendurehigh
overloadweshouldacquainttheaccelerationvalueofprojectileduringpenetrating.Second,todevelop
exactlytime-lapsefusewhichinsurestheprojectileexplosionatoptimaldepthweshouldknownthe
relationofprojectiledisplacementandpenetratingtime.Third,tostudytheaccelerationofprojectile
duringpenetratingisabletorevealthedetailofprojectilepenetratingprocess.Sowewantthroughthis
studytorevealtheaccelerationcharacteristicofprojectileduringpenetrating.Forourexperiments,the
projectileslostsmallamountsofmassthroughabrasionandexperiencedrelativelysmalldeforma-
tions.Therefore,rigid-bodyaccelerationdataprovideameasurefornetforceontheprojectilenose
duringthepenetrationevent.However,mostexperimentalstudies[1-4]onlyprovidepenetrationdepth
versusstrikingvelocitydata,andaccelerationdataarelimited.ForrestalandLuk[5]reportedaccelera-
tiondataforsixexperimentsintosoiltargetswithpeakrigid-bodyaccelerationsofabout-1200g(ac-
celerationofgravity).ForrestalandFrew[6]reportedaccelerationdataforpenetrationintoconcretetar-
getswithpeakrigid-bodyaccelerationsbetween-6000gand-13000g.ZhouNing,RenHui-qi,et
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al.[7]reportedaccelerationdataforpenetrationintoreinforcedconcretetargetswithpeakrigid-body
accelerationsare-17500gand-25000g.Forthispenetrationtestswithconcretetargets,thepeak
rigid-bodyaccelerationsarebetween-12000gand-22000g.

Inthisstudy,weconductedpenetrationexperimentsthathadasingle-channelaccelerationdatare-
corderstructurallymountedwithintheprojectiles.Thus,wewereabletorecordlaunchaccelerationsin
theboreofthegunandaccelerationsduringthepenetrationevent.A100mmdiameterpowdergun
launched25kg,100mmdiameterprojectilestostrikingvelocitiesbetween310m/sand632m/s.While
theprojectilesusedinthisstudywerelargeenoughtocarryadatarecorderthatmeasuredacceleration
duringpenetration,the100mmdiameterguncouldendure525MPachamberpressure.

2 ExperimentalSystem
  Weconductedtwosetsofpenetrationexperimentsintoconcretetargetswithshapeof3m×3m×
3mand2m×2m×2m.TheTargets’averagecompressivestrengthis35MPa.Inaddition,150mm×
150mm×150mmcubeswerecastformaterialpropertiestests.TheprojectilesdimensionedinFig.1
hadanominalmassof25kg,andweredesignedtocontainasingle-channelaccelerationdatarecorder.
SchematicdiagramofaccelerationdatarecorderisshowninFig.2.Circuitmoduleismadeupofpow-
ercontroller,chargeenlargecircuit,instantsignalrecorderandinterface.Piezoelectricityacceleration
sensortransformaccelerationsignalintoelectricalsignal,thenchargeenlargecircuittransformthe
chargesignalintovoltagesignalandthissignalsavedbyinstantsignalrecorder.Afterexperiment,we
tookouttheaccelerationrecordersystemandlinkeditwithcomputer,thenwecanreadthelaunchac-
celerationsintheboreofthegunandaccelerationduringthepenetrationevent.

Fig.1 Projectilegeometriesandaccelerometerlocations

Fig.2 Schematicdiagramofaccelerationdatarecorder

Thetestset-upsketch-mapisshowninFig.3.Theexperimentalsystemincludeslaunchsystem,

projectileposetestingsystem,projectilevelocitytestingsystemandtarget.Wirenettingtargetwas
usedtotesttheprojectilevelocity,whiletheprojectileperforatedthewirenetting,thecircuitbecame
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open,multicenterrecorderautomaticallyrecordedthetimethateverycircuitcutoff.Sowecangetthe
projectilevelocitybyusingthespaceofwirenettingtargetdividedintervalofthetwocircuitcutoff.

Fig.3 Experimentalsystemsketch-map

3 ExperimentalResults
  Penetrationexperimentswithconcretetargetsthathadaveragecompressivestrengthsof35MPa
havebeenconducted.The100mmdiameter,666mmlong,ogive-noseprojectilesweremachinedfrom
42GrMsteelanddesignedtocontainasingle-channelaccelerationdatarecorder.A100mmdiameter
powdergunlaunchedthe25kgprojectilestostrikingvelocitiesbetween310m/sand624m/s.

3.1 ForrestalEmpiricalPenetrationEquation
  InRef.[8]Forrestal,Altmanetal.presentedempiricalconcretepenetrationequation.Ifthetar-
getstrengthparameterRisdetermined,wecanusethoseequationstocalculatepenetrationposition,
rigid-bodyvelocity,andaccelerationversustime.

Forceontheprojectilenoseisgivenby
F=cz            0<z<4r (1a)

Fz=m dvdt =-πr2(R+Nρv2
1) 4r<z<P (1b)

Where
R=Sfc (2)

S=82.6f-0.544
c , or S=72.0f-0.5

c (3)

WhereziscurrentpenetrationdepthandPisthefinalpenetrationdepth.Theprojectilehasdiameter
2r;massm;shapeparameterN;andthetargetisdescribedbydensityρandthetargetresistancepa-
rameterR.

Accelerationversustimeis
dv
dt =-ω~v0sin(ω

~t)                      0<z<4r (4a)

α=dvdt = -(πr2R/m)

cos {2 tan- [ (1 Nρ )R
1/2
v ]1 -πr

2

m
(RNρ)1

/2(t-t1 })
  4r<z<P (4b)

Rigid-bodyvelocityversustimeis
v=v0cos(ω

~t),                       0<z<4r (5a)

v (= R
N )
ρ

1/2 {tantan- [ (1 Nρ )R
1/2
v ]1 -πr

2

m
(RNρ)1

/2(t-t1 })   4r<z<P (5b)

Wherevisprojectilevelocity;v0isinitialprojectilevelocity.
Positionversustimeis

z=v0
ω~
sin(ωt)    0<z<4r (6a)
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Intheseequations

ω~2=c
m
, c=πrR4

(7a)

t1=cos
-1(v1/v0)

(πaR/4m)1/2
(7b)

v21=v20-4πr
3R

m
(7c)

Wherethet1isthetimeatz=4r.
Thoseequationshavebeenusedtocalculationthepenetrationdepthandpenetrationposition,rig-

id-bodyvelocity,andaccelerationversustimedata.

Fig.4 Comparisonofcalculateand
testpenetrationdepth

3.2 ResultAnalyze
  Table1showsasummaryofresultsforfive
experiments.ThefirstcolumninTable1givesthe
shotandprojectilenumbers,thesecondcolumnre-
cordsthemassoftheprojectile,thefourthcolumn
recordsthestrikingvelocity,thefifthcolumnre-
cordsthepenetrationdepthandthelasttworecord
themax.andmin.craterdiameter.Fig.4shows
thecomparisonofpenetrationdepthsgiven by
Eq.(6b)andmeasured.Thepenetrationdepthgiv-
enbyEq.(6b)islessthanthosemeasured,butthe
tendenciesofthecurvesareuniform.

Table1 Experimentalresults

ShotNo. m/(kg)
Pitchyaw
/(°)

v0/(m/s) PExp./(m)
dc/(m)

Max. Min.

1 25 0 310 0.59 1.32 1.02

2 25 0 387 0.76 1.77 1.03

3 25 0 455 1.12 1.81 1.60

4 25 0 468 1.18 1.77 1.33

5 25 0 624 1.71 2.21 1.35

Aspreviouslydiscussed,mostexperimentalstudiesonpenetrationarelimitedtofinalpenetration
depthversusstrikingvelocitydata.However,forthisstudy,weconductedpenetrationexperiments
thathadasingle-channelaccelerationdatarecorderstructurallymountedwithintheprojectiles.The
accelerationrecorderisdesignedtodigitizeandrecordaccelerationsduringlaunchandaccelerationdur-
ingpenetration.Afterthepenetrationevent,theprojectileisrecoveredfromthetargetandtherecor-
deddigitaldataareretrieved.ThroughFig.5wecanseethat,formostcases,thecalculationresultsare
ingoodagreementwiththerigid-bodyresponsesfortherisetimesandpeakplateauresponses.How-
ever,thecalculationresultsdeviatefromthedatatowardstheendofthepenetrationevents.

Sincetheprojectileslostsmallamountsofmassthroughabrasionandexperiencedrelativelysmall
deformation,rigid-bodyaccelerationdataprovideatime-resolvedmeasurefornetaxialforceonthe
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projectileduringthepenetrationevents.Theseacceleration-timedatarepresentthemajorcontribution
ofthisstudy,sowenowdiscusstheaccuracyofthesemeasurements.Weperformintegrationsofthe
acceleration-timedatatoobtainstrikingvelocityandfinalpenetrationdepth.Thus,wecancomparethe
measuredstrikingvelocitiesandanintegrationoftheacceleration-timedata,andwecancomparefinal
penetrationdepthwithadoubleintegrationoftheacceleration-timedata.Fig.6showssingleanddoub-
leintegrationsofaccelerationversustimeforpenetrationexperimentshotNo.3inTable1.Thesein-
tegrationscalculateastrikingvelocityof461m/sandpenetrationdepthof1.03m;whereas,thedata
inTable1give455m/sand1.12m.Theseintegrationsshowgoodagreementwithindependentmeas-
urements.So,thetestedacceleration-timedatareallyreflectedtheoverloadofprojectileduring
penetration.

    (a)v0=455m/s                   (b)v0=488m/s

Fig.5 Accelerationversustimedataandcalculated

Fig.6 VelocityversustimeanddisplacementversustimeintegratedfromshotNo.3

3.3 TheDamageEffectofConcreteTargetsatDifferentStrikingVelocity
  Fig.7showsthedamageeffectof2m×2m×2mand3m×3m×3mconcretetargetsatdifferent
strikingvelocities.Fig.7(a)andFig.7(b)are2m×2m×2m,whileFig.7(c)andFig.7(d)are3m×
3m×3m.ThestrikingvelocityofFig.7(a)is310m/s,Fig.7(b)is387m/s,Fig.7(c)is468m/s,

Fig.7(d)is624m/s.Concretetargetshaveaconicalshapedentrycraterfollowedbyatunnelwith
nearlythesameprojectilediameter.Allconcretetargetshavesymmetricalradialcrack.
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(a)                        (b)

(c)                        (d)

Fig.7 Post-testphotographsofconcretetargetsbydifferentvelocityprojectiles

4 Summary
  Weconductedpenetrationexperimentswith3m×3m×3mand2m×2m×2mconcretetargets
thathadanaveragecompressivestrengthof35MPaand100mmdiameter,4.0caliber-radius-head,

25kgprojectiles.A100mmdiameterpowdergunlaunchedthe25kgprojectiletostrikingvelocities
between310m/sand624m/s.Theprojectilesweredesignedtocontainasingle-channelacceleration
datarecorder.Thus,werecordedlaunchaccelerationsintheboreofthegunandaccelerationsduring
thepenetrationevent.Wecomparedthemeasuredpenetrationdepthsandacceleration-timedatawith
thecalculatedresultsusingForrestalformula.Thecalculatedresultsareingoodagreementwithrigid-
bodyaccelerationmeasurementsfortherisetimesandpeakplateauresponses.Thetestedacceleration-
timedataofprojectilescanbehelpfulfordevisingarmour-piercingprojectileanddefenseengineering.
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卵形头部弹丸侵彻混凝土的研究

周 宁1,任辉启2,沈兆武1,何 祥2,刘瑞朝2

(1.中国科学技术大学力学与机械工程系,安徽合肥 230026;

2.洛阳水利工程研究所,河南洛阳 471023)

  摘要:用头部曲率半径为4.0、直径100mm、质量为25kg的卵形弹丸对混凝土进行侵彻

实验,并测试了炮膛内和侵彻过程中弹丸的加速度时程曲线。实验用混凝土靶的抗压强度为

35MPa,密度为2450kg/m3,有3m×3m×3m和2m×2m×2m两种尺寸。测试弹丸发射

和侵彻过程加速度的记录系统刚性固结于弹丸内部。弹丸侵彻初速在310m/s至632m/s之

间,弹丸的峰值过载在12000g到22000g之间。实验后将测试的侵彻深度、侵彻过程弹丸的

加速度时程曲线与用Forrestal的理论模型计算得到的结果进行了比较分析。实验结果对认

识侵彻的整个过程和相关弹药的设计有重大意义。

  关键词:爆炸力学;侵彻;混凝土靶;卵形头部弹丸;加速度时程曲线测试
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