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ACCELERATIONSINTRANSPORT-AIRPLANECRASHES

a By G.MerrittPrestonandGerardJ.Pesman
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.Q Full-scaletransportairplaneswerecrashedexperimentallyto deter-

minethecrashloadsthatresultfroma varietyof crashevents.Itwas
concludedthatpressurizedtransportairplanescanwithstandhigh-impact-
anglecrashesandstillmaintainsurvivableareaswithinthefuselage.
Duringunflared-landingcrashesgreaterfuselagecrushingoccurredwith
high-wingthanwithlow-wingairplanes.Airplaneswithstrongfuselage
structuresthatdonotdeformandproducesharp,well-supportedplowing
edgeswillhaverelativelylowlongitudinalaccelerationduringcrashes
similartothosestudied.Normalaccelerationsexceedinghwnantolerance
canoccurincrashesinwhichmodestfuselagedamsgeoccurs.Withinthe.

q structuralrangerepresentedby theairplanescrashed,theconfiguration

E
oftheairplanehadlittleeffectonthenormalacceleration.

-.

INTRODUCTION

Eroblemsof @act survivalinairplanecrasheshavebeenstudied
intensivelyby vsriousresearchgroups.However,full-scaleacceleration
datahavebeenlackinginthisfieldof study.Suchdatahavenowbeen
obtainedby theNACAby a seriesofexperimentalairplanecrashes.

A studyofcrash-bpactsurvivalin lightairplanesisreportedtn
references1 and2. A similsrstudyforfighterairplanesisreportedin
reference3. Thisreportdiscussescrash-impactsurvivalintransport
airplanes.

Thedataforthisinvestigationwereobtainedby crashingfull-scale
airplanes.Threetypesoftransporta&planeswerecrashed.Onetwe
wasrepresentativeofpressurizedlow-wingtransports..Thesecondrepre-
sentedunpressurizedlow-wingtranports;andthethird,high-wingunpres-
surizedtransports.Theexperimentalcrashesstilatedtakeoffandlanding
accidentsthatinvolved“fusel.agedamagerangingfrommoderateto severe.
Landingortakeoffcrasheswerestudiedbecausetheyoccurat lowspeed
wherethechanceforsurvivaloftheimpactishigh. Accelerationswere
measuredby

●

accelerometersinstalledonthecabinfloor.

.
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Thecharacteristics
crashthatareimportant

—.
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.—
oftheaccelerationofthec~in floorduringa
to impactsurvivalarethepeakmaznitudeofthe

acceleration,thetimerequiredfortheacceleration-toatt~inpeakmag- n
nitude,andthetimedurationandthedirectionoftheacceleration.
Thedataobtainedinthisstudyprovideinformationonallofthese
characteristics.

CRASHPROCEDURE

Theprocedureusedfortheseexperimentalcrashesiscompletely
describedinreference4. Briefly,theprocedurewasto guidetheunmanned
airplanesalonga runwayundertheirownpowerintoa setof obstacles
designedtoproducethedesiredseriesofcrashevents.Theairplanewas
guidedby fasteningthenosewheelstrutorthemainwheelsto a guide
thatfolloweda steelrailplacedinthecenterofa pavedrunway.Only
enoughfuelwassuppliedtoruntheenginesuntiltheairplanereached
thecrashsite.Thispreventeda largecrashfire.

Thecrashsitewasarrangedsothatthedesiredsequenceof events
wouldresult.Forexample,ifanunflaredlandingwasdesired,thelanding “
wheelswerefirsttornoffby earthandtiniberabutments(fig.l(a)).The
airplanethenflewacrossa pitandontotheinclinedfaceofanearthen
mound(fig.l(b)).Variousanglesof impact(anglebetweentheairplane

●

trajectoryandground)couldbeobtainedbychangingtheangleofthe s:
mound’sface.

Ifa groundloopcrashwasdesired,onlyoneofthemainlanding
wheelswastornoff. Thewingtiponthesamesidewouldthenfalland
dragontheground.Thisoff-centerdragwouldgraduallyturntheair-
planearound.If itwasthoughtthewing-tipdragwouldnotturnthe
airplanerapidlyenough,additionalobstacleswereplacedinthewing!s
path(fig.l(c)).By similarmeans,a varietyof landingortakeoff
crashescouldbe simulated.

Astheairplanemovedacrossthecrashsite,high-speedmotionpic-
turesoftheactionwereobtainedfrmnseveraldirections(fig.l(d)).
Motionpictureswerealsotakenoftheeventsoccurringinsidetheair-
planeduringthecrash.Thesemotionpicturesweresynchronizedwith
eachotherandwiththerecordedaccelerationsby meansof a timingsystem.

Thecabin-flooraccelerationswererecordedbyeithera telemetering
ormagnetic-tapesystem.Inallcases,accelerationsweremeasuredin
directionsparalleltothethreeprincipalaxesoftheairplane.These
=e calledlongitudinal,lateral,andnormalaccelerations.

Theservice-wearyairplanesusedforthisstudywereprovidedby the -
militaryservices.Threetypesof airplaneswereused.Thetype —

.
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.
representinga pressurizedlow-wingtransportisshowninfigure2(a).
Thisairplanewasdesignedforhigh-altitudepressurizedflightandhas

* thegrossstructurecharacteristicofthisairplaneclass.Theairplane
showninfigure2(b]isrepresentativeof low-wingunpressurizedtrans-
ports.Thefuselagebellyandundersidesofthenacellesareapproximately
onthesamelevel,sothatincrashesinwhichtheairplanestrikesthe
groundwhilemovinginitsoriginaldirection,suchas inanunflmed
landing,theimpactforceswillbe takensimultaneouslyby thethreesur-

.. faces.:-, Sincethisairplanewasnotdesignedforpressurizedloads,its
:; structurewasquitedifferentfromthatofthepressurizedtransport.
3!

Theunpressurizedhigh-wingairplane(fig.2(c))isa cargo-carrying

i
airplanehavinganintegralfloorandbellystructurethroughoutthemain
fuselage.Thenosesectionofthefuselage,however,isa weakerstructure
coveringthefrontwheelandstrutandalsoservingasan aerodynamic
fairhg. Themainfuselagestructureissuspendedfromthewing. Ifthe
mainlandinggearfails,howev=,thefuselagestructwemustsupportthe

A entirewing,nacelle,andfuel-tankload.
o
2
g“ RESUZTSANDDISCUSSION
8

. AccelerationsinHorizontalPlane

Thevsri~lesina crashthattiecttheaccelerationssretheatti-
tudeoftheairplaneduringsuccessiveimpacts,theairplanestructure,
thevelocityoftheairplane,andthetypeof surfaceorobstaclesthe
airplanehits. Thesesrethefactorsthata fulltreatmentof crash-
@act loadsshouldcover.However,sincethe?mmiberofairplanesavail-
ablewasYdmited,theeffectsof impactvelocityandthetypeof surface “
werenotstudied.Therefore,onlytheeffectsoftheimpactattitudeand
theairplaneconfiguration-onthecrashaccelerationsinthehorizontal
planearediscussed.Accelerationsnormaltothehorizontalplaneare
consideredin a stisequentsection.

Effectof crashattitudeo~ longitudinalacceleration.- Duringa
crash,anairplanemayhitthegroundinmanyways. Thewaysthatwere
studiedinthisinvestigation

(1) The airplane
a straightpath.

(2)Theairplane

(3)Theairplane
verticalaxisas ina.

(4)Theairplane

strikes

Otrikes

sreasfollows:

anobjectorthegroundwhiletravelingin

obstacleswhilemovingsidewaysorbackwsrd..

slidesalongthegroundwhilerotatingaroundits
~oundloop.

tuuiblesandrollsas ina cartwheelcrash.
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Considerfirstthetypeofcrashinwhichtheairplanestrikesthe
groundwhiletravelinginitsoriginaldirectionasinanurxi?laredlanding.
Threelow-tingpressurizedtransportairplaneswerecrashedat anglesof
impactof 50,150,and290(anglebetweenairplanetrajectoryandground).
Sequencepicturestakenfrommotionpicturesoftheinitialimpactof
theseairplaneswiththegroundareshowninfigure3. Followingeach
setofpicturesaretheaccelerationdatarecordedonthefuselagefloor.

Ininterpretingtheaccelerationdataobtainedinthisinvestigation,
thehigh-frequencystructuralvibrationsareignored,becausevibrations
ofthisfrequencywouldundoubtedlybe dampedoutby theseatandits
occupant.Thefairedcurvessuperimposedovertheaccelerationtraces
eliminatethehigh-frequencycomponents.

Becauseofthelargenuniberofaccelerationtracesobtainedinthis
investigation,thepertinentinformationhasbeensummarizedandispre-
sentedintableI. Becauseoftheirimportancewithrespecttohuman
tolerance,themaximumaccelerationobtainedandthetimerequiredto
reachthismsximumareemphasizedinreviewingtheaccelerationdata.
Thedurationof anaccelerationisalsophysiologicallyimportant.Over
wideranges,variationsinthedurationofanaccelerationcansffectthe
hwnantolerancemarkedly.Withintherangeof durationsfoundinthese
experimentalcrashes,however,thehumantoleranceisnoteffectedsig-
nificantly;therefore,thevariationsinpulsedurationarenotdiscussed
extensivelyinthisreport.

Thelongitudinalaccelerationspresentedinfigure3(a)weremeasured
onthefuselagefloorata station270inchesfromthenoseofthepres-
surizedtransportduringthe50crash.The-impactspeedforthiscrash
was81milesperhour. A maximumaccelerationofonly2.5gtswasreached
0.190secondafternoseimpact.Thepuhe &stedabout0.3secondand
produceda velocitychangeof 10milesperhour.

Theaccelerationsresultingfromthefirstimpactoftheairplane
withthegroundinthe15°crashofthepressurizedtransport(fig.3(b))
wereobtainedatfourlocationsonthefuselagefloor(250,360,485,and
680in.fromtheairplanenose).Theseaccelerationsenduredforabout
0.22second,andtheaccelerationpulseswereapproximatelysinusoidal
in shape.Themaximumaccelerationmeasuredon thecabinfloorvaried
from11to 7 g’s,withan averageof approximate9.0g’s (fig.4(a)).
Thetimeatwhichthemaximumaccelerationontheflooroccurredvaried
from0.120to 0.125secondafternoseimpact}dependingonthelocation
intheairplane.Theimpactspeedofthiscrashwas93milesperhour;
theinitialimpactoftheairplanewiththegrounddecreasedtheairplane
velocity28milesperhour.

Inthe280crashofthepressurizedtra~??o~(fig~3(c))~accelera-
tionswerealsomeasuredatfourstations(185}335>490~and685ins
fromnose).Theseaccelerationsenduredfor.approximately0.23second,
resultingina velocitychangeof 50milesperhour. Theimpactspeed

.

-f

.

.

—

.
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forthiscrashwas97milesperhour. Themaximmaccelerationsare
plottedagainstairplanestationinfigure4(b).Themsximnnacceleration

. variedfkom22to 17g!s,theaveragemaximumaccelerationbeingQbout
20 g’s. Thetimeatwhichthesemaximumaccelerationsoccurredvaried
from00145to 0.155secondafternoseimpact.

Inorderto comparetheaccelerationsofthevariouscrashes,these
recordeddatawerecorrectedto a conmonimpactspeedof 95milesper
hourby assmingthatthemaximumaccelerationresultingfromthefirst
impactoftheairphnewiththegroundvsrieddirectlywiththeinitial
momentumandthuswiththeinitialvelocity.Thevariationof corrected
msximmnaccelerationwithimpactangleforthevariouspressurizedtrans-
portcrashesis showninfigure5. Thesedatashowthatthelongitudinal
accelerationincreaseswithincreasingangleof impact.Thistrendwould
probablycontinueup to an impactangleof 9(X,orupto theimpactangle
atwhichtheultimatecrushingstrengthofthefuselagestructurehas
beenreached.

A crashofthistypeofpressurizedairplaneatLouisville,Kentucky,
. permitsthedataobtainedinthisinvestigationtobe extrapolated.This

airplanecrashedat anestimatedangleof impactof 500andan iqact
velocityof 150mph. Theangleof impactwasestablishedby theCABduring

. itsinvestigationoftheaccident(ref.5). Theimpactspeedwasdeter-
minedlyflighttestssimulatingtheconditionofthecrashby Aviation
CrashInjuryResearchofCornellUniversity.Thenosesectionforward
ofthewingcollapsedcompletelyinthiscrash,asshowninfigure6.
Themaximumaccelerationresulti~fromthiscrash,calculatedby assuming
thestoppingdistanceshowninfigure7 (fromtheCABaccidentinvestiga-
tion)andalsoassumingtheaccelerationpulsetobe a halfsinewave,IS
47g’s. U?thesedatame correctedto95milesperhem, theuominal
impactspeedofthecrashesofthisinvestigation,a valueof 30g~sis
obtained.Thisdatapointindicatesthatthetrendshownby thedataof
figure5 continuesupto an impactangleof 500. Sincetheairplanethat
crashedatLouisvilleexperiencedan estimatedaccelerationof47 glsin
crushingthenosestructurebacktotheleadingedgeofthewingwithout
destroyingthelivingspaceaftofthewing,theultimatecrushingstrength
ofthefuselageis at least47g’s.

Thefuselagedistortionthatresultedfromtheexperimentalcrashes
ofthisinvestigationwasrelativelyminor.Duringthe50 crashthe
fuselagereceivedpracticallyno damage(fig.8(a)).Themajordamage
wastherippingoffoftheengines.Theholesinthesideofthefuselage
werecausedby flyingpropellerblades.Likewise,thedsmageinflicted
ontheairplaneinthe15°and29°crasheswasminor(figs.8(b)and c) .

[1TheIsrgeholesinthefuselageforesectionofthe15°crash(fig.8b)
werecausedby flyingpropellerblades-Themaximumaccelerationof 20b g~sinthe29°crashresultedindamagethatwouldnot~eopardizethe
ssfetyoftheoccupantsoftheairplane.Eventhecockpitwascompletely

.
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intact. Itmaybe concludedfromtheamountof crushingthatoccurred
●

inthe290crashthatthefuselagestructureofthisairplaneiscapable
ofwithstandingseverecrashesandstillmaintainingareasinwhichthe .
structuredoesnotcollapse.Theseareascanbe calledsurvivalareas.

Effectof crashattitudeon horizontalaccelerationsfromsideand
rear.- Theunflared-landingcrashesjustdiscussedsrenottheonly
~ of crashesinwhichtherearelargeaccelerationsinthehorizontal
plane.Therehasbeenconsiderablediscussionintheaircraftindustry
astowhetherhigheraccelerationsmaybe appliedfromthesideorthe ~
rearoftheairplaneincrasheswheretheairpl,.aneturnsaroundduring N
thecrashandthenstrikesanob~ectas ina groundloopcrash.

A measureofthelateralaccel~ationsthatmayoccurina groundtiop
crashwasprovidedby anexperimentalcrashofa low-wingunpressurized
transportairplane.Thiscrashisshownby theseqpencepicturesof’
figures9(a)and(b).Thefirstcrashimpactsimulatedtheunflared
landingsdescribedpreviously.Theimpactspeedoftheairplanewas87
milesperhour,andtheinitialangleofimpactwiththegroundwas12°.
Followingthisinitialimpact,theairplanereboundedintotheairand
theleftwingstrucka seriesofpoles.Theresultingoff-centerdrag

.

turnedtheairplaneuntilitslongitudinalaxiswasabout20°tothe
moundofearthlyingperpendicularto itspath. Theairplanestruckthis .“
moundwhilestillflyingthroughtheairandwasliftedabout2 feetin
passingoverit. Theplanethenlandedon itsbellyabout90feetbeyond “- “
themound.

Duringthiscrash,thetranslationalvelocityoftheairplanedropped
from87milesperhourjustbeforetheairplanenosehitthegroundin-
itiallyto 74milesperhourjustaftertheairplanebouncedintotheair
andtheleftwingtipfirststrucktheseriesofpoles.Thevelocityde-
clinedfurtherto 63milesyerhourastheairplaneturnedthroughan
angleof7@ whenthewingcontactedthepoles.Thesecondimpactof-the
airplaneoccurredatthisspeed(fig.9(c)).Thisindicatesthat15per- ‘
centofthetranslationalvelocityoftheairplanewasremovedby friction
ofthewingdraggingalongtheearthenmoundandby conversiontorota-
tionalvelocityinturningtheairplane.

Accelerationslongitudinal,normal,andlateralto theairplanes
axiswererecordedduringthiscrash.Thesedataareshownfollowing
eachpicturesequenceofthecrash(figs.9(a)and(b)).Datawerere-

—

cordedonthefuselagefloorat stations243and312inchesfromthenose
oftheairplane.Theaccelerationsexperiencedatstation312atthe
momentofthesecondimpactwiththewoundwere7 g’slongitudinally,
28gtsnormally,and17g’slaterally.Theaccelerationsforstation243
were7 g’slongitudinally,40g’snormally,and7 gtslaterally.Since
theairplanewasat ananglewhenithitthemound,theseaccelerations .

havebeenresolvedto componentsperallelwiththeflightpathofthe
.
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airplaneas itapproachedthemound.Thispermitsa comparisonofthe
resultingaccelerationwiththelongitudinalaccelerationoftheunflered-
landingcrashes.Theaccelerationsparalleltotheflightpathduringthe?
groundloopcrashwere19.0glsat station312and14.5g~sat station243.
Theangleof impactoftheairplanewiththemoundwasestimatedfroma
studyofthemotionpicturestobe about350.

Thesedataarecorrectedfroman impactspeedof 63milesperhour
to 95milesperhourandcomparedwiththoseoftheunflared-landing
crashes(fig.5] infigure10. Theaccelerationsthatresultedwhenthe
airplanestruckthebankwhilemetingsidewayswereessentiallythesane
or onlyslightlyhigherthanthosethatwouldhaveresultedfroman
unflsred-landingcrashatthessmeimpactvelocity.Thisresultoccurs
despitethefactthattheareaofcontactandtheresistanceto impact
loadsofthefuselagesidessrequitedifferentfromthoseofthefuselage
nose.Thatthishorizontalaccelerationcompareswiththatoftheunflared-
landingcrashesof comparableangleof impactmaybe purelyfortuitous.
Generalizationsbasedonthesecomparisonsarenotwarrantedin viewof
thelimiteddata.

. An appreciationofthevelocitythatmaybe dissipatedinrotating
anairplane1800canbe obtainedfromthegroundloopcrashof a fighter
airplane.A completediscussionofthiscrashispfilishedinreference“
3. Figuren(a) showssequencepicturesoftheactionandtheaccelera-
tionsmeasuredinthecockpitfloor.Duringthiscrash,thevelocityof
theairplanedroppedfrom107milesperhourwhenthenosefirsthitthe
groundto 60milesperhourwhentheairplanehitthemoundof esrthwhile
travelingbackwards(fig.ll(b)). Inthiscrash,45percentofthetrans-
lationalvelocitywasdissipatedby frictionorconvertedtorotational
energy.Whentheairplanestruckthemoundofearth,thepeakacceleration
inthehorizontalplanewasonly11g’s(fig.n(a)).

Thefactthatconsiderablevelocityis lostinturningan airplane
impliesthatsignificantforcesmustbe appliedto theairplaneto turn
it● IfthisforceisnotIerge,theairplanewillnotturn. Thecrash
showninfigure12(a)illustratesthispoint.Duringthiscrash,only
theleftlandinggearwasremovedatthewheelbarrier.Thisactiontipped
theairplanesothattheleftwingtipwasdraggingontheground.Despite
theforceexertedby thedraggingleftwingtip,theairplanedidnotturn
appreciablyuntilitsvelocityhaddr~ed from89to 43milesperhour
(fig.12(b)).Eventhentheairplaneonlyveeredinitsdirection.The
lasthalfofthetotalrotationoccurredaftertheairplanespeedhadde-
creasedto about8 milesperhour.

Anotherwayinwhichcrashloadscanbe appliedfroma direction
otherthanthefrontisina cartwheelcrash.Sucha crashisreported

* inreference3. Sequencepicturesandtherecordedaccelerationofthe
crashareshowninfigureI-3.Theaccelerationsthroughoutthiscrash

.
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werelowfromalldirectionsbecauseofthewheel-likerotationofthe .

airplane.Themaximumaccelerationrecordedwas12gls.

In orderto obtainmoreinformationonthemgnitudead direction “
of crashloadsatithepercentageof crashesinwhichloadsfromthevar-
iousdirectionsoccurredinactualaccidents,a studywasmadeofabout
100CABAccidentInvestigationReportsthatwereselectedatrandom.The
descriptionsofthecrasheswerestudiedcarefully,andthedirectionand
magnitudeofthecrashforceswereestimated.Themagnitudesofthecrash
forceswereclassifiedinthefollowingmanner: –i!r

(1)

(2)

(3)

(4)

(5)

The
studyis

No appreciableimpactforce ;

Seatslightlyloadedas inbellylanding

Someseatfailures

Allseatscollapsedortornloose

Someoccupantskilledby cabincrushing

resultsofthis’studyaxeshowninfigure14.
.

Althoughthis
basedupon= approximateestimateof thecrashforces,the

resuitsshowconclusivelythatthemajorityof severecrashimpactsoccur .
in crasheswhiletheairplaneismovingnoseforward.Therewereno loads
fromthefrontoftheairplaneinonly2 percentofthecrashes;whereas
in55percentofthecrashestherewereno loadsfromtheside,andin94
percentofthecrashestherewereno loadstiomtherearoftheairplane.
Conversely,therewereno crashesinwhichsevereimpactforceswere
appliedfromtherearoftheairplane,andin only6 percentofthecrashes
weretheresevereloadsfromtheside(categories(4)and(5)ofpreceding
forceclassification);butseriousimpactforcesfromthefrontwerefound
in39percentof thecrashes.6incethemostseverecrashimpactsoccur
ina crashwhiletheairplaneismovingnoseforward,theseatsshouldbe
designedtohavetheirmaximumstrengthinthisdirection.

Althoughthisstudywasbasedona limitednumberof accidentreports,
andaccidentshaveoccurredthatwerenotincludedinthisstudywhichhad
largecrashforcesfromtherear,theresultsofthestudydo showcon-
clusivelythatsmallercrashloadswouldbe expectedfromthesideand
rearoftheatiplane.Thisisconsistentwiththeconceptpresentedprevi-
ouslythatconsid=ableenergyislostin turningtheairplanes.These
crashaccidentdatathereforesupporttheviewthat,inmostairplane
crashes,theairplanefirststrikesina directionparallelto itslongi-
tudinalaxisandisapttoreceiveitsgreatestaccelerationwhenloaded
inthisdirection.

Effectofairplaneconfigurationonhorizontalaccelerations.- The
effectof crashattitudeonthecrash-i~acthazardhasbeenshown.The

.

generalarrangementofthemajorairplaneco~onentswithrespectto each
other(theairplaneconfiguration)alsohasan affect.Theairplanecon- .–
figurationinfluencesthedegreeof fuselagecrushingthatoccursduring



NACATN 4158 9

.
a crash,andit canalsoaffectthelongitudinalaccelerationsthatre-
sult. Theconfigurationoftheairplanescrashedinthisinvestigation

. variedfromthatof thehigh-wingunpressurizedtransport,whichhades-
sentiallyan aluminumboxsuspendedbelowthewingfora fuselage,to
thatof thelow-wingpressurizedairplane,whichhada strongfuselage
designedto resistpressuri.zingforces.Comparisonof similarcrashes
withthesevaryingairplaneconfigurationswillindicatetheeffectof
winglocation,fuselagedesign,andfuselagestrengthonthecrashaccel-
erationandfuselagecrushing.

Theeffectofwinglocationintheverticaldirectioncanbe seenby
comparingthedatafromcrashesof thehigh-wingandthelow-wingunpres-
surizedtransportsat about160impactangle.Thewingofthehigh-wing
airplanewithitselevatedmass,includingthepowerplantsandfuel,pro-
ducesa largecrushingforceonthefuselagestructureduringthecrash.
Thewingof thelow-wingtransport,however,strikesthegroundfirst,so
thatthefuselagestructurestopsonlyitsownmass. Thecrushingforce
onthefuselageof thelow-wingairplaneisthereforemuchsmaller.Com-
parisonof thecrushingforthesetwocrashesshowsthatthehigh-wing
airplanefuselageis seriouslycrushed,thecargo-compartmentfloorand

. theweaknosesectionbothcollapsingetiensively(fig.15(a)).Ina

8
similarcrash,thefuselageofthelow-wingtransportwashardlydamaged
(fig.15(b)).Thelow-wing-transportiqact speedwas109milesperhour,

. whereasthatof tiehigh-wingairplanewasonly91milesperhour. The
differencein fuselagedamageisdueprimarilyto thecollapsingload
appliedby thewingofthehigh-wingairplaneonthefuselagebellywhen
it strikestheground.It canbe expected,therefore,otherconditions
beingsimilar,thata high-wingairplanewillbe morelikelyto crush
itsoccupantswheninvolvedina crash.

Theforeandaftlocationof thewingstructurein low-wingairplanes
alsoaffectsthepmsibilityof crushingtheoccupants.Ifthewingstruc-
tureandnacellesarelocatedwellforwardonthefuselagead theangle
of impactisnottoosteep,thewingstructurewillstriketheground
first.Theairplanewillpitchupandslidewithoutcrushingthefuselage
appreciably.Ifthefuselageextendswell.aheadof thewingstructure,
thentheforepartof thefuselagemuststopthewholeairplane,aswas
thecaseforthehigh-wingairplane.Ifthefuselagestructureisweak,
thefuselagemaycrushbackto thewing.

TheL8° unflared-landingcrashof theunpressurizedlow-wingtrans-
port(fig.15(b))andthe15°crashof thelow-wingpressurizedtransport
(fig.3(b)) Illustratethekinematicsjustdiscussed.As shownpreviously
inthecrashof theunpressurizedairplanethewingshitthegroundfirst
andthefuselagedidnotcrush(fig.15(c)~.In thecrashofthepres-
surizedtransportalsoshownpreviously,thefuselagenosestruckthe
groundfirst;however,becauseof itshighstrength,thefuselagewasnot. crushedexcessively.Ifthefuselagestrengthhadbeencomparableto that
of theunpressurizedairplaue,thefuselagewouldprobablyhavebeen

. crushedextensively.
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.
Thelongitudinalcrashaccelerationsmayalsobe affected.by thecon-

figurationoftheairplane.Anyairplanedesignfeaturesthattendto
producesharpedgesorprojectionssupportedby strongstructurethat~an
plowintothegroundmayincreasethelongitudinalaccelerationsduring ““
a crash.Conversely,anydesignfeaturethathelpstomaintainsmooth
planingsurfaceswilltendtoreducetheacceleration.Thefuselageof
thehigh-wingairplaneprovidesanexampleofa designthattendsto in-
creasetheaccelerations.Thenosesectfonoftheairplaneisessentially
a fairingthatcarriesonlyaerodynamicloads(fig.2(c)).Eowever,the
fuselagefloorstructureproperismuchstrongerbecauseoftheintegrated
foreandaftkeelandcargofloorstructure.DuYingthe16°unflered-
landingcrash,thenosesectioncrumpledbackuntilthesharpfrontedge
ofthefloorstructuredugintotheground..<Duringthiscrmrpllngof soft
structure,thelongitudinalaccelerationgraduallyincreased.Whenthe
floorstructurehittheground,a peakofabout15glswsssustained
intermittentlyforabout0.05second(fig.15(a)).Relativelyhighac-
celerationswerealsoobtainedduringthe4:high-wing-airplanecrash
(fig.16). Inthiscrash,anaccelerationof6 gfswasobtained,compsred
with2.5gtsforthe5°crashofthelow-wingpressurizedtrausport(fig.
3(a)).

The160-impact-anglecrashofthelow-wingunpressurizedtransport
providesanexampleinwhichthefuselagedidnotcrush.However,sharp
plowinge~es wereformedby therelativelystrongenginenacellesthat
plowedtheground.Theaccelerationinthiscrashreachedpeekvaluesof
15and13g’sforstation243and312,respectively(fig.15(b)).These
valuesareapproximatelythesameasthoseobtainedinthe16°high-wing-
airplanecrash(fig.15(a)).However,thehigh-wipg-trans~ortimpact
speedwas18milesperhourslowerthanthatofthelow-wingtranspor~.-

Thepressurizedairplanewithitsstrongfuselagestructureinrela-
tiontotheairplaneweight,ontheotherhand,retaineda comparatively
smoothplaningundersurfacewhensribjectedto a 150crash(fig.8(b)).
Whenthenoseoftheairplanehittheground,Itdidnotcrushappreciably.
Instead,theairplanepitchedup andslidon itsbellyupthehill. Since
therewerefewsharpedgesplowingthegro~d,themsximumaccelerations
obtainedatfourlocationsontheflooraveragedonly9 g’s (fig.4(a)),
comparedwith15g’sforthelow-wingunpressurizeda&plane. Evenwhen
thepressurizedtransportwascrashedat anangleof impactof 29°,the
destructionofthefuselagenosewasminor,sothattherewasa relatively
smoothplaningsurface(fig.8(c)).Theaccelerationsinthiscrashwere
lowconsideringtheangleofimpactofthecrashjthepeakacceleration
averagedonly20g’s (fig.4(b)).

.-

Anothercrashinwhichtherewasverylittleplowingoftheground
wasthelow-wingunpressurized-transportcrashat 12°angleof impact
(fig.9(a)).Inthiscrash,thewing’structurehitthegroundfirstand
thenacellesdidnotplowtheground..The-accelerationmeasuredonthe

!’

.

.—
.

—

.

.
.
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.
fuselagefloorwasonly3.5g~s. Theimpactspeedofthecrashwas87
milesperhour.

.-
Infigure17theaccelerationdatadiscussedarecorrectedto a common

impactspeedof 95milesperhourandsuperimposedonthedataoffigure
5. Thelow-wingunpressurizedtransportinthe120-crashimpacthadthe
leastplowingandthesmallestaccelerationatthis@act angle.The
threepressurizedairplanesalsoshowrelativelysmallaccel~ationsbe-
causetheplowingactionalsowasminor.Somewhatmoreplowingoccumed
inthe160low-wingunpressurized-airplanecrssh,becausethenacelles
plowedtheground.Theresultingaccelerationwasgreaterthanthatfor
thepressurized-airplanecrashes.Thegreatestaccelerationsoccurred
duringthehigh-wingunpressurized-tiansportcrasheswhenthesoftnose
structm?eoftheairplanecrushedagainstthefIoorstructureandthe
sherpedgesplowedintotheground,as inthe4°and16°crashes.

Thedataobtainedduringthecrashesofthefighterairplanesin
reference3 arealsoincludedinfigure17. Fourunflsred-landingcrashes

M weremadeat anglesofimpact4°,I_@,220,and270. Theimpactspeedin
8D allcaseswasapproximately110milesperhour. Thedataforthefighter. crashesfallwellabovethedataforbothlow-wingtransports.However,

8
thedataforthefightercrashesshowalmostthesamerelationasobtained
withthehigh-wingunpressurizedtransport.Extremelysevereplowingof
thefuselageoccurredinthesefightercrashes.Theairplanehada nose
fairinginfrontofthecockpitsection.Thisnosefairingbrokeoffin
thethreehigherimpactcrashesandwasdeformedinthegroundloopcrash,
inwhichtheinitialangleof impactwas4°. Thisexposeda verysharp
plowingedgethatwassupportedby thestrongcockpitstructure.Sequence
picturesofthesecrashesareshowninfigues 11(a)and18.

The~eement betweenthedataforthefighterandhigh-wingtransport
airplanesis interesting,becauseitSuggeststhatthesizeoftheairplane
doesnothavea majoreffectindeterminingtheaccelerationsthatresult
froma crash.Bothoftheseairplanesdevelopshsz’pplowingedgesduring
crashthataresupportedby strongstructure.Inorderto sayconclusively
thatthesizeoftheairplanehasnoeffect,itwouldbe necessaryto
establishthatthedegreeofplowingwasthesameforthefighterandthe
high-wingairplanes.Thisisnotpossible>fornomeasureofthisvariable
wasobtainedinthisinvestigation.Inspectionoftheairplane-e for
thefighterandhigh-wingairplanesshowed,however,thattheybothpre-
sentedmajorstructuralmembersthatservedaaplows.Itappearsthat
theseplowingmetiershavea sizeandstrengththatareproportionalto
theweightoftheairplane.Theresultingaccelerationsofthetwoair-
planesthereforetendedtobe thesamedespitethedifferencein size.

Inregardtothisconclusionitis necessaryto distinguishbetween
. theaccelerationresultingfromimpactwithground-supportedobstructions

suchastreesandbouldersandtheaccelerationresultingfromimpactwith

.
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thegrounditself.Whileplowingofthegroundprovidesaccelerations
thatarerelatedtothestrengthoftheplowingelement,theacceleration
thatoccul%whentheairplanestrikesground-supportedobjectsisrelated
tothestrengthoftheseobjectsorthestreryjthofthelocalairplane
structurethatcontactstheobstructions.Fora givenground-supported
objectthatbreaks,theairplaneaccelerationwilldeclineasthemass
oftheairplaneincreases,sincethebreakingforceisconstant.Ifthe
ground-supportedobstacledoesnotbreak,thentheaccelerationwillde-
pendonthestrengthofthelocalairplane~tructur~incontactwiththe
obstacleandtheweightoftheairplane.No generalrulegoverningthe
relationbetweenairplaneweightandaccelerationcanbe statedunder
thesecircumstances.

Inrelationtotheeffectofsizeoftheairplane,somefurther
dataofinterestwereobtainedwith12CX1-potindcub-typelightairplanes
(ref.1). Theseairplaneswere crashedintoa 550slopeat speedsof 60,
47,and42tilesperhour. Sequencepicturesofoneofthesecrashesare
showninfigure19. Iftheresultingaccelerationsarecorrectedto 95
milesperhour,accelerationsof 48and50g!sareobtainedata 550angle
of impact.Thesedatapointsarealsoplottedinfigure17. Theseaccel-
erationsshowthesamegeneraltrendthatwasobtainedwithmuchbigger
airplanes.

Shapeanddurationof longitudinalaccelerationpulses.- Theaccel-
erationpulsesrecordedduringthisinvestigationas a resultofthefirst
iqactoftheairplanewiththegroundmaybe representedapproximately
by a halfsinewave. Thedurationofthesepulsesappearstohavea random
nature,whichmakesanalysisdifficult.Thedurationsofthepulses=e
listedintableI. Thesedurationsvaxyfromabout0.1to 0.3second.
As longastheaccelerationina crashislessthanthehumantolerance
limitforseverein@ry,asindicatedinreference6,thisvariationin
durationisof littleconsequence.Iftheaccelerationexceedstheh-n
tolerancelimits,undoubtedlythisvariationindurationwouldhavean
effectontheinjuryreceived.

Concludingremarksonhorizontalacceleration.- Fromthedatapre-
sentedoutheeffectof airplaneconfiguration,itmaybe concludedthat
thelocationofthewingisimportantinreducingboththedegreeof
fuselagecrushingandtheaccelerationthatresultfroma crash.High-
wingairplanesthathaveweakfuselage-structuresmaybe crushedexten-
sivelydtiinga crash.Ifthecabinstructureismadestrongerbuta soft
nosestructureisretained,thecrushingmaybe reducedbuttheaccelera-
tionmaybe fairlylsrgebecauseofthelargeplowingedgethatmaybe
formedondestructionofthenose. Incontrhst,ifthestructurethat
initiallyhitsthegroundisstronganddoesnotcrushextensivelyduring
thecrash,sothata relativelysmoothplaningsurfacer&iains,relatively
lowlongitudinalaccelerationwillresult.

.

.

—
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.
Oneofthemanyconsiderationsrequiredfortheselectionof a design

accelerationforseatsandtheirattachmentsisa knowledgeofthemaximum
accelerationtheairplanecanwithstand.. Unfortunately,thecrashesof
thisstudywerenotsevereenoughto indicatethemaximumstrengthofthe
pressurizedtransportairplane.However,”duringthe29°pressurized-
transportcrasha maximumof 20gfswasrecordedOK!thefuselagefloor,
yetonlyminordamageto thefuselageresulted.Theairplanecanobviously
withstanda moreseverecrashwithoutcrushingtheoccupiedcompartments.
Duringthecrashofthesametypeof airplaneatLouisville,Kentuc@,
whichcrashedatanestimatedimpactangleof 500anda speedof 150miles
perhour,livingspaceremainedintheaftpartoftheairplane.

Inconcludingthisdiscussionofaccelerationinthehorizontalplane
oftheairplaneitmustbepointedoutthatthedatapresentedhereinare
fortheaccelerationoftheflooroftheairplane.Theaccelerationof
theseatanditsoccupantmaybe ofthesamemagnitude,or ofgreater
or lessmagnitude,dependingon thedynamicresponseof theseatandre-
strainingharness.Thisisalsotrueforthenormalaccelerationsthat
arepresentedinthenextsection.

.

NormalAccelerations

!Themagnitudeofthenormalaccelerations(perpendicularto lateral
andlongitudinalairplaneaxes]frompointtopointinthefuselageofan
airplaneduringa crashvariesconsiderablydependingonthemotionofthe
airplane.Iftheairplanestrikesa surfacein a mannersimilarto an
unflaredlanding,theimpactwillpitc~thefuselageup andforcethe
airplaneto rotateabouta lateralaxis.Thispitchingmotionwillaffect
thenormalaccelerationsfrompositiontopositioninthefuselage.Such
pitchingmotionwaspresentintheseexperimentalcrashes.It ispossible
thereforeto obtainan indicationof itseffectonthevariationofthe
normalaccelerationwithpositionintheairplane.

Themotiondescribedcanbe seeninfigures3(b)and (c). Thesuc-
cessionofphotographsshowsthatineachcrashthenoseoftheairplane
isdeflectedupwardandthefuselageappearstorotateabouta lateral
axis.Thisactioncontinuesuntilthepathoftheairplaneisparallel
totheslopeoftheground.Studyofthisactionin slow-motionpictures
showsthatthetrajectoryofthefuselagenosechangesmorerapidlythan
thatof otherpartsoftheairplane.Thiseffectcanbe seeninfigure20,
whichshowsa plotofthetrajectoryof a pointontheaftpartofthe
fuse~e andtheangleofthefuselagelongitudinalaxisto thehorizon.
Becauseofthisrotation,thenormalaccelerationshouldbe thegreatest
attheimpactpointandshoulddecreaseasthedistancefromtheimpact
pointincreases.

.
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Thenormalaccelerationsmeasured
150and29~crashesofthepressurized
and(c).Thevariationofthemaximum

NACATN 4158

inthefuselagefloorduringthe .
transportareshowninfigures3(b)
normalaccelerationwithdistance

fromtheimpactpointontheairplaneisshowninfigure21. Inth@-290 .
crashata point460inchesfromtheimpactpoint,thenormalacceleration
wasonlyabouthalfthatwhichoccurredata point155inchesfromthe
impactpoint.Intheforwardpartoftheairplanetheaccelerationde-
creaseslinearlywithdistancefromtheimpactpointasa resultofthe
rotationoftheairplane.Theaccelerationfartheraft,655inchesfrom
theimpactpoint,doesnotdecreaselinearly.Theaccelerationatthis $
aftstationis largerbecausethetailoftheairplanehitthelevelground ‘~
atthefootoftheslopeandstoppedtherotationofthesfrplane(fig.
20).

Thesamedecreaseinnormalaccelerationwithdistancefromtheimpact
pointwasnotedinthe15°crashofthepressurizedtransport.Thedata
forthiscrasharealsoshowninfigure21. Eowever,thegeneralslope
ofthelineis lessthanforthe29°crash.

Effectof crashangleof impactonnormalacceleration.- An indica-
tionoftheeffectof impactangleonthenormalaccelerationcanbe .
obtainedby cross-plottingthedataoffi~e 21atvariousdistances
fromthe@act point,asinfigure22. Thenormalaccelerationincreases
astheanglebetweentheairplane’spathandthesurfaceit strikesbe- .
comesgreater.Theappendixtothisreportshowsthatthisrelationwould
be expectedto continueup to animpactangleofabout350,asa resultof
therelationbetweentheplowingandfrictionforces.Beyondthisangle
thenormalaccelerationdecreases.At anangleof ~out 730thenormal
componentagainbecomeszero.Atthispointtheresultantofthe
forcesnormalandparalleltotheinclinedsurfaceisinlinewiththe
trajectoryoftheairplane.Therefore,thereisnocomponentofthe
forcetendingtoraisetheairplane.

Thedataoffigure22alsoshowthatthenormalaccelerationincreases
.

morerapidlyintheforwardpartoftheairplaneastheimpactanglebe-
comessteeper.Thecurvesindicatethatat animpactangleof3@ the
normalaccelerationis23g’s200inchesfromtheimpactpoint,butonly
11g’s600inchesfromtheimpactpoint.

Thelargestnormalaccelerationthatwouldbeexpectedincrashesof
thepressurizedairplaneusedinthisinvestigationcanbe obte.inedby
cross-plottingthedataoffigure22at350angleof impact,asinfigure
23. Thecurveindicatesthatthefloorin-aforwardpartoftheairplane,
lessthan300inchesfromthepoint
accelerationsgreaterthan20g’s.
anteswithoutinjury(ref.6). The
of impactwouldnotbe subjectedto
crashes.

of i~act,willb= exposedto normal-
Suchaccelerationsexceedhumantoler-
flooraftof 300inchesfromthepoint
accelerationexceeding20g’sin .
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.
Effectof airplaneconfigurationon normalacceleration.- Theair-

planeconfigurationmaytifectthenormalaswellasthelongitudinal
. accelerations.Infigure24themaximumnormalaccelerationsobtainedin

thecrashesofthehigh-andlow-wingunpressurizedairplanes(figs.9(a),

1
9(b),15(a),15(b, and16)areco?ibinedwiththedataforthepressurized
airplane(fig.21 . Thesedata,whicharecorrectedto an impactspeed
of 95milesperhourinthesamemanneraswerethelongitudinalacceler-
ations,indicatethattheimportantvsriablesaffectingthenormalaccel-
erationexeangleof impactanddistancefromtheimpactpoint.Theair-
planeconf@urationappearstohavea relativelyminoreffectuponthe
norumlaccelerationinthecrashesstudied.Exceptfortheonedata
pointforthe4° crashof thehigh-wingtransport,thedataareconsistent
withthefamilyof curvesshowninfigure22. Thedataforthe4° crash
of thehigh-wingairplaneareslightlyhigherthanthoseindicatedforthe
4°curve.Thedataforthe16°crashof thehigh-wingairplaneare
slightlyhigherthanthoseobtainedinthe150crashof thepressurized
airplane,aswouldbe expected.Thedataforthe12°and16°low-wing
unpressurized-airplanecrashesalsofallreasonablywellinlinewiththe
dataforthepressurizedairplane.

. Fromthedatapresentedintheprevioussectionsit isapparentthat
moderntransportairplanesarecapsbleofwithstandingnormalaccelerations
withoutextensivefusehgecrushingthatsrehigherthanthehumanbody.
cantoleratewithoutseriousinjuryorfatalities.Thisisparticularly
truenearthepointof impacton the airplane.

Shapeanddurationof normalaccelerationpulses.- Theshapeofthe
normalaccelerationpulsesontheflooris quiteirregulsm,andthese
pulsescannotbe representedsimplyasthelongitudinalpulseswere. The
accelerationas a resultofthefirstimpactoftheairplanewiththe
groundhasseveralpeaks.Thedurationofthepulsesis alsodifficult
to determinebecauseoftheirregularityofthepulses.Approximateval-
uesforthedurationofthepulsessrelZstedintableI. Theduration
ofthenormalpulsevariesovera relativelynsrrowrange. Valuesfrom
about0.07to 0.35secondwereobtained.Thissmallrangewouldbe of
littleconsequenceas longas theaccelerationsarelessthanthehuman
tolerancelimitsforsevereinjury.

CONCLUSIONS

I?YomthedataofthisInvestigation,
be drawn:

thefollowingconclusionscan

1.Pressurizedtransportairplanescanwithstandhigh-impact-angle
crashesand-stillmaintainsurvivablesreaswithinthefuselage.Dlming

. the29°unflsred-landingcrashofthisinvestigation,a maximmof 20g~s
longitudinalaccelerationwasrecordedonthefuselagefloor,andonly
minordamagetothefuselageresulted..
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2.Duringunflared-landingcrashes
occurwithhigh-wingthanwithlow-wing

NACATN 4158

.
greaterfuselagecrushingwill
airplanes.

3.Airplaneswithstrongfuselagestructuresthatdonotdeformand
.

producesharp,well-supportedplow3.ngedgeswillhaverelativelylow
longitudinalaccelerationduringcrashess@ilertothosestudied.

4.Normalaccelerationsaregreatestpearthepointof impactofthe
airplanewiththeground.

j
5.Normalaccelerationsexceedinghumantolerancewithoutinjurycan n

occurincrashesinwhichmodestfuselagedamageoccurs.

6.Theconfigurationof’theairplanehadlittleeffectonthenormal
accelerationsmeasuredinthisstudy.

—

IewisFlightPropulsionLslmcatory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,November13,1957
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.
APPENDIX- VARIATION

. IQNGITUDINAL

Thecrashdatapresented

F~C!ESIWXMALTO

(E’IMPACT

inthisreportindicatethatthemagnitude
ofthecrash-iqpactforcesnormalto theplaneofthelongitudinaland
lateralaxesvarieswithimpactangleandwfthlocationintheairplane.
However,therangeof impactanglesinthecrashdataisnotadequateto
indicatethe@act angleatwhichthemaximmnnormalaccelerationoccurs
andthegeneralrelationbetweenimpactangleandnormalacceleration.
It isthereforedesirableto obtainan indicationofthisrelation
analytically.

Thesimplifiedcrashsituationshownby figure25isanalyzed.The
pathoftheairplaneisassumedtobe horizontal.Thelongitudinalsxis
oftheairplaneisalsoassmnedtobe horizontal.A surfaceinclinedat
an angle i withthehorizontalliesinthepathoftheairplane.The
angle i isthusalsotheangleof impactoftheairplanewiththeground.
It Isfurtherassumedthatthemassoftheairplaneisconcentratednesr
thepointontheairplanethatfirsttouchestheground.Thisassumption
isonlya grossapprobation,becauseduringthecrashesstudiedstifi-
cientmomentwasappliedtotheairplaneat impacttorotateit abouta
lateralaxis.However,sincethisanalysisistobe usedonlytomakea
shortextrapolationofthedataobtained,thisassumptionisbelievedto
be justifiedforsimplicity.

Whentheairplanestrikestheinclinedsurface,aerodynamic,
crumpling,resilient,friction,soilcompression,andplowingforceswill
changethepathoftheairplaneuntilitis slidingparallelto thein-
clinedsurface.Theaerodynamicforcesareassumednegligibleandsre
disregardedinthisdiscussion.It isfurtherassumedthatairplane
crashesofthetypebeingdiscussedereessentiallynonelasticandthere-
foretheresilientforcescangenerallybeneglected.Theforceof SOil
compressionandtheforceof crumplingthefuselagestructureareequal
andopposite.Consequently,onlythecrumpling,plowing,andfriction
forcesareconsideredinthisdiscussion.

Therelationofthecrmnplingjplowing,andfrictionforceswith
respectto thelongitudinalaxisoftheairplaneis shown”irifigure25.
Becauseofcontactbetweentheinclinedsurfaceandthefuselagestruc-
ture,thefuselagewillcollapseanddecreasethevelocitynormaltothe
inclinedsurface.It isassumedforthisdiscussionthatthisforcecan
be expressedbytherelation

Fm = ascAc
.

.
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where Fn~ istheforceperpendicularto theinclineds~facethatcrum-
.

piesthefuselagestructure,Sc isthedistancethefuselagecollapses
perpendiculartotheinclinedsurface,a isthecoefficientof compres- ,
sionofthefuselagestructure,and Ac isthefuselageereaincontact
withtheinclinedsurface.

Inadditiontotheforcenormalto theinclinedsurface,therealso
willbe plowingandfrictionforcesparalleltotheinclinedsurface.As
theairplaneslidesforward,thesoilaheadoftheairplanewillbeplowed
by projectingpartsoftheairplanestructure.Plowingofthesoilthus g
introducesa forceparalleltotheinclinedsurface.Thisplowing-force N
dependsuponthecross-sectionalareaofthefurrows.It isassumedthat
theplowi-~force

where ~ isthe
theplowingforce

paralleltotheinclinedsurfacecanbe expressedas —

Fps(plowing)= @’p

cross-sectionalareaoftheplowedfurrowsand p is
perunitarea.

Thefrictionalforceresultingfromtheslidingofthefuselageskin “
onthematerialoftheinclinedsurfaceisgivenby therelation .-

.
‘ps(friction)= @’ns

where P isthefrictioncoefficientforaluminumslidingonthematerial
ofwhichtheinclinedsurfaceiscomposed.

Thetotalforceparalleltotheinclinedsurfaceisthenthesumof
theforcesjustdescribedor

Fps‘Fps(plowing)‘Fps(friction)= @p + ~ns

Substitutingequation(1)for Fns gives

FPS= @p +~C& (2)

Theforcesperpendicularandparalleltotheinclinedsurfaceeach
havecomponentsnormalto a planeincludingthelongitudinalandlateral
sxesoftheairplane.It istheeffectof impactangleuponthismsximum
normalforcethatistobe determined.Fromfigure25,it canbe seen
thatthisnormalforceiscomposedof componentsoftheforcesnormaland
parallelto theinclinedsurface.Thi~forcecanbe statedas

Fna= FnsCOSi -Fpssini (3} .

.
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. Substitutingthevaluesfortheforcesnormalandparalleltotheinclined
surfacefromequations(1)and(2)inequation(3)gives

.
Fna~ ~c& cosi - (up + VQ%&)sin i (4)

ThedistancethefuselsgecollapsesSc ineqyation(4)dependsupon
thekineticenergyoftheairplanenormaltotheinclinedsurface.The
kineticenergynormaltotheinclinedsurfaceisdissipatedincollapsing
thefuselagestructureandcompressingthesoilunderthefuselage.The
kinetic-energylosscanthereforebe equatedto theworkdoneincollapsing
thefuselagestructureandcompressingthesoil,

where

Ad M massof airplane
$Q vu initialvelocitynormalto inclinedsurface.

8 FCO?Q forceof compressionof soil
.

%3 distancesoiliscompressednormalto inclinedsurface

SinceFns=Fcow,

where % =s c + Ss. SinceFM = ascAc,

;Mv:= r ascAcd8T

SinceFc_ = @~Ac,where ~ isthecoefficientof soilcompression,
and FM = Fcoq, then

Ctsc= pss

Cu3c

‘c= ‘T - ‘S = % ‘—P

.

.

ST
Sc=

1+;
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Then
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Integratingandassumingappro~riateaveragevaluesfor &, a,and ~
thatarethereforeconstantyield

.

.-

Since ST= Sc (1+ ~),and V*= V sini,

r 11/2
=V ldM’

‘c aAcl+;

Substitutingthisvaluefor s= in
collectingtermsgive

sini

eqpation(4),clearing,and
.

.

()G ()UACM 1/2vvsin2t
F—na= vsinicosi- ~sini-—

1+; 1+; (5)

Thisequationgivesthemaximumforcethatwillbeproducedin
unflared-landingcrashesin a directionnormaltothelongitudinalaxis
oftheairplaneonthefuselagefloorabovethepointof impact.

Thedataobtainedinthisinvestigationcanbe extrapolatedbyap-
plyingeqpatlon(5).Theequationcanbeusedbysimplifyingitto the
form

F~a=~sin icosi-~sin i-q~sin2f

TheconstantsK1 and K2 canthenbe evaluatedby usingthecrash
data.Eqyation(5)indicatesthemagnitudeofthenormalforceinthe
airplanedirectlyabovethepointofimpact.Thecrashdataapplyto
pointsonthefuselageflooratvaryingdistancesfromtheimpactpoint.
Forthisreason,thedataoffigure22havebeencross-plottedat impact
anglesof 100,200,and3@ andthecurvesextendedtothepointof impact
infigure26. Atthepointof impact,normalaccelerationsof 18.5,32,
and40g’swereobtainedforimpactanglesof 10°,20°,and30°,respec- .
tively.IRromthelawsofmotion,it isknownthat Fu = Wg,where W

.
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m istheweightoftheairplaneand g istheaccelerationingravityunits.
Also,expertientshaveshownthat,foraluminumsliding
site-waspredominantclay),~.

Yvaluesinequation(5 to obtain
valuesof K1 = 113.2and K2=

Theresultingequationis

g = 113.2Sitli COSi

isapproximately0.3.–
simultaneousequations
0.913.

on cfiy(th&crash
Stistitutingthese
andsolvinggave

- 0.91.3sini - 33.96Sin2i (6)

Thisequationisplottedinfigure27. Thiscurveindicatesthatthe
normalaccelerationincreaseswithimpactangleandthatforthecrashes
studiedthemaximumnormalaccelerationwilloccurat350angleof impact.
Thecurvealsoindicatesthatbeyondthisangleofmaximumnormalaccel-
erationthenormalaccelerationdecreaseswithfurtherincreasein impact
angleandbecomeszeroagainat about73°.

Equation(6)thusgivesthegeneralrehtionbetweenmaximumaccel-
erationandimpactanglewhenusedinconjunctionwiththecrashdata.
Thisequationshouldnot,however,be usedto calculatethemagnitudeof. theaccelerationsincrashesinvolvingdifferentcircumstancesanddif-
ferentairplanes.

.
Withthecurveobtainedfromeqution(6}thedatafromfigure22

canbe efirapolatedfrom29°to theangleof impactformaximumacceler-
ation.Thisextrapolationishazedupontheassumptionthatthepropor-
tionalitybetweenthenormalaccelerationat variousstationsinthe
fuselageandthatobtainedatthepointof impactshownby figure27will
continuethroughtheangleof impactformaximumacceleration.Thisex-
trapolationis shownby thedashedlinesinfigure27.

As an interestingextensionoftheanalysis,valuesforthetermsof
equation(5)wereestimatedforthe280-angle-of-impactcrashofthepres-
surizedtransportby an inspectionofthecrashedairplaneandcrashsite.
Thefollowingvalueswereobtained:

M = 1172slugs

Ap=3sqft

& = 110Sqft

v = 146ft/sec

P = 300,000(m/sqft)ft (frompentrometerreadingsatcrashsite)
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Withthesevaluesandeqyation(5),thefollowingvalueswereob-
tatnedforthecoefficients:

a = 6800(lb/sqft)ft

P= 11)500lb/sqft

Thismethodof calculationindicatesthatthefuselagebellystructure
underthenoseandwingwillcollapse1 footwhenloadedwith6800pounds
persquarefoot. Thisisthestrengthofthefuselageunderbellywhile R
thisstructureisalsobeingdestroyedbytheplowingandfrictionforces ~
paralleltotheground.

Thevalueof p (11,500lb/sqft)isofthesameorderofmagnitude
as thatobtainedinpreliminarytestsconductedby theNACALewislabo-
ratory.Inthesetests,a V-shapedplowwasdraggedalongthegroundand

.

.

theplowingforcerecorded.
from7200to900Q..Itthus
theanalysisisreasonable.

Valuesfor p intheseexperimentsvaried
appearsthatthevalueof 1.1,500obtainedin

.
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Figure1.- Siteof crashinvestigation.
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(c)Wingbarrierusedtoproducegroundloopcrash.
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(a)Pressurizedlow-wingtransport.

Figure2.- Photographsanddiagramsoffuselagestructuresoftransport
airplanescrashed“inimpact-survivalinvestigation.

.

.



NACATT74158

.

.

.

.

(b)Unpressurizedlow-wingtransport.
Figure2.- Continued.Photographsanddiagramsoffuselage
structuresoftransportairplanescrashedinimpact-survival
investigation.
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(c)Unpressurizedhigh-wingtrans~rt.

Figure2.- Concluded.Photographsanddiagramsoffuselage
structuresoftransportairplanescrashedinimpact-sunival
investigation.
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(a) Sideview.
.

(b)Frontview.

Figure6.- Extentoffuselagecrullrplingresulting from
Louisvillecrashofpressurizedtransportat 50 angle
of impactand150mph.
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(a)Angleof impact,5°;impactspeed,81mph.

Figure8.- Extentoffuselagecrushingresultingfrom
threecrashesofpressurizedtransportairplanes.
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Figure8. - Concluded.Extentoffuselagecrushingresulting
fromthreecrashesofpresmizedtransportairplanes.
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Figure9.- Ccntl.nued.Groundloopcrashoflow-wingunpressurized transport at 12° engle of Impact.
l@mct speed, 87 mph.
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(b)Sequencepicturesandaccelerationduringgroundloop.

Figure9.- Conti~ued.Groundloopcrashof low-wingunpressurized
transportat 12 angleof impact.Impactspeed,~ mph-
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Figure10.- Variationofmaximumlongitudinalaccelerationwith
impactangleduringcrashesoflow-wingpressurizedandun-
pressurizedtransports(impactspeedcorrectedto 95mph].



50 NACATN 4158

1.0Sec
--—:=- ....-“:--—--—:.=.:::,.-.--=
*.---—. ...-..,.....>—, ,....-

2.0Sec

-m ~w. ., .———=———

!
0.5Sec

=

1.5Sec

2.5Sec

3.0Sec 3.5Sec

4.0 sea 4.5Sec C-42436
(a)SequencepiCtWeS with auperimpo~edacceleration@ephs.Topcurve,
Mn@tudinal;middlecurve,normal;bottomcurve,lateral.

Fl&rce11.- GrcundloopcrashofFH-1.fighterairplane.

●

.



Wheelsremoved
110 d barrier

K

90

70
~,

,,,!

50-
0 40 80 120

.-.
L/l L-l L, && 44bd ””””””

, * . , ● *

i+

k

Airplanestrikes
—mound

~ J

160 200 240
Distencetraveled,ft

(b)Historyof translationalvel~city.

Figure11. - Concluded.Groundloopcraahof I?H-lfighterairplane.



m
N

O Sec 0.63Sec 1.43Sec

2.21Sec 3.10Sec 4.00Sec

4.68 Sec 5.59Sec

(a)Sequencepictures. (Zerotime is propellerimpactwlthwheelberrier.)

Figure12. - Groundloopcrashof M.@-wing unpressurizedtransportairplane.

, , . ,

7%=6



NACA”TN4158

.

53

.

.

.

.

160

120

80

40

0

120

80

40

0
Time,sec

(b)Historyof’translationalvelocityandan@e of rotation.

.—
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transpatairplane.
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(c)Extentoffuselagecrumplingresultingfrom16°crashof low-wing
airplane.

Figure15.- Concluded.Comparisonof 16°crashesofhigh-andlow-wing
unpressurizedtransports.(zerotimecorrespondstofuselageimpact
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Figure21.- Variationofmimum normalacceleration
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Figure23.- Largestnormalacceleration
resultingfromunflaredlandingcrashes
ofpressurizedtransportsat35°impact
angle(impactspeedcorrectedto 95mph).
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FW = Forcenormalto inclinedsurfaceresultingfrom fuselagecrumpling

Fps . Forcep=al.lelto inclinedsurfaceresultingfrom
frictionand plowingof soil

i = Anglebetweeninclinedsurfaceand airplanetraject~

SC = Distancefuselageis cruehed

Figure 25. - Force and velocity diagram showing relation between (1) iqpact force normal.
Q

to inclined m-u%ace that produces friction, compression, and plowing forces in a crash s
and (2) normal. forces that change direction of airplaue motion.
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Figure 26. - Maximumnormal acceleration in pressurized-traneport o a@#ane
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30° (impact speed correctedto 96 mph).
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